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Abstract

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.
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1. Introduction

Considering limited fossil fuel resources, an in-
crease in day-by-day energy consumption, the re-
cent energy crises around the world, and the harm-
ful effects of global warming, the various types
of sustainable energy sources such as nuclear, hy-
dro, wind, solar, etc., are now gaining much-needed
attention of academicians, manufacturers, govern-
ments, policy-makers, and the public. Among these
sustainable energies, nuclear energy is undoubtedly
a promising alternative resource. A facility de-
signed to convert nuclear energy into electricity is
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called a Nuclear Power Plant (NPP). An NPP is
a complex nonlinear system, where the system pa-
rameters vary with fuel burn-up, internal reactiv-
ity feedbacks, and with change in the power level
and operating conditions. In addition to this, NPPs
are often affected by uncertainties due to unmod-
elled 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 dis-
turbances is unknown. Thus, advanced robust con-
trol strategies are preferred over conventional ap-
proaches.

Sliding Mode Control (SMC) technique is one of
the robust control techniques which is gaining con-
siderable attention among researchers because of
its inherent robustness against uncertainties, sim-
ple structure, ease of implementation, and capabil-
ity to effectively control both linear as well as non-
linear systems [1]. Recently, different SMC strate-
gies have been successfully applied to the control of
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NPPs [2, 3, 4, 5, 6, 7, 8, 9, 10]. Vajpayee et al. [2]
designed a robust subspace predictive control for
a Pressurized Water Reactor (PWR) by combing
a subspace-based predictive control with an inte-
gral SMC. Desai et al. [3] and Patre et al. [4]
proposed an integral SMC and a fuzzy SMC for
spatial power control of advanced heavy water re-
actor, respectively. The authors in [5] proposed a
fractional-order SMC for output power control of a
research reactor based on nonlinear reduced-order
fractional-order model. A hybrid optimal controller
combining linear quadratic Gaussian/loop transfer
recovery and integral SMC for a PWR operating in
the load-following mode has been proposed in [6].
Mostafavi and Ansarifar [7] proposed an observer-
based dynamic SMC using Lyapunov-approach for
level control of pressurizer in PWR type NPP. In
[8], 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 subsys-
tems by direct block diagonalization and then the
control law is designed using only the slow subsys-
tem states. Huang et al. [9] proposed a multi-input
multi-output fuzzy-adapted recursive sliding-mode
controller for an advanced boiling water reactor nu-
clear power plant, to control reactor pressure, reac-
tor water level and turbine power. In [10], an adap-
tive dynamic sliding mode controller is proposed for
the level control problem of U-tube nuclear steam
generator considering the non-linear steam genera-
tor model which is developed based on the funda-
mental conservation equations for mass, energy and
momentum.
Generally, an SMC is insensitive to parameter

variations and can reject the disturbances enter-
ing through the input channel called matched dis-
turbances. It is achieved through the discontinu-
ous nature of the control action, which switches
between the two distinctively different structures
about a predefined sliding surface [11]. However,
this discontinuity leads to high-frequency switch-
ing known as chattering, which is not desirable in
practical systems. In literature, numerous methods
are proposed to avoid the chattering phenomena
[12]. A simple way to avoid high-frequency switch-
ing is by approximating the discontinuous function
by its continuous counterpart like saturation func-
tion, sigmoid function, tanh function, etc. However,
owing to such approximations, the disturbance re-
jection capability of an SMC is deteriorates [12].
The controllers proposed in [2, 3, 4, 5, 6, 7] em-

