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a b s t r a c t

Fault diagnosis depends critically on the selection of sensors monitoring crucial process variables.
Boolean network (BN) is composed of nodes and directed edges, where the node state is quantized to the
Boolean values of True or False and is determined by the logical functions of the network parameters and
the states of other nodes with edges directed to this node. Since BN can describe the fault propagation in
a sensor network, it can be applied to propose sensor selection strategy for fault diagnosis. In this article,
a sufficient condition for parameter identifiability of BN is first proposed, based on which the sufficient
condition for fault identifiability of a sensor network is given. Then, the fault identifiability condition
induces a sensor selection strategy for sensor selection. Finally, the theoretical result is applied to the
fault diagnosiseoriented sensor selection for a nuclear heating reactor plant, and both the numerical
computation and simulation results verify the feasibility of the newly built BN-based sensor selection
strategy.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The function of process fault diagnosis is observing the fault
symptoms and identifying which fault is the root cause. The effi-
ciency of fault diagnosis depends critically on the selection of
sensors monitoring crucial process variables. There are hundreds of
process variables available for measurement in a nuclear plant, and
sensor selection for efficient fault diagnosis is an important prob-
lem. Because fault propagation in a process system, i.e., the cau-
seeeffect behavior, can be qualitatively described by directed graph
(DG), the sensor selection problem was usually converted to
different DG-based optimization problems. In the studies by Bag-
ajewicz [1e4], sensor selection strategies are given as the solutions
of mixed-integer linear programming (MILP) problems focusing on
optimizing cost or (and) reliability. In the study by Bhushan et al.
[5], the criteria of robustness were added to the MILP problems. In
studies by Sen et al. and Carballido et al. [6,7], genetic
algorithms were proposed to solve the optimization problems for
sensor selection. The MILP-based approach was applied to the
sensor selection for fault diagnosis problems of the nuclear plant

equipment such as the integral pressurized water reactor and
helical-coil once-through steam generator [8,9]. Moreover, sensor
selection is usually served as a basis of developing more advanced
fault detection and diagnosis methods for complex process systems
[10e12].

The Boolean network (BN) is a network with nodes and directed
edges, where the state of a node is quantized to the values of True or
False and is determined through logical rules by the network logical
parameters and the states of other nodes with edges directed to this
node. It is can be seen that the BN is the coupling of a DG, and a set
of logical rules or functions defined on the logical states of BN
nodes, whichmeans that the BN can be applied to describe the fault
propagation in a sensor network. In the late 1960s, the BN was first
introduced by Kauffman for modeling and analyzing cellular
regulation phenomenon in the field of theoretic biology [13]. It has
proved that the BN can be a proper tool to describe cellular net-
works [14]. The study of BN from a viewpoint of systems and
control begun around 2010. Cheng and Qi gave the stateespace
model of BN on its linear representation and then revealed some
features such as fix points, cycles, and controllability [15e18].
Therefore, applying BN to solve the problem of sensor selection for
fault diagnosis may give a more advanced and efficient method.

In this article, the nodes in a sensor network are regarded as the
nodes of a BN, the faults are regarded as parameters of the BN, and* Corresponding author.
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the causeeeffect behaviors are described by logical functions
defined on the states of nodes and parameters. By thoroughly
analyzing the parameter identifiability of an arbitrarily given BN,
the sufficient condition of fault discriminability is proposed based
on analyzing the steady stateespace structure of the BN, which
further leads to a new sensor selection strategy. Then, the BN-based
sensor selection method is applied to realize the fault diag-
nosiseoriented sensor selection of a nuclear heating reactor (NHR),
and numerical computation and simulation results show the
feasibility of this new approach.

2. Boolean network and its linear representation

In this section, the BN is first defined, and then its linear rep-
resentation is proposed based on the semi-tensor product (STP) of
matrices.

2.1. Logical matrix and Boolean network

Definition 1 [16,17]. Matrix A2Mm�n is called a logical matrix if
the columns of A, denoted by Col(A), satisfy Col(A)3Dm, where
Dm ¼ {dkmjk ¼ 1, …, m }, and dkmis the kth column of Im. The set of
m� n logical matrices is denoted by Lm�n, and D2 is usually denoted
by D.

