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a b s t r a c t

The physical dimensions and the reactivity feedbacks of Advanced Heavy Water Reactor (AHWR) are such
that, it is susceptible to xenon induced spatial oscillations. If these oscillations are not controlled, the
power density and the rate of change of power at some locations in the reactor core may exceed their
respective thermal limits, resulting into increased chances of fuel failure. Hence, it is essential to suppress
xenon oscillations and achieve spatial stabilization of AHWR. Reactor core of AHWR is divided into 17
non-overlapping nodes. Non-linear model of AHWR is characterized by 90 first order differential equa-
tions. Total reactor power and 17 nodal powers are output variables. Four voltage signals to the Regulat-
ing Rods (RRs) and a feed flow rate are input variables. Applying a highly developed simulation is
necessary for analysis and control of spatial oscillations developed in AHWR for safe operation. In this
paper, after carrying out stability analysis, a control strategy based on feedback of total power and nodal
powers in which RRs are placed is presented for spatial control of AHWR. For the same, a vectorized non-
linear model of AHWR is developed and is implemented in the MatLab/Simulink environment which
helps to understand the relationship between different variables of the system in a better way. With
the proposed controller, non-linear model of AHWR is simulated and results are generated for different
transient conditions. The behavior of delayed neutron precursor and xenon concentrations is also ana-
lyzed for each transient. From the simulation results, performance of the proposed controller is found
to be satisfactory.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Design of the robust controller for spatial power control of nu-
clear reactor depends very heavily on how well we know the
dynamics of the nuclear reactor. Dynamics refer to interactions
among different system variables. To investigate the dynamics
and to explore modern control system techniques for nuclear reac-
tor control system design, it is important to have a reactor model
that not only captures the essential features but also is moderate
in its complexity for applying control system design and simula-
tion technique (Javidnia et al., 2009). Nuclear reactors of small
and medium size are generally described by the point-kinetic mod-
el which characterizes every point in the reactor by an amplitude
factor and a time independent spatial shape function. This model
is, however, not valid in case of large reactors, like Pressurized
Heavy Water Reactor (PHWR) and Advanced Heavy Water Reactor
(AHWR), because the flux shape undergoes appreciable variation
with time and space (Shimjith et al., 2011). For explicit

consideration of the variation of the flux shape it is necessary to
have suitable model of nuclear reactor. Further, because of the po-
tential for accidents or sabotage at nuclear power plants, the oper-
ation and control of these plants represents a complex problem.
Several safety and control features are engineered at the design
stage and operational policies are incorporated to avoid accidental
release of radioactivity to the general population. The problems are
further complicated in case of large nuclear reactor (Tiwari, 1999).
Because of safety critical nature of the nuclear reactor, wide variety
of computer codes have been developed and implemented in the
form of off-line computer programs to study the behavior of plant
in various postulated accident conditions (Javidnia et al., 2009;
Seyed, 2012; Tiwari, 1999). In this paper, vectorized non-linear
model of AHWR is developed and implemented by Simulink tool
kit of MatLab software to explore dynamic behavior for control sys-
tem studies. Also, the existence of spatial oscillations in AHWR is
studied for control purposes, since, such oscillations are highly det-
rimental for safe operation of large nuclear reactor. In (Shimjith
et al., 2011) it is shown that, the feedback of total power and all
the nodal power distribution signals are required to suppress xe-
non induced oscillations. However, in this paper it is demonstrated
that, to suppress xenon oscillations, feedback of total power and
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only nodal power distribution signals where RRs are placed would
be sufficient. The effectiveness of proposed control strategy is
established through non-linear simulation results.

The rest of the paper is organized as follows. In Section 2 brief
overview of AHWR is given. Mathematical model of AHWR is dis-
cussed in Section 3. In Section 4 vectorized model of AHWR is
developed and is implemented in Simulink environment. Section 5
presents proposed control strategy. Non-linear simulation results
are discussed in Section 6 and finally paper is concluded in
Section 7.