ploy continuous-time approximation of discontinu-
ous signum function to avoid the chattering. On
the other hand, a more efficient way to avoid chat-
tering without degrading the system performance
and robustness is by designing higher-order SMC
[12]. Among higher-order SMC techniques, Super
Twisting Algorithm (STA) [13, 14] is one of the
most widely used second-order sliding mode algo-
rithms. 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 [15, 16, 17, 18, 19, 20]. In
[15], 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 [16]
and [17], authors proposed STA-based controllers
to regulate the output power of a research reac-
tor. Both the works focus on the similar prob-
lem, except the work proposed in [17] considers
the effect of xenon concentration. The sliding
surface is designed as a difference between actual
neutron density/reactor power and desired neu-
tron density/reactor power. However, with the de-
signed sliding surface, one can not 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. [18] 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 esti-
mate the unmeasured states of the system and then
based on the estimated information an adaptive
super-twisting sliding mode controller is designed.
Kamal et al. [19] proposed both twisting algorithm
and STA based controllers to regulate the nuclear
reactor power. The robustness of the twisting con-
troller is shown in the presence of external distur-
bance and parameter variations through simulation
results. The authors concluded that an STA-based
controller could replace the twisting controller with-
out compromising the performance indices. In [20],
a chattering free optimal controller is proposed to
regulate the total power of a pressurized heavy wa-
ter reactor. To avoid chattering, the discontinuous
control of an SMC is replaced by an STA-based
controller. Even though the STA-based controllers
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[16, 17, 18, 19, 20] are proposed to solve the problem
of nuclear reactor control and to overcome the chat-
tering problem but, those controllers can not be ap-
plied 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. [11] andMishra et al. [21] proposed arbitrary-
order generalized STA-based controllers which pro-
duce a continuous control action and thereby avoid
the chattering problem by preserving all the prop-
erties of a first-order SMC. Thus, makes it suitable
for practical applications.

In this paper, an arbitrary order STA-based con-
troller (n-STA) is proposed for a non-linear PWR-
type NPP. The proposed controller produces a con-
tinuous control input. The proposed control scheme
is easy to implement and requires only the informa-
tion about system output and thus, it significantly
reduces the complexity of the control architecture.
The proposed controller is applied to control differ-
ent 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 Control (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 con-
troller.

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

The rest of the paper is organized as follows:
Section 2 formulates the control problem and ex-
plains the design procedure of the proposed con-
troller. The brief introduction of non-linear dynam-
ical model of PWR nuclear power plant is given in
Section 3. The effectiveness of the proposed con-
troller is demonstrated in Section 4 by performing
simulation studies on PWR-type NPP. In Section 5
numerical analysis of the proposed controller is per-
formed. Finally, conclusions are drawn in Section 6

indicating main contributions and scope for future
work.

2. Design of Generalized Super-Twisting Al-
gorithm Based Controller

2.1. Problem Formulation

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

ẋ(t) = f(x(t), t) + b(x(t), t)u(t), (1a)

y(t) = s(x(t), t), (1b)

where x(t) ∈ Rn is the vector of system state vari-
ables, u(t) ∈ R is the control input, y(t) ∈ R is
the system output, t is the independent time vari-
able, f(x(t), t) ∈ Rn and b(x(t), t) ̸= 0 ∈ Rn are the
uncertain vector functions, s(x(t), 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).

2.2. Proposed Approach

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

e(t) = y(t)− yd(t), (2)

where yd(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 [22] is designed as follows

s(t) = KP e(t) +KD ė(t)
(κ1/κ2), (3)

where KP > 0 and KD > 0 are the proportional
and derivative gains, respectively and κ1 and κ2
are positive odd integers which satisfy the following
condition:

1 < κ1/κ2 < 2.

For system (1), the following assumptions are
made:

1. The relative degree of the system (1) with re-
spect to the sliding variable s(x(t), t) is con-
stant and known, and it is assumed to be equal
to r.
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2. An exact robust differentiator is available for
exactly measuring or estimating the derivatives
of variables.

Assumption 1 means that the control input u(t)
first appears explicitly only in the r-th order to-
tal time derivative of sliding variable s(x(t), t) and
d
dus

r(x(t), t) ̸= 0 at the given point. Consider-
ing the nonlinear system (1), and let the system
be closed by some possibly dynamic discontinu-
ous feedback control. Provided that, s(x(t), t),
ṡ(x(t), t), . . . , s(r−1)(x(t), t) are continuous func-
tion of t and x(t), the corresponding motion will
correspond to an r-th order sliding or r-sliding
mode and the set