Definition 2 (Boolean network) [14]. A BN with a set of nodes
si2D (i ¼ 1, 2, …, n) and parameters fj2D (j ¼ 1, 2, …, m) can be
described as
8>><
>>:

s1ðt þ 1Þ ¼ s1½ s1ðtÞ / snðtÞ f 1 / fm �;
s2ðt þ 1Þ ¼ s2½ s1ðtÞ / snðtÞ f 1 / fm �;

«
snðt þ 1Þ ¼ sn½ s1ðtÞ / snðtÞ f 1 / fm �;

(1)

where si: Dnþm/D (i ¼ 1, 2, …, n) are logical functions.
Remark 1. For a sensor network, nodes si2D (i ¼ 1, 2, …, n)

denote the sensor state is normal or abnormal, and parameters
fj2D (j ¼ 1, 2, …, m) denote whether the corresponding fault
occurs.

2.2. Structure matrix of logical function

It can be seen from model (1) that logical functions are
nonlinear, which leads to the difficulty in analyzing the properties
of BNs. Therefore, it is necessary to give a linear form of the given
nonlinear logical function, which is called the structure matrix.

Definition 3 (Semi-tensor product) [16,17]. Suppose A2Mm�n

and B2Mp�q, let t be the lowest common multiple of positive in-
tegers n and p. The STP of A and B is defined by

AB ¼
�
A5It=n

��
B5It=p

�
(2)

where5 is Kronecker product, I is identity matrix, and the product
in the right side is just the classical matrix product. In the following,
the multiplication of matrices and vectors is under the meaning of
STP.

Remark 2. Based on Definition 3, if n ¼ p, then the STP de-
generates to the classical product. Moreover, it can be seen that

�
SðtÞ ¼ s1ðtÞ…snðtÞ2D2n ;
F ¼ f 1…fm2D2m :

(3)

The following Lemma 1 reveals that every logical function has a
linear representation.

Lemma 1. Every logical function s: Dn/D has a linear repre-
sentation given by

sða1;/;anÞ ¼ Ls
Yn
i¼1

ai; (4)

where ai ¼ [qi, 1-qi]T2D, qi2{0,1}, i ¼ 1, 2, …, n, and Ls2L2�2n is
called the structure matrix of logical function s.

Proof: Based on the definition of STP, it can be seen that

An ¼
Yn
i¼1

ai ¼ dk2n2D2n ; (5)

where An is just the vector representation of binary number
Qn ¼ q1q2 … qn, and then it can be directly computed that

k ¼ 2n �
Xn
i¼1

qi2
n�i: (6)

From the equivalence of Dn and D2
n, the definition domain of s

can be regarded as D2
n. For the kth elementdk2n ,

Ms ¼ ½s1 s2 … sn �2M2�2n ; (7)

where

sk ¼ s
�
dk2n

�
;

is just the matrix satisfying equation (4).
Remark 3. It can be verified by direct computation that the

structure matrices of logical negation “:,” disjunction
“∨,” conjunction “∧,” identity “I,” and constant “F” are given
respectively by

L: ¼ d2½2 1 �; (8)

L∨ ¼ d2½1 1 1 2 �; (9)

L∧ ¼ d2½1 2 2 2 �; (10)

LI ¼ d2½1 2 �; (11)

LF ¼ d2½2 2 �: (12)

Remark 4. From Lemma 1, the BN model can be rewritten as
8>><
>>:

s1ðt þ 1Þ ¼ L1FSðtÞ;
s2ðt þ 1Þ ¼ L2FSðtÞ;

«
snðt þ 1Þ ¼ LnFSðtÞ;

(13)

where both F and S(t) are given in equation (3), and Li is the
structure matrix of logical function si (i¼ 1,…n). It can be seen from
models (13) and (1) that nonlinear model (1) has been transferred
to linear model (13).