2. Brief overview of AHWR

In India, Advanced Heavy Water Reactor, a 920 MW (thermal),
vertical pressure tube type reactor, moderated by heavy water,
cooled by boiling light water under natural circulation is designed
using thorium-based technology as a third step of Indian nuclear
power program. The AHWR is fueled with (Th–233U) O2 and (Th–Pu)
O2 pins (Sinha and Kakodkar, 2006). The 3.5 m long active core of
AHWR has 513 lattice locations. Out of these, fuel assemblies
occupy 452 locations and remaining 24 locations are reserved for
reactivity control devices consisting of 8 Absorber Rods (ARs), nor-
mally fully inside the core, 8 Shim Rods (SRs), normally fully out of
the core, and 8 Regulating Rods (RRs). RRs are used for fine adjust-
ments in reactor power and they remain partially inside the reactor
core under normal operating conditions. Out of the eight RRs, four
are available for automatic control whereas, the remaining four are
under manual operation. The remaining lattice locations are occu-
pied by the shutdown system-1 consisting of 37 Shut-Off Rods
(SORs). The neutron flux is measured using out-of-core ion cham-
bers as well as in-core detectors. The total power of the reactor is
inferred from ion chambers in low power range and from in-core
detectors in power range. In-core detectors, however, are provided
primarily for monitoring of spatial flux distribution in the core
(Shimjith et al., 2008; Shimjith et al., 2010; Sinha and Kakodkar,
2006). The Main Heat Transport (MHT) system of AHWR consists
of 452 coolant channels in reactor core, equal number of tail pipes,

4 horizontal cylindrical steam drums, 16 downcomers, an inlet
header and 452 inlet feeders as shown in Fig. 1. Coolant starts boil-
ing in the reactor core by absorbing the fission heat. Coolant chan-
nels belonging to each quadrant of the reactor core are connected
to separate steam drums through individual tail pipes. The coolant
circulation is driven by natural convection through tail pipes to
steam drum at 7 MPa. Steam–water phase separation and feed
water mixing takes place inside the steam drums. The steam is
fed to the turbine whereas, the sub-cooled water flows back to
the coolant channels through the 4 downcomer pipes to a common
inlet header. Individual coolant channels of the core are fed from
this common header through individual feeder pipes (Sinha and
Kakodkar, 2006; Shimjith et al., 2008; Gaikwad et al., 2009;
Shimjith et al., 2011). AHWR has a significant degree of coupling
between the neutronics and the two-phase thermal hydraulics.
The physical dimensions of AHWR are large compared to the
neutron migration length in the core, making it susceptible to
xenon induced spatial oscillations (Duderstadt and Hamilton,
1975). Further, situations such as on-line refueling might cause
transient variations in flux-shape from the nominal flux-shape.
Analysis of such situations can be done by developing a suitable
vectorized model of AHWR in Simulink environment.

3. Mathematical model of AHWR

Mathematical model of AHWR is developed in Shimjith et al.
(2008); Shimjith et al. (2010) using separate models for core neu-
tronics and for thermal hydraulics of MHT system.

3.1. Core neutronics model

The simplified core neutronics model is obtained by nodal
approach, based on finite difference approximation of the two
group diffusion equations and the associated equation for an effec-
tive single group of delayed neutron precursor’s concentration.
Seventeen fictitiously divided nodes, as given in Fig. 2, are consid-
ered as seventeen small cores, each of which is coupled to its

Nomenclature

Notations
C precursor concentration
x exit mass quality
Eeff thermal energy liberated/fission, J
a coupling coefficient
En identity matrix of dimension n
b delayed neutron fraction
H position of regulating rod, % in
c fraction fission yield
I iodine concentration
k decay constant
P steam drum pressure, Mpa
‘ the prompt neutron life-time, s
V volume, m3

q reactivity, k
W fission power, MW
ra microscopic absorption cross-section, cm2

X xenon concentration
Ra macroscopic absorption cross-section, cm�1

h enthalpy, kJ/kg
Rf macroscopic fission cross-section, cm�1

q mass flow rate, kg/s
j constant of regulating rod position
v voltage signal to RR drive, V
d deviation parameter

Subscripts
C precursor
d downcomer
H position of regulating rod
f feed water, fission
I iodine
i, j node number
P power
k regulating rod number
R regulating rod
r riser
T total power
s steam
X xenon
w water
c vaporization
x exit quality
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neighboring nodes through neutron diffusion. The following non-
linear equations constitute the neutronics model of the reactor
core without internal reactivity feedback.

dWi

dt
¼ ðqi � aii � bÞWi

‘
þ
X17

j¼1

aji
Wj

‘
þ kCi; ð1Þ

dCi

dt
¼ b
‘

Wi � kCi i ¼ 1;2; . . . ;17 ð2Þ

where aji and aii denote the coupling coefficients between jth and
ith nodes and self coupling coefficients of ith node respectively, b
and k are respectively effective one group delayed neutron yield
and decay constant, ‘ is the neutron lifetime and Wi and Ci are the
nodal power level and the effective one group delayed neutron pre-
cursor concentration of ith node respectively.