Σr =
{
x(t)|s(x(t), t) = ṡ(x(t), t) = · · ·

= s(r−1)(x(t), t) = 0
}

(4)

called the r-th order sliding set, is non-empty and
is locally an integral set in the Filippov sense [23].
The higher order SMC approach allows the finite
time stabilization to zero of s(x(t), t), ṡ(x(t), t), . . . ,
s(r−1)(x(t), t) by defining a suitable discontinuous
control function. Finding the r-th order total time
derivative of s(x(t), t) along the trajectories of (1)
gives

sr(x(t), t) = φ(x(t), t) + γ(x(t), t)u(t), (5)

where the uncertain functions

φ(x(t), t) = sr(x(t), t)|u(t)=0

and

γ(x(t), t) =
δ

δu
sr(x(t), t) ̸= 0

are assumed to be bounded. Without loss of gen-
erality, one suppose that the uncertain vector func-
tions φ(x(t), t) and γ(x(t), t) holds conditions

−Φ ≤ φ(x(t), t) ≤ Φ, (6)

and

0 < Γm ≤ γ(x(t), t) ≤ ΓM , (7)

globally for some Φ,Γm,ΓM ≥ 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, •(t) will be used for
•(x(t), t) for all the variable •.

Let us define the local coordinates

z(t) =


z1(t)
z2(t)
...

z(r−1)(t)
zr(t)

 =


s(t)
ṡ(t)
...

s(r−2)(t)
s(r−1)(t)


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

ż1(t) = z2(t)

ż2(t) = z3(t)

...

ż(r−1)(t) = zr(t)

żr(t) = φ(t) + γ(t)u(t). (8)

System (8) can be rewritten as

żi(t) = zi+1(t)

żr(t) = φ(t) +
(
γ(t)− 1

)
u(t)︸ ︷︷ ︸

ϕ(t)

+u(t), (9)

for 1 ≤ i ≤ (r − 1). It yields

żi(t) = zi+1(t)

żr(t) = ϕ(t) + u(t), (10)

where the lumped uncertainty ϕ(t) represents the
uncertainties due to parameters variation, unmod-
eled dynamics and/or external disturbances. It is
assumed that the uncertainty ϕ(t) is Lipschitz (in
time) continuous uncertainty, which satisfies

|ϕ̇(t)| ≤ ϕ∗, (11)

where ϕ∗ 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 or-
der generalized STA based controller (n-STA) [11]
is employed for system (10) having relative degree r
with respect to output. The generalized STA based
controller [11] is designed as

u(t) = −µ1|ψr−1(t)|1/2sign(ψr−1(t)) + ur(t)
(12a)

u̇r(t) = −µr+1sign(ψr−1(t)), (12b)

where ψr−1(t) can be obtained in three steps as
follows:
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1. Defining

K1,r−1 = |z1(t)|
r

r+1

where r represents the relative degree of system
with respect to z1(t). For all i = 2, 3, . . . , (r −
1), the Ki,r−1 is defined as follows

Ki,r−1 =
∣∣|z1(t)|p1+|z2(t)|p2+· · ·+|zi−2(t)|pi−2

∣∣qi
where p1, p2, . . . , pi−2 and qi are designed
based on the homogeneity weight of the
zi+1(t).

2. Again defining

L0,r−1 = z1(t)

L1,r−1 = z2(t) + µ2K1,r−1sign(z1(t))

and for all i = 2, 3, . . . , (r − 1), the Li,r−1 is
defined as follows

Li,r−1 = zi+1(t) + µi+1Ki,r−1sign(Li−1,r−1).
(13)

3. Finally

ψr−1(t) = Lr−1,r−1. (14)

For stability proof and selection of gains of STA
based controllers, readers are kindly referred to [11,
14, 20, 21].

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 reactor and its associated sub-
systems given in Ref. [24, 25] is adopted for
the study. The model considers 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 in-
terconnections of various systems is shown in Fig.
2. A detailed description of derivation of model
equations of different systems, definitions of vari-
ables and values of parameters used in this work
can be found in [24, 25]. However, for brevity the
dynamic equations of different systems are given
below:

3.1. Normalized Point Kinetic Reactor Core Model

dPn

dt
=

ρt −
6∑

i=1

βi

Λ
Pn +

6∑
i=1

βi
Λ
Cin

dCin

dt
= λiPn − λiCin, i = 1, 2, . . . 6

3.2. Thermal Hydraulics Model

dTf
dt

= HfPn − 1

τf
(Tf − Tc1)

dTc1
dt

= HcPn +
1

τc
(Tf − Tc1)−

2

τr
(Tc1 − Trxi)

dTc2
dt

= HcPn +
1

τc
(Tf − Tc1)−

2

τr
(Tc2 − Tc1)