2.3. Linear representation of Boolean network

From model (13), it can be seen that

Sðt þ 1Þ ¼ s1ðt þ 1Þ…snðt þ 1Þ ¼ L1FSðtÞ…L2FSðtÞ ¼
Yn
i¼1

LiFSðtÞ:

(14)

Here, the problem is that whether there is a matrix LF so that
(14) can be rewritten as stateespace model

Z. Dong et al. / Nuclear Engineering and Technology 50 (2018) 599e605600



Sðt þ 1Þ ¼ LFSðtÞ;

which is also called the linear representation of BN (1). This prob-
lem is solved in the following parts of this section.

To give the linear representation of BN (1), the following Lemma
2 is introduced which shows an important property of An2D2n
defined by (5).

Lemma 2. Suppose ai ¼ [qi, 1-qi]T2D, qi2{0,1}, i¼ 1, 2,…, n, and
An2D2n defined by (5), then, An satisfies

A2
n ¼ FnAn; (15)

where

Fn ¼ diag
�h

d12n … d2
n

2n

i�

¼ d22n

�
1 … kþ ðk� 1Þ2n … 22n

�
2L22n�2n : (16)

Proof: Suppose

An ¼ dk2n ; (17)

where positive integer k is given by equation (6). Then, based on
Definition 2 and by direct computation, we have

A2
n ¼ dk2nd

k
2n ¼

�
O1�ðk�1Þ2n

�
dk2n

�T
O1�ð2n�kÞ2n

�T

¼ d
kþðk�1Þ2n

22n ; (18)

and

FnAn ¼
h
d122n … d

kþðk�1Þ2n

22n … d2
2n

22n

i
dk2n ¼ d

kþðk�1Þ2n

22n :

(19)

From equations (18) and (19), it is apparent to see that equation
(15) is well satisfied, which completes this proof.

Remark 5. By successively applying Lemma 2, it can be obtained
that

Aq
n ¼ Fq�1

n An; (20)

which means that the power of An is determined by itself. Then, for
logical function s with structure matrix Ls,

s
	
Aq
n

 ¼ LsAq

n ¼ LsF
q�1
n An:

For giving the linear representation of BN (1), another useful
lemma is introduced as follows.

Lemma 3. Let x2Rm and A2Mp�q. Then

xA ¼ ðIm5AÞx: (21)

Proof: Based on Definition 2, it can be computed directly that

xA ¼ 	x5Ip


A ¼ diagð½ x1A … xmA �Þ ¼ diagð½A … A �Þx

¼ ðIm5AÞx;
(22)

which means that equation (21) is well satisfied.
Based on the above discussions, the linear representation of BN

(1) is summarized in the following Theorem 1.
Theorem 1. The linear representation of BN (1) can be repre-

sented as

Sðt þ 1Þ ¼ LFSðtÞ; (23)

where

LF ¼ LF; (24)

and

L ¼ L1
Yn
k¼2

½ðI2mþn5LkÞFmþn�: (25)

Proof: From lemmas 2 and 3 as well as BN model (13), it can be
derived that

Sðt þ 1Þ ¼
Yn
i¼1

LiFSðtÞ

¼ L1FSðtÞL2FSðtÞ
Yn
k¼3

LkFSðtÞ

¼ L1ðI2mþn5L2Þ½FSðtÞ�2
Yn
k¼3

LkFSðtÞ

¼ L1½ðI2mþn5L2ÞFmþn�FSðtÞ
Yn
k¼3

LkFSðtÞ:

(26)

Then, by iteratively applying lemmas 2 and 3, it can be finally
obtained that

Sðt þ 1Þ ¼ L1
Yn
k¼2

½ðI2mþn5LkÞFmþn�FSðtÞ; (27)

which is just the linear representation given by (25). The proof of
Theorem 1 is completed.

Remark 6. Suppose the initial condition of stateevector S(t) is
S0, then the response of linear system (23) is

SðtÞ ¼ ðLFÞnS0 (28)

3. Parameter identifiability of Boolean network

After giving representing BN model (1) to linear stateespace
model (23), some important properties of the BN can be given
based on linear model (23). In this section, a sufficient condition for
the parameter identifiability of BN (1) is given, which is important
for the applications such as sensor selection for fault diagnosis.