The most important fission product poison is xenon because of
its exceptionally large capture crosssection for thermal neutrons
with half life of 9.2 h. Main proportion of this isotope in a reactor
originates from radioactive decay of iodine with half life of 6.7 h
(Duderstadt and Hamilton, 1975). To formulate xenon reactivity
feedback, iodine and xenon dynamics in each node are represented
as

dIi

dt
¼ cIRfi Wi � kIIi; ð3Þ

dXi

dt
¼ cXRfi

Wi þ kI Ii � ðkX þ �rXi
WiÞXi ð4Þ

where cI and cX are fission yields of iodine and xenon respectively, kI

and kX are respectively decay constants of iodine and xenon and
�rXi
¼ rXi

=Eeff Rfi V i; Ii denotes iodine concentration and Xi the xenon
concentration of ith node. Also, Eeff is energy liberated in each fis-
sion, Vi is the node volume and Rfi is thermal neutron fission
cross-section of ith node.

RRs are driven by the respective reversible variable speed type
three phase induction motor and static frequency converter. The
speed of RR is directly proportional to the voltage applied to the
drive motor, and it is given by

dHk

dt
¼ jvk k ¼ 2;4;6;8; ð5Þ

where vk is control signal applied to the RR drive in the range of
±1 V, j is a constant having value 0.56 and Hk is ‘% in’ position of
RR of kth node. Differential Eqs. (1)–(5) characterize the nodal
model of AHWR core neutronics. The neutronic parameters, nodal
volumes, cross-sections and nodal powers under full power
operation and coupling coefficients are given in (Shimjith et al.,
2011) and the same are used for the simulation.

Fig. 1. Main heat transport system of AHWR (Shimjith et al., 2011).

Fig. 2. 17 nodes AHWR scheme.
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3.2. Thermal hydraulics model

Thermal hydraulics model of MHT system of AHWR has been
developed by evolving separate models for reactor core thermal
hydraulics and for the steam drums, and afterwards clubbing them
together (Astrom and Bell, 2000; Shimjith et al., 2008) as given
below.

3.2.1. Core thermal hydraulics
A thermal hydraulics model of the reactor core is obtained

assuming an equivalent coolant channel for each node, ignoring
the pressure drops in downcomers, feeders and tail pipes, and
taking uniform distribution of nodal power along the flow axis.
Also, the steam quality is considered to be uniformly increasing
along the axial length in the channels after the point of onset of
boiling. Now, applying mass and energy balance to the boiling
section and solving them together, the core thermal hydraulics
model is written as

evpi

dP
dt
þ evxi

dxi

dt
¼Wi � qdi

ðhw � hdÞ � xihcqdi
ð6Þ

where P is drum pressure, hw, hd and hc are water, downcomer and
condensation enthalpies respectively, x is the average exit quality,
qdi

is flow rate of the coolant entering the ith node through down-
comer and evpi

and evxi
are constants of ith node.

3.2.2. Steam drums
A simple lumped model of the steam drums is developed

assuming that carry over and carry under effects are insignificant;
a mixture of saturated water and steam enters the steam drum and
subcooled water leaves steam drum into the reactor core; and
average values of density and enthalpy of the water in the steam
drum have been considered. Mass and energy balance equations
of the steam drums are respectively represented by

epv
dVw

dt
þ epp

dP
dt
¼ �

X17

i¼1

ðqdi
� qri

Þ þ qf � qs ð7Þ

exv
dVw

dt
þ exp

dP
dt
¼ qf hf þ xqrhs þ ð1� xÞqrhw � qdhd � qshs ð8Þ

where qf, qs, qr and qd are average values of feed water, steam, sat-
urated steam and subcooled water flow rates respectively and Vw is
the volume of water in the steam drum. Finally applying energy
balance equation to water volume in steam drum yields

epi

dP
dt
þ ev i

dVw

dt
þ exi

dhd

dt
¼ qf hf þ ð1� xÞqrhw � qdhd: ð9Þ

Complete thermal hydraulics model is given by set of Eqs. (6)–(9).
Further, drum water volume and pressure are being regulated at
respective set points by plant control system. Hence, derivatives
of P and Vw vanish from Eqs. (6)–(9). The above equations therefore
reduce to

evxi

dxi

dt
¼Wi � qdi

ðhw � hdÞ � qdi
xihc; ð10Þ

exi

dhd

dt
¼ qf ðk̂2hf � k̂1Þ � qdðk̂2hd � k̂1Þ ð11Þ

where k̂2 ¼ hs
hc

and k̂1 ¼ hwk̂2. In (Shimjith et al., 2011), values of evxi

and exi are given and the same are used here. The coolant flow rate
through the channels is the function of normalized nodal powers,
given as

qdi
¼ k1

Wi

Wi0

� �3

þ k2
Wi

Wi0

� �2

þ k3
Wi

Wi0

� �
þ k4

( )
qdi0

ð12Þ

where k1 = 0.2156, k2 = �0.5989, k3 = 0.48538 and k4 = 0.8988. Wi0

denotes the power produced by ith node under full power operation
and qdi0

is the corresponding coolant flow rate.