3.3. Piping and Plenum Model

dTrxu
dt

=
1

τrxu
(Tc2 − Trxu)

dThot
dt

=
1

τhot
(Trxu − Thot)

dTsgi
dt

=
1

τsgi
(Thot − Tsgi)

dTsgu
dt

=
1

τsgu
(Tp2 − Tsgu)

dTcold
dt

=
1

τcold
(Tsgu − Tcold)

dTrxi
dt

=
1

τrxi
(Tcold − Trxi)

3.4. Steam Generator Model

dTp1
dt

=
1

τp1
(Tsgi − Tp1)−

1

τpm1
(Tp1 − Tm1)

dTp2
dt

=
1

τp2
(Tp1 − Tp2)−

1

τpm2
(Tp2 − Tm2)

dTm1

dt
=

1

τmp1
(Tp1 − Tm1)−

1

τms1
(Tm1 − Ts)

dTm2

dt
=

1

τmp2
(Tp2 − Tm2)−

1

τms2
(Tm2 − Ts)

dps
dt

=
1

Ks

[
Ums1Sms1 (Tm1 − Ts)

+Ums2Sms2 (Tm2 − Ts)

−ṁso (hss − cpfwTfw)
]
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Figure 1: Schematic of overall control scheme.
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Figure 2: A simple block diagram representation of different interconnected subsystems in a PWR nuclear power plant.

Ks = mws
∂hws

∂ps
+mss

∂hss
∂ps

−mws

(
hws − hss
νws − νss

)
∂νss
∂ps

ṁso = Ctgps

Ts =
∂Tsat
∂ps

ps

3.5. Pressurizer Model

dlw
dt

=
1

dsAp

[(
Ap (l − lw)K2p −

C2p

C1p

)
dpp
dt

+
1

C2
p1

(
C2p

dpp
dt

− ṁsur − ṁspr

)
+
ṁsur

C1p

]

dpp
dt

=

Qheat + ṁsur

(
ppνs

JpC1p
+ hw̄

C1p

)
+ṁspr

(
hspr − hw + hw̄

C1p
+

ppνw

JpC1p

)
mw

(
K3p +

K4ppp

Jp

)
+

msK4ppp

Jp

−Vw

Jp
+

C2p

C1p

(
hw̄ +

ppνs

Jp

)
ṁsur =

N∑
j=1

Vjϑj
dTj
dt

C1p =
dw
ds

− 1

C2p = Ap (l − lw)
dw
ds
K2p +AplwK1p

K1p =
∂dw
∂pp

K2p =
∂ds
∂pp

K3p =
∂hw
∂pp
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K4p =
∂νs
∂pp

3.6. Turbine Model

d2Php

dt2
+

(
Orv + τip
τhpτip

)
dPhp

dt
+

(
Orv

τhpτip

)
Php

=

(
OrvFhp

τhpτip

)
¯̇mso

+

(
(1 + κhp)Fhp

τhp

)
d ¯̇mso

dt

d2Pip

dt2
+

(
Orvτhp + τip

τhpτip

)
dPip

dt
+

(
Orv

τhpτip

)
Pip

=

(
OrvFip

τhpτip

)
¯̇mso

d3Plp

dt3
+

(
Orvτhp + τip

τhpτip
+

1

τlp

)
d2Plp

dt2

+

(
Orv (τlp + τhp) + τip

τhpτipτlp

)
dPlp

dt

+

(
Orv

τhpτipτlp

)
Plp

= OrvFlp
¯̇mso

¯̇mso = ṁso/ṁsor

Ptur = Php + Pip + Plp

dωtur

dt
=

Ptur − Pdem

(2π)
2
JturωturItg

3.7. Condenser Model

dhwo

dt
=

(ṁcoh + ṁcow) (hcow − hwo)

mcoh

ṁcoh = ṁlp − ṁcow

ṁcow = ṁlp
(hlp − hcow)

h ¯cow

dṁcos

dt
=
ṁcow − ṁcos

τco

3.8. Reactivity Model

ρt = ρrod + ρf + ρc1 + ρc2 + ρp

ρt = ρrod + αfTf + αcTc1 + αcTc2 + αppp

3.9. Sensors

3.9.1. Ex-core Detectors and Amplifiers

τ1τ2
d2ilo
dt2

+ (τ1 + τ2)
dilo
dt

+ ilo = Klolog10 (κloPn)