Definition 4 (Steady state and transition period). For a given
parameter vector F2D2

n, suppose there is a finite positive integer T
so that

SðT þ 1Þ ¼ SðTÞ: (29)

Then T and S(T) are respectively called the transition period and
steady-state under parameter F.

Definition 5 (Parameter identifiability). For parameter vectors
Fi (i¼ 1,…,m), suppose the transition period of BN (1) under Fiwith
the same initial condition is Ti. Then, parameter vectors Fi are
identifiable if

SðTiÞsS
	
Tj


; isj: (30)

Remark 7. Parameter identifiability means that different
parameter vectors can be discriminative with each other based on
the difference between their corresponding steady state.

The following Theorem 2 gives a sufficient condition for the
parameters of BN (1) to be identifiable.
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Theorem 2. Consider BN (1) and suppose that the transition
period Ti with the same initial condition under parameter vector

F j ¼ d
kj
2m ; j ¼ 1;/;m; (31)

is finite, where

kj ¼ 2m � 2m�j: (32)

Then parameters fj2D (j ¼ 1, 2, …, m) can be identifiable under
initial condition S0 if matrix

Q ¼
� �

Ldk12m

�T1
…

�
Ldkj2m

�Tj
…

�
Ldkm2m

�Tm �S0 (33)

has full column rank, i.e.,

rankðQ Þ ¼ m: (34)

Proof: From Definition 5, it can be seen that if

rankð½ SðT1Þ … SðTmÞ �Þ ¼ m; (35)

then the parameters fj (j ¼ 1, 2, …, m) can be identifiable. Further,
since

S
	
Tj

 ¼ �Ldkj2m

�Tj
S0; (36)

conditions (34) and (35) are equivalent with each other, which
completes the proof of Theorem 2.

Remark 8. From equation (36), it can be seen that

S
	
Tj

 ¼ d

lj
2n : (37)

Since si(t) ¼ [qi, 1-qi]T2D, qi2{0,1}, from (5) and (6), we have

8>>>>><
>>>>>:

q1 ¼
�
2n � lj
2n�1

�
;

qi ¼

6666664
2n � lj �

Xi�1

r¼1

qi2
n�i

2n�i

7777775; i ¼ 2;/;n;

(38)

where PaR is the largest integer less or equal to a.

4. Application to sensor selection for fault diagnosis

Based on the discussion and analysis in Sections 2 and 3, the
fault propagation in process networks such as a nuclear reactor can
be modeled by the following BN

slðt þ 1Þ ¼ Lmþn�1
∨

0
@Ym

j¼1

Lf ;jf j

1
A
 Yn

i¼1

Ls;isi

!
; l ¼ 1;/;n; (39)

where si2D (i¼ 1, 2,…, n) denote the sensor states and fj2D (j¼ 1,
2, …, m) denote the faults. Here, in equation (39), Lf,j ¼ LI if fault fj
can be detected by sensor sl, otherwise Lf,j ¼ LF. Similarly, Ls,i ¼ LI if
the fault can be propagated from the variable measured by sensor si
to that measured by sensor sl, otherwise Ls,i ¼ LF.

Based on lemmas 2 and 3,

slðt þ 1Þ ¼ Ll

0
@Ym

j¼1

f j

1
A
 Yn

i¼1

si

!
; l ¼ 1;/;n; (40)

where

Ll ¼ Lmþn�1
∨

8<
:
"Ym

i¼1

�
I2i�15Lf ;i

�#24Yn
j¼1

	
I2mþj�15Ls;j



3
5
9=
;: (41)

Then, based on Theorem 1, we can obtain the linear represen-
tation of BN model (39).