3.3. Reactivity feedbacks

The reactivity term qi in (1) is expressed as qi ¼ qiu þ qiX
þ qia ,

where qiu is the reactivity introduced by the control rods, qiX
is the

reactivity feedback due to xenon and qia is the reactivity feedback
due to coolant void fraction. The reactivity contributed by the
movement of the RRs is expressed as

qiu ¼
ð�10:234Hi þ 676:203Þ � 10�6; if i ¼ 2;4;6;8

0 elsewhere:

(
ð13Þ

The xenon reactivity feedback in node i can be expressed as

qiX
¼

�rXi
Xi

Rai

: ð14Þ

The reactivity contribution by the coolant void fraction is

qia ¼ �5� 10�3 9:2832x5
i � 27:7192x4

i þ 31:7643x3
i � 17:7389x2

i

�
þ 5:2308xi þ 0:0792Þ: ð15Þ

Eqs. (1)-(5), (10) and (11) constitute complete coupled neutronics
thermal hydraulics model of AHWR. Seventeen equations each of
power, delayed neutron precursor, xenon, iodine concentrations
and exit quality, four equations of RR positions and one equation
of downcomer enthalpy results into 90 non-linear first order differ-
ential equations. Four control signals to RRs and a feed flow rate are
input variables with seventeen nodal powers and a total (global)
power as output variables. The nodal powers and coolant flow rates
are constants as given in (Shimjith et al., 2011) under steady state
operation. The equilibrium positions of all RRs is 66.1% inside the
core. Coolant enters the core at a temperature of 260 �C and feed
water enters the steam drum at 130 �C. The operating pressure of
the main heat transport system is 7 MPa. Equilibrium values of
other variables like delayed neutron precursor, iodine and xenon
concentrations, exit quality and feed flow rate can easily be com-
puted from the steady state forms of respective equations.

3.4. Linearization and state-space representation

The set of non-linear equations given by (1)-(5), (10) and (11)
can be linearized around steady state operating conditions
ðHk0 ;Xi0 ; Ii0 ;hd0 ;Ci0 ; xi0 ;Wi0 Þ and the linear equations so obtained
can be represented in standard state-space form. For this, define
the state vector as

z ¼ zT
H zT

X zT
I dhd zT

C zT
x zT

W

� �T ð16Þ

where zH = [dH2 dH4 dH6 dH8]T and the rest zn ¼ ½ðdn1=n10
Þ � � �

ðdn17=n170
Þ�T ; n ¼ X; I; C; x;W , in which d denotes the deviation from

respective steady state value of the variable. Likewise define the
input vector as u = [dv2 dv4 dv6 dv8]T and output vector as y =

[yT y1 . . . y17]T where yT ¼
P17

i¼1
dWiP17

j¼1
Wj0

and yi ¼ dWi
Wi0

correspond to

normalized total reactor power and nodal powers respectively.
Then the system given by (1)-(5), (10) and (11) can be expressed
in standard linear state-space form as

_z ¼ Azþ Buþ Bf dqf ð17Þ

y ¼Mz ð18Þ

where qf is feed water flow rate. Matrices A, B, Bf and M are given in
(Shimjith et al., 2011). Six eigenvalues of A have their real parts
positive while four eigenvalues are at the origin, which indicates
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instability. Hence, it is necessary to design an effective controller to
maintain the total power of the reactor while the xenon induced
oscillations are being controlled.