τ3τ4
d2ilr
dt2

+ (τ3 + τ4)
dilr
dt

+ ilr − 12 = Klr
dilo
dt

3.9.2. Resistance Temperature Detector

dTrtd1
dt

=
1

τrtd
(−Trtd1 + 2Tc1 − Trxi)

dTrtd2
dt

=
1

τrtd
(−Trtd2 + 2Tc2 − Trxu)

irtd = Krtd
(Trtd − Trxi0)

(Trxu0 − Trxi0)
+ 4 mA

Trtd =
(Trtd1 + Trtd2)

2

3.10. Actuators

3.10.1. Control Rod

dρrod
dt

= Gvrod

3.10.2. Turbine-Governor Valve

d2Ctg

dt2
+ 2ζtgϖtg

dCtg

dt
+ϖ2

tgCtg = ϖ2
tgKtgutg

3.10.3. Pressurizer Heater

Cheat
dQheat

dt
+
Qheat

Rheat
= Kheatiheat

4. Simulation Results and Discussion

The proposed control algorithm is applied to the
different control loops i.e., reactor core power con-
trol loop, steam generator pressure control loop,
pressurizer pressure and level control loop, and tur-
bine 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 [24]. In this simulation study, in
each control loop a sinusoidal external disturbance
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in the control input is considered throughout sys-
tem response as

Disturbance = d0sin(0.1t), (15)

where d0 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 literature such as Linear
Quadratic Gaussian Integral Sliding Mode Control
(LQG-ISMC) proposed in [26] and Proportional In-
tegral (PI) controller proposed in [24].
The control expression for LQG-ISMC and PI

controller is as follows [24, 26]:

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

u(t) = un(t) + ud(t),

where un(t) is the nominal control and ud(t) is
the discontinuous control. The nominal control
un(t) is designed as

un(t) = −Kcx̂(t) +R−1BT g(t),

where Kc is the Kalman gain, R is the posi-
tive definite weighing matrix, B is the input
distribution matrix, x̂(t) is the estimated state
vector and it is estimated by Kalman filter esti-
mation problem, and g(t) is the auxiliary vari-
able which is a solution of

−ġ(t) = (A−BKc)
T g(t)+CTQyd(t), g(∞) = 0.

In the above A is the state matrix, C is the
output matrix, Q is the positive semidefinite
weighing matrix, and yd(t) is the desired out-
put. The discontinuous signal ud(t) is designed
as

ud(t) = µd
σ(t)

σ(t) + ϵ
,

where µd > 0 is the discontinuous gain, ϵ is the
small positive constant, and σ(t) is the sliding
surface and it is designed as

σ(t) = (BTB)−1BT

[
x̂(t)− x̂(0)−

∫ t

0

˙̂xn(τ)dτ

]
.

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

u(t) =

(
K1 +

K2

s

)
(yd(t)− y(t)),

where K1 is the proportional gain, K2 is the
integral gain, y(t) is the system output, and
yd(t) 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 re-
actor power adjusts according to electricity demand
throughout the day. In this control loop, objective
is to track the demand power variation precisely
in spite of presence of uncertainties in the system.
The reactor power is controlled by varying the con-
trol rod movement speed, vrod(t) and the reactor
power is measured with the help of excore detector
current, ilo(t). With this input-output combina-
tion, 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

u(t) = −µ1|ψ2(t)|1/2sign(ψ2(t)) + u3(t),(16a)

u̇3(t) = −µ4sign(ψ2(t)), (16b)

where

ψ2(t) = z3(t) + µ3

∣∣|z1(t)|3 + |z2(t)|4
∣∣1/6

sign
(
z2(t) + µ2|z1(t)|3/4sign(z1(t))

)
.

In (16), the values of µ1, µ2, µ3 and µ4 are selected
as 1×10−4, 1×10−2, 1×10−2 and 1×10−2, respec-
tively. To design a sliding surface an error signal is
defined as

e(t) = ilo(t)− ireflo (t)

and the values of KP , KD, κ1, and κ2 in (3) are
selected as 1, 1, 11, and 9, respectively. The refer-
ence excore detector current corresponds to demand
power is varied as follows:

ireflo =



19.6554, 0 ≤ t ≤ 200
−9.485× 10−3(t− 200)

200 < t ≤ 220
+19.6554,

19.4657, 220 < t ≤ 1000
1.001× 10−3(t− 1000)

1000 < t ≤ 1100
+19.4657,

19.5658, 1100 < t ≤ 1500
8.9600× 10−4(t− 1500)

1500 < t ≤ 1600
+19.5658,

19.6554 elsewhere.
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Table 1: Control gains for LQG-ISMC and PI controller

Control loop
LQG-ISMC PI

Q R Ξ Θ µd K1 K2

Reactor Power 1× 10−3In 1× 105 5In 1 1 3.1× 10−2 4× 10−3

SG Pressure 5× 10−3In 1× 102 5× 10−5In 1 0.1 4.7× 10−1 1× 10−1

Heater 1In 1× 10−8 1× 10−2In 1 25 1.1× 107 6.4× 106

Spray 5× 10−3In 1× 10−8 5× 10−5In 1 0.2 3× 105 1.7× 105

Pressurizer Level 1× 103In 1× 10−2 6In 1 0.1 1.3× 103 7.4× 102

Turbine Speed 2× 103In 1× 10−2 1In 1 0.1 1.5× 103 5.4× 10−1
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Figure 3: Excore detector current during demand power ma-
noeuvring.

To show the robustness of the proposed controller
in the presence of external disturbance, an inadver-
tent sinusoidal perturbation is considered through-
out the system response in vrod(t) as in (15) where
the value of d0 is selected as 1 × 10−4. During
the transient, variation of excore detector logarith-
mic amplifier output current, ilo(t) 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 sys-
tem 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.
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Figure 4: Difference between reference signal and output
signal during transient.
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Figure 5: Normalized reactor power during transient.
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Figure 8: Excore detector current during demand power ma-
noeuvring.

4.1.2. Sudden Load Decrement in Emergency Situ-
ation

In this simulation study, another transient is con-
sidered to validate the performance of the proposed
controller during a sudden load decrement in emer-
gency situation. The controller is designed in a sim-
ilar 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 tran-
sient, variation of excore detector logarithmic am-
plifier output current, ilo(t) correspond to the reac-
tor 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 perfor-
mance of the closed-loop system is improved with
the proposed controller as compared to the LQG-
ISMC and PI controller, as evident from the de-
viation 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.
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signal during transient.
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0 100 200 300 400 500 600

Time (s)

-0.2

-0.15

-0.1

-0.05

0

0.05

C
o

n
tr

o
l I

n
p

u
t 

(V
ro

d
 (

t)
)

n-STA ISMC PI

50 60 70 80 90

-0.06

-0.04

-0.02

0

0.02

0.04

Figure 11: Control rod speed moment during demand power
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4.2. Steam Generator Pressure Control Loop

In this control loop, objective is to maintain the
pressure in steam generator. The steam generator
pressure, Ps(t) is controlled by adjusting the input
signal to the turbine-governor valve, utg(t). 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) = −µ1|ψ1(t)|1/2sign(ψ1(t)) + u2(t),(17a)

u̇2(t) = −µ3sign(ψ1(t)), (17b)

where

ψ1(t) = z2(t) + µ2|z1(t)|2/3sign(z1(t)).

In (17), the values of µ1, µ2 and µ3 are selected as
5 × 10−1, 1 × 10−2 and 1 × 10−2, respectively. To
design a sliding surface an error signal is defined as

e(t) = Ps(t)− P ref
s (t),

and the values of KP , KD, κ1, and κ2 in (3) are
selected as 4, 4, 11, and 9, respectively. The refer-
ence signal change in secondary pressure is applied
as follows:

P ref
s =



7.2857, 0 ≤ t ≤ 200
2.215× 10−4(t− 200)

200 < t ≤ 400
+7.2857,

7.3300, 400 < t ≤ 1000
−2.215× 10−4(t− 1000)

1000 < t ≤ 1200
+7.3300,

7.2857, elsewhere.