4. Vectorization and implementation of AHWR model in
Simulink

The dynamic Eqs. (1)-(5), (10) and (11) can be written in vector/
matrix form to implement in MatLab/Simulink environment
(MatLab/Simulink Control Design Toolbax user manual, 2009).
For that, rearrange Eq. (1) of nodal powers as

dWi

dt
¼ 1
‘

qiWi � aiiWi � bWi þ
X17

j¼1

ajiWj þ k‘Ci

" #
: ð19Þ

In the above equation ‘, b are constants, qi, aii, Ci and Wi are column
vectors and aji is a matrix. However, the terms
qiWi; aiiWi; bWi;

P17
j¼1ajiWj and k‘Ci are all column vectors of

same dimensions. If scalar multiplication is denoted by ‘ � ’, ele-
ment-wise multiplication is denoted by ‘�’ and array multiplication
is denoted by ‘⁄’ then (19) can be rewritten as

dWi

dt
¼ 1
‘
� qi �Wi � aii �Wi � b �Wi þ

X17

j¼1

ajiWj þ ðk‘Þ � Ci

" #
:

ð20Þ

Above equation is implemented using only one integrator, instead
of seventeen different integrators. Simulink of MatLab automati-
cally expands the equation to appropriate size as shown in Fig. 3.
Initial value of nodal powers can be inserted in the integrator in
vector form by double clicking ‘integrator’ block.

Similarly, the delayed neutron precursor, iodine, xenon concen-
trations and rod position dynamics can be structured in vector/ma-
trix form as

dCi

dt
¼ b
‘
�Wi � k � Ci; ð21Þ

dIi

dt
¼ ðcI � Rfi

Þ �Wi � kI � Ii; ð22Þ

dXi

dt
¼ ðcX � RfiÞ �Wi þ kI � Ii � kX � Xi � �rXi �Wi � Xi; ð23Þ

dHk

dt
¼ j � vk k ¼ 2;4;6;8; i ¼ 1;2; . . . ;17: ð24Þ

After defining vector gains, above Eqs. (21)–(24), can be easily real-
ized in Simulink as a core neutronics subsystem block, as depicted
in Fig. 4. In the similar manner, the thermal hydraulics model
involving dynamics of exit quality and downcomer enthalpy, given
by (10) and (11) are represented in vectorized form as

dxi

dt
¼ 1

evxi

� ½Wi � qdi
� ðhw � hdÞ � ðqdi

� xiÞ � hc�; ð25Þ

dhd

dt
¼ 1

exi

� ½qf � ðk̂2hf � k̂1Þ � qd � ðk̂2hd � k̂1Þ� ð26Þ

and employed in Simulink. The instantaneous coolant flow rate
through the channels can be evaluated as per (12). Reactivity on ac-
count of RR movements is the function of its position as defined by
(5) and (13). These two equations can be collectively implemented.
All these equations can be combined together, in the form of differ-
ent subsystems, considering proper relationship between different
variables and reactivity feedbacks, to form complete AHWR model.
This model eventually leads to an automatic program that solves
non-linear Eqs. (1)-(5), (10) and (11) including reactivity feedbacks
given by (13)–(15). Advantages of this type of vectorized non-linear
model constructed in Simulink are,

1. it can be used for different types of reactors with different num-
ber of nodes, provided that the coupling coefficients matrix and
reactivity feedbacks are modeled properly,

2. variations of any variable with respect to time or any other var-
iable can be studied by applying ‘scope’ block across that
variable,

3. visualization of calculation results and their recording for fur-
ther applications is possible,

4. different methods of solving non-linear differential equations
with different step time can be studied and

5. the computations are performed in much less time compared to
the transient duration.

5. Proposed control strategy

The linear model of the AHWR given by (17) and (18) presented
in Section 3.4, is found to be controllable and observable. Generally
feedback of total power is sufficient to control small and medium
size nuclear reactors, however, large reactors, like AHWR, require
feedback of spatial power distribution alongwith the total power

Fig. 3. Implementation of power equation.
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feedback for effective spatial control. Based on these consider-
ations, let us consider the input u in (17) of the form

u ¼ �Ky ¼ �K � y ð27Þ

where K is a 4 � 18 matrix. With the above control, the system (17)
becomes

_z ¼ ðA� BKMÞzþ Bf dqf ¼ A zþ Bf dqf ð28Þ

where A ¼ ðA� BKMÞ. Matrices A; B and M are given in (Shimjith
et al., 2011).