The performance of the proposed controller is
evaluated in the presence of sinusoidal external dis-
turbance for the above set-point change in steam
generator secondary pressure. The sinusoidal dis-
turbance in the control input, utg(t) is considered
throughout the system response as in (15) where
the value of d0 is selected as 1 × 10−3. During
the transient, variation of output secondary pres-
sure 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 con-
troller 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 sig-
nal to turbine-governor valve. Variation of sliding
surface for the proposed controller is shown in Fig.
16.
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Figure 13: Steam generator secondary pressure during set-
point change.
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Figure 15: Control signal to turbine governor valve.
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4.3. Pressurizer Control Loop

In this control loop, aim is to maintain the
coolant pressure within a permissible limit. Pri-
mary coolant pressure can be controlled by a 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. Pressurizer Pressure Control by Heater

For this control loop, the control input to the sys-
tem is the rate of heat added by the heater, Qheat(t)
and the output from the system is pressurizer pres-
sure, Pp(t). 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) = −µ1|ψ0(t)|1/2sign(ψ0(t)) + u1(t),(18a)

u̇1(t) = −µ2sign(ψ0(t)), (18b)

where
ψ0(t) = z1(t).

In (18), the values of µ1 and µ2 are selected as 5×
102 and 1.5× 104, respectively. To design a sliding
surface an error signal is defined as

e(t) = Pp(t)− P ref
p (t),

and the values of KP , KD, κ1, and κ2 in (3) are
selected as 1, 1.2, 11 and 9, respectively. The ref-
erence pressurizer pressure is varied as follows:

P ref
p =



15.4098, 0 ≤ t ≤ 300
−1.1× 10−3(t− 300)

300 < t ≤ 400
+15.4098,

15.3000, 400 < t ≤ 1200
1.1× 10−3(t− 1200)

1200 < t ≤ 1300
+15.3000,

15.4098, elsewhere.

The performance of the proposed controller is
tested for the above set-point change in the pres-
surizer pressure in the presence of sinusoidal exter-
nal disturbance. The sinusoidal disturbance in the
control input, Qheat(t) is considered from the be-
ginning of the simulation as in (15) where the value
of d0 is considered as 1×104. 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.
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Figure 17: Pressurizer pressure controlled by heater.
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Figure 18: Difference between reference signal and output
signal during transient.
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Figure 19: Variation of rate of heat addition.

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 sys-
tem is mass spray flow rate, ṁspr(t) and the sys-
tem output is pressurizer pressure, Pp(t). 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 de-
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Figure 20: Variation of sliding surface during set-point
change.

signed. Here, the values of µ1 and µ2 are selected
as 1.5× 102 and 1× 103, respectively. To design a
sliding surface an error signal is also defined sim-
ilar to one defined in section 4.3.1 and the values
of KP , KD, κ1, and κ2 in (3) are selected as 1, 1,
11, and 9, respectively. In this study, the reference
pressurizer pressure is varied as follows

P ref
p =


15.4098, 0 ≤ t ≤ 200
1× 10−3(t− 200)

200 < t ≤ 220
+15.4098,

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, ṁspr(t) is consid-
ered throughout the system response as in (15) and
the value of d0 is considered as 1 × 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 pres-
sure for three controllers is shown in Fig. 22. In
this case also the performance of the proposed con-
troller 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, ṁsur(t)
and the output from the system is pressurizer level,
lw(t). With this input-output combination, the rel-
ative degree of the system with respect to output
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Figure 21: Pressurizer pressure controlled by spray.
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Figure 22: Difference between reference signal and output
signal during transient.
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Figure 23: Variation of rate of spray flow.
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change.

is 1. Thus, similar to controller proposed in (18) in
Section 4.3.1, for this control loop also 2-STA based
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Figure 25: Pressurizer level during transient.

controller is designed. Here, the values of µ1 and
µ2 are selected as 5 and 20, respectively. To design
a sliding surface an error signal is defined as

e(t) = lw(t)− lrefw (t),

and the values of KP , KD, κ1, and κ2 in (3) are
selected as 1, 1, 11, and 9, respectively. The refer-
ence pressurizer water level is varied in the following
manner:

lrefw =



28.06, 0 ≤ t ≤ 200
−3.1× 10−3(t− 200)

200 < t ≤ 300
+28.06,

27.75, 300 < t ≤ 900
−2.5× 10−3(t− 900)

900 < t ≤ 1000
+27.75,

27.50, 1000 < t ≤ 1700
3.7× 10−3(t− 1700)

1700 < t ≤ 1850
+27.50,

28.06, elsewhere.

The robustness of the proposed controller is anal-
ysed in the presence of sinusoidal external distur-
bance for the above set-point variation in the pres-
surizer level. The disturbance in the control in-
put, ṁsur(t) is considered throughout the system
response as in (15) and the value of d0 is considered
as 10. Variation of output pressurizer level with re-
spect 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 con-
troller. Variation of control input is shown in Fig.
27. The plot for the sliding surface for the proposed
controller is shown in Fig. 28.

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Time (s)

-0.01

-0.005

0

0.005

0.01

O
u

tp
u

t 
D

e
v
ia

ti
o

n
 (

l w
(t

) 
- 

l wre
f (t

))

n-STA ISMC PI

Figure 26: Difference between reference pressurizer level and
output level during transient.
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Figure 27: Variation of input signal to CVCS system.
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Figure 28: Variation of sliding surface during set-point
change.

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, ωtur(t)
by regulating the steam flow to the turbine by
adjusting the input signal to the turbine-governor
valve, utg(t). 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 µ1,
µ2, µ3 and µ2 are selected as 1.5× 10−2, 1× 10−3,
1 × 10−2 and 1 × 103, respectively. To design a
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Figure 29: Normalized mechanical power during transient.
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Figure 30: Difference between demand power and normalized
mechanical power during transient.

sliding surface an error signal is defined as

e(t) = ωtur(t)− ωref
tur (t)

and the values of KP , KD, κ1, and κ2 in (3) are
selected equal to 3, 8, 11 and 9, respectively. The
demand power from the generator is varied as fol-
lows:

P ref
tur =

 1, 0 ≤ t ≤ 200
6× 10−3(t− 200) + 1 200 < t ≤ 250
0.7, elsewhere.

In this simulation study, the controller perfor-
mance is tested by varying the demand power from
the generator as above in the presence of sinusoidal
external disturbance. The disturbance in the con-
trol input, utg(t) is considered throughout the sys-
tem response as in (15) and the value of d0 is consid-
ered as 1× 10−2. 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 mechani-
cal 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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Figure 31: Variation of input signal to turbine governor
valve.
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Figure 32: Variation of sliding surface during set-point
change.

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 com-
pared to the LQG-ISMC and the PI controller, the
root mean squared error (RMSE) is computed. The
control energy of the control input u(t) is also cal-
culated by using the 2-norm (L2NI) method. The
RMSE and L2NI are computed as follows:

RMSE =

√√√√ 1

N

N∑
i=1

(
yi(t)− ydi(t)

)2
,

L2NI =

√√√√ N∑
i=1

(ui(t))2,

where yi(t) and ydi(t) are the measured output and
desired output signal at the i-th time instant, re-
spectively, 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 disturbances, it is
preferable that the technique should maintain the
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tracking performance without increasing the con-
trol efforts significantly.
The performances of the proposed n-STA, the

LQG-ISMC, and the PI controller are numerically
compared by calculating the RMSE and the L2NI
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 dis-
turbances in the system. On the other hand, the
ISMC spends fewer control efforts than the pro-
posed 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 in-
formation 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 ro-
bust sliding mode control strategy is proposed for a
pressurized water reactor type nuclear power plant.
The proposed controller guarantees finite-time con-
vergence to the reference signal for arbitrary or-
der systems in the presence of uncertainties and
external disturbances. The proposed controller is
chattering free thus, it is suitable for practical ap-
plications. The effectiveness of the proposed con-
troller to different control loops (reactor power con-
trol loop, steam generator pressure control loop,
pressurizer pressure and level control loop, and tur-
bine 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 signif-
icantly 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 neu-
ral 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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