5.1. Total power feedback

First consider that

K ¼ ½K
�

T 0 � � � 0� ð29Þ

in which 0 represents vectors of 4 � 1 dimension and
K
�

T ¼ ½KT KT KT KT �T such that the feedback gain corresponding to
total power is KT for all RRs and is zero corresponding to nodal pow-
ers. The stability characteristic of the system (28) is investigated by
varying the value of KT and for KT = 12.5, the gross behavior of the
system seems stable though the system can show spatial instability.
To reveal this, a transient involving a spatial power disturbance was
simulated using non-linear model of the reactor given by the Eqs.
(1)-(5) and (10)–(15), developed in MatLab/Simulink. It was as-
sumed that the reactor was operating initially at full power, with
control signal generated by (27). The RR2 which was initially at
its equilibrium position was driven out by about 1% by giving prop-
er control signal. Immediately after that, RR2 was driven back to its
original position and thereafter left under the influence of control-
ler. The response of the model to this disturbance was investigated
in terms of variations in total reactor power and tilts in the first and
second azimuthal modes defined as

First azimuthal tilt¼WL�WRP17
i¼1

Wi
2

�100%

where WL¼
1
2

W1þ
X9

i¼6

Wiþ
X17

i¼14

Wi

and WR¼
1
2

W1þ
X5

i¼2

Wiþ
X13

i¼10

Wi:

Second azimuthal tilt¼Wq1�Wq2P17
i¼1

Wi
2

�100%

where Wq1¼
1
2

W1þW2þW3þW6þW7þW10þW11þW14þW15;

and Wq2¼
1
2

W1þW4þW5þW8þW9þW13þW12þW16þW17:

It was observed from the simulation that inspite of the global
power being regulated at full power, the power distribution in
the core undergoes oscillations. Within 38 h, the first and second
azimuthal modes of oscillation grow to the amplitudes of the order
of 1.4% and 0.75% respectively as shown in Fig. 5. Period of the

Fig. 4. Implementation of core neutronics subsystem block.
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Fig. 5. Unstable modes of spatial instability.

196 R.K. Munje et al. / Annals of Nuclear Energy 64 (2014) 191–200



Author's personal copy

oscillations are observed to be 20 h and 12 h respectively for first
and second azimuthal tilts. Amplitudes of first and second
azimuthal tilts are observed to be considerably higher than as
given in Fig. 5, if reactivity feedback due to coolant void fraction
is not considered. Moreover, if xenon reactivity feedback is
removed, then no oscillations in power distribution are
observed suggesting that, these are indeed xenon induced spatial
oscillations. These spatial oscillations and subsequent local
overpowers pose a potential threat to the fuel integrity of any
nuclear reactor, and hence require control. Therefore, it is
necessary to devise a suitable spatial power controller for AHWR.

5.2. Spatial power feedback

As observed in the Section 5.1, the AHWR system is showing
spatial instability even with total power feedback. This is because,

the system (28) has still four eigenvalues with positive real parts
and three eigenvalues at origin. Hence, in addition to total power
feedback, feedback of spatial power is required. A similar kind of
control strategy is proposed by Shimjith et al. in (Shimjith et al.,
2011), in which feedback of all the seventeen nodal powers is ta-
ken. Here, spatial stabilization of AHWR system is achieved with
the feedback of nodal powers, in which RRs are placed alongwith
total power feedback. Thus, in (29), K that was restricted to contain
non-zero values only in the first column, will now be allowed to
have non-zero values in other locations. This can be realized in
such way that, feedback gain corresponding to total power is KT

and feedback gain to power in nodes 2, 4, 6 and 8 is KR, that is

K¼

KT 0 KR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
KT 0 0 0 KR 0 0 0 0 0 0 0 0 0 0 0 0 0
KT 0 0 0 0 0 KR 0 0 0 0 0 0 0 0 0 0 0
KT 0 0 0 0 0 0 0 KR 0 0 0 0 0 0 0 0 0

2
6664

3
7775: ð30Þ

Fig. 6 shows the locus of both stable and unstable eigenvalues
near origin when KR was increased progressively from zero. It is ob-
served that, all the unstable eigenvalues are stabilized for KR P 2,
which proves that the feedback of nodal powers in which RRs are
placed can be effectively used to stabilize the system. Most of
the eigenvalues near to the origin are found to have settled at their
respective new locations for KR � 10. With this consideration value
of KR is selected as 10. Closed loop eigenvalues with KR = 10 and
KT = 12.5 are found to be in the left half of s-plane, as listed in
Table 1. This shows that, the control law (27) stabilizes the system
(28) with K given by (30). In case of the AHWR, which is character-
ized by a complex high order model, spatial stabilization is thus
achieved by feedback of the total reactor power and the power lev-
els of the nodes containing regulating rods.

6. Transient simulations

Response of the controller was analyzed by simulating the non-
linear model of AHWR, given by the set of Eqs. (1)–(5) and (10)–(15)

−5 −4 −3 −2 −1 0 1 2 3
x 10−4

−2

−1

0

1

2

x 10−4

Re (s)

Im
 (s

)

KR = 10

KR = 2

Unstable
Eigenvalues
i.e. KR = 0

Fig. 6. Effect of feedback of nodal powers in which RRs are placed on eigenvalue
locations.

Table 1
Closed loop eigenvalues of AHWR model.

Sr. No. Eigenvalues Sr. No. Eigenvalues Sr. No. Eigenvalues

1 �2.8773 � 10�5 37 �5.8834 � 10�2 69 �1.751 � 10�1

2 �2.8773 � 10�5 38 �5.9364 � 10�2 70 �1.8053 � 10�1

3 �2.8773 � 10�5 39 �5.966 � 10�2 71 �1.8078 � 10�1

4 �2.8773 � 10�5 40 �5.9845 � 10�2 72 �1.8221 � 10�1

5 �4.0085 � 10�5 41 �6.1191 � 10�2 73 �2.6345 � 10�1

6 �4.0237 � 10�5 42 �6.1316 � 10�2 74 �6.9796
7 �4.3283 � 10�5 43–44 (�5.9085 ± i1.6901) �10�2 75 �3.2787 � 101

8 �4.3593 � 10�5 45 �6.1803 � 10�2 76 �3.3327 � 101

9 �6.755 � 10�5 46 �6.1872 � 10�2 77 �6.6584 � 101

10 �7.1457 � 10�5 47 �6.235 � 10�2 78 �6.8302 � 101

11–12 (�7.6810 ± i3.0862) � 10�5 48 �6.2387 � 10�2 79 �9.3652 � 101

13–14 (�7.6926 ± i3.0637) � 10�5 49 �6.2702 � 10�2 80 �9.4604 � 101

15–16 (�2.0967 ± i8.2771) � 10�5 50 �6.2723 � 10�2 81 �1.0867 � 102

17–18 (�3.7556 ± i7.6706) � 10�5 51–52 (�6.5120 ± i2.2626) � 10�2 82 �1.1704 � 102

19–20 (�6.4610 ± i5.6114) � 10�5 53–54 (�6.8026 ± i2.3457) � 10�2 83 �1.6966 � 102

21–22 (�3.5386 ± i7.7973) � 10�5 55 �8.4982 � 10�2 84 �1.7567 � 102

23–24 (�5.6889 ± i0.8659) � 10�6 56 �1.1257 � 10�1 85 �1.9496 � 102

25 �9.4731 � 10�5 57 �1.3375 � 10�1 86 �2.1109 � 102

26 �1.0049 � 10�4 58 �1.4715 � 10�1 87 �2.1903 � 102

27 �1.5741 � 10�4 59 �1.4718 � 10�1 88 �2.3590 � 102

28 �1.5881 � 10�4 60 �1.4844 � 10�1 89 �2.7162 � 102

29 �1.7621 � 10�4 61 �1.5045 � 10�1 90 �2.7625 � 102

30 �1.7705 � 10�4 62 �1.5592 � 10�1

31 �2.3573 � 10�4 63 �1.5602 � 10�1

32 �2.3586 � 10�4 64 �1.5749 � 10�1

33 �2.4991 � 10�4 65 �1.6038 � 10�1

34 �2.5026 � 10�4 66 �1.6324 � 10�1

35 �1.5734 � 10�4 67 �1.6339 � 10�1

36 �5.7761 � 10�2 68 �1.6499 � 10�1
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Fig. 7. RR positions during transient.
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Fig. 8. Change in total reactor power subsequent to withdrawal of RR4.
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Fig. 10. Variations of global power during power maneuvering from 920.48 MW to
828.43 MW.
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Fig. 11. Variation of nodal powers during power maneuvering from 920.48 MW to
828.43 MW.
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Fig. 12. Variation of xenon concentrations during power maneuvering from
920.48 MW to 828.43 MW.
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Fig. 13. Variation of delayed neutron precursor concentrations during power
maneuvering from 920.48 MW to 828.43 MW.
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Fig. 14. Step change in the feed flow.
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Fig. 15. Variation of total power due to step change in feed flow.

0 100 200 300 400 500 600 700 800
66

66.2

66.4

66.6

66.8

67

67.2

67.4

Time (s)

R
od

 P
os

iti
on

s 
(%

 IN
)

 

 

RR2
RR4
RR6
RR8

Fig. 16. Variation in RR positions due to step change in feed flow.
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Fig. 17. Variation in delayed neutron precursor concentrations due to step change
in feed flow.

0 20 40 60 80 100
0.9998

0.9999

1

1.0001

1.0002

1.0003

1.0004

1.0005

1.0006
x 10−3

Time (h)

Xe
no

n 
C

on
ce

nt
ra

tio
ns

 (p
u)

 

 

Node 1
Nodes 2, 5, 6, 9
Nodes 3, 4, 7, 8
Nodes 10, 13, 14, 17
Nodes 11, 12, 15, 16

Fig. 18. Variation in xenon concentrations due to step change in feed flow.
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and the control law given by (27) in MatLab/Simulink environment.
Initially, it was assumed that the reactor is operating at full power
equilibrium condition, with control signal generated by (30).
Shortly, RR4, originally under auto control was driven out by almost
1% manually by giving proper control signal after 2 s and left under
the effect of automatic control thereafter. Control signals to RR
drives are generated, by computing the deviation of nodal powers
in which RRs are placed, from their respective full power equivalent
steady state values. From the simulation, it was observed that the
RRs are driven back to their equilibrium position by the controller,
as shown in Fig. 7. As a result of the controller action, disturbance in
global power and spatial powers are suppressed within about 80 s.
The variation in global power is depicted in Fig. 8 and variation in
nodal powers, measured in terms of azimuthal tilts, are shown in
Fig. 9. Since, the disturbance is of very short duration, amplitudes
of first and second azimuthal tilts are respectively 0.0128% and
0.0048%.

In another transient, again the reactor is under steady state and
is assumed to be operating at 920.48 MW with nodal power distri-
butions as given in (Shimjith et al., 2011). Iodine, xenon and de-
layed neutron precursor concentrations are in equilibrium with
the respective nodal power levels. Now, the demand is reduced
uniformly at the rate of 1.5 MW/s to 828.43 MW, in approximately
61 s and held constant thereafter. During the transient, variation in
global power, nodal powers, nodal xenon and delayed neutron
precursor concentrations take place as shown in Fig. 10–13
respectively. From Fig. 10(a) it is observed that, during the entire
course of transient the global power is maintained closed to the
demand power. The global power variation during initial 400 s is
depicted in Fig. 10(b). The global power is 822.42 MW approxi-
mately at 74 s and it settles within 0.12% of new demand power
approximately in next 88 s. The nodal powers attain new steady
state values within about 100 s as represented in Fig. 11 and do
not show any variation during the remaining prolonged simula-
tion. The xenon concentrations stabilize to their respective new
steady state values in about 50 h. However, the delayed neutron
precursor concentrations take just 90 s to achieve new steady state
(Fig. 13). Though the difference in stabilization time for delayed
neutron precursor and xenon concentrations is several hours, this
does not pose any difficulty in simulation, which is accomplished
in Simulink efficiently using suggested vectorization.

In order to assess the response of the system to disturbance in
feed flow, non-linear model was simulated in which, reactor was
operating at steady full power operation when a 5% step change
was introduced in feed flow as shown in Fig. 14 after 100 s. As a re-
sult of this disturbance, global power increases from 920.48 MW to
920.70 MW and stabilizes back at its original value as shown in
Fig. 15 within about next 100 s. It is evident from the Fig. 16, that
in order to maintain global power at equilibrium position, all the
RRs are moved inside almost by 1%. As the variation in global
power is observed to be very small, only about 0.02% (Fig. 15), vari-
ations in delayed neutron precursor and xenon concentrations are
also found to be very small, as indicated in Fig. 17 and 18 respec-
tively by the per unit values. Again despite huge difference in time

constants for delayed neutron precursor and xenon concentrations
the simulations are carried out without any difficulty. This shows
the effectiveness of the controller.

7. Conclusion

In this paper, non-linear simulation of AHWR has been carried
out in MatLab/Simulink environment by vectorization of modeling
equations, due to which simulation process can be simplified sig-
nificantly. Steady state is achieved by the feedback of total power.
From the transient simulation, it can be concluded that output
feedback is able to maintain total power constant. However, total
power feedback alone cannot suppress spatial oscillations/varia-
tions in the reactor core. But, this can be achieved by giving the
feedback of nodal powers in which RRs are placed instead of feed-
back of all the nodal powers. Dynamic simulation results show the
effectiveness of proposed control strategy for controlling total
power alongwith xenon induced oscillations. Variations of delayed
neutron precursor and xenon concentrations are also analyzed dur-
ing different transient conditions. It is believed that the work car-
ried out in this paper is very useful to control system engineers to
understand the interaction between different system variables and
to investigate suitable control strategy for similar other nuclear
reactors.
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