To guarantee that all the faults can be detected by the sensor
network, for any kj2{1, 2, …, 2m-1} (j ¼ 1, …, m), where ksskt for
sst, and any S02D2n

S
	
Tj

 ¼ �Ldkj2m

�Tj
S0sd2

m

2m ; (42)

which is just the fault detection condition. Then, based on Theorem
2, if both conditions (42) and (35) are well satisfied, then the faults
can be detected and identified based on the responses of the sensor
network. Here, the sensor response under a given fault is given by
(39), fromwhich we can obtain a proper sensor selections strategy.

5. Numerical verification

In this section, the BN-based sensor selection method proposed
in Section 4 is applied to a NHR-based nuclear plant. Numerical
computation for linear representation, steady-state under faults,
and sensor selection strategy for fault identification are all given.
Numerical simulation based on the dynamical model of a NHR plant
show the feasibility of the theoretical result.

5.1. Background

The NHR is a typical integral pressurized water reactor devel-
oped by the Institute of Nuclear and New Energy Technology of
Tsinghua University, which has the advanced safety features such
as integral primary-circuit arrangement, full-power-range natural
circulation, self-pressurization, and passive residual heat
removing [19e21], which can be adopted for building electricity
and process heat cogeneration plants [22]. The schematic diagram
of an NHR-based nuclear steam supply system (NSSS) is shown in
Fig. 1. The primary circuit (PC) transfer the heat produced by the
fission reaction to the two intermediate circuits (ICs) via primary
heat exchangers (PHEs) inside the reactor pressure vessel. The
pressures of ICs are little higher than that of the PC, which effec-
tively prevents the leakage of the radioactive fission production
from the PC to IC. The heat stored in the ICs is transferred from the
primary side to the secondary side of the U-tube steam
generators so that the feedwater flow is heated up to be saturated
live steam.

The sensors to be selected for fault diagnosis are those
measuring the reactor neutron flux, reactor outlet temperature, IC
hot leg temperature, and IC flowrate, which are all given in Table 1
with the measurement range and precision as well as the type of
sensor output signal. The measurement range of each sensor cor-
responds with the output range of 4e20 mA. The faults to be
detected or discriminated are given in Table 2, which include the
abnormal reactivity injection, malfunction of the IC pump, and heat
transfer degradation between two sides of the PHEs.

Z. Dong et al. / Nuclear Engineering and Technology 50 (2018) 599e605602



5.2. BN model for fault propagation

From the physical and thermalehydraulic features of NHR-
based NSSS, the following relationships between fault fi (i ¼ 1, 2,
3) and sensor sj (j ¼ 1, 2, 3, 4) can be observed:

(1) If fault f1 occurs, i.e., there is an abnormal positive or negative
reactivity injection, then the response of neutron flux is
abnormal which leads to the abnormality in the output
signal of s1. Because the variation of neutron flux can directly
result in the variations of primary coolant temperature, fault
f1 can also lead to the abnormality in the acquired signal by
s2. Because the variation of primary coolant temperature can
result in the variation of secondary coolant temperature, the
abnormality in the acquired signal by s2 can further lead to
the abnormality of sensor s3. Moreover, since the IC coolant
flowrate is controlled by the IC pump, there is no effect of
fault f1 to sensor s4.

(2) If fault f2 occurs, i.e., the heat transfer between PC and IC is
degraded, then the thermal resistance of PHEs is abnormal,
which immediately leads to the abnormalities in the outputs
of sensors s2 and s3. Here, fault f2 may be induced by the
limescale inside the tubes of PHE.

(3) If fault f3 occurs, i.e., the IC pump is malfunctioned, then
there must be the abnormality of IC flowrate which induces
the abnormality in the output of s4. Since the hot leg tem-
perature is very sensitive to the IC flowrate, the abnormality
in the output of s4 can further lead to the abnormality of s3.
Because of the heat transfer between PC and IC, this fault can
further lead to the abnormality in the output of s2.

Based on the above analysis, the BN model for the fault propa-
gation can be written as

8>><
>>:

s1ðt þ 1Þ ¼ f 1;
s2ðt þ 1Þ ¼ f 2∨s1ðtÞ∨s3ðtÞ;
s3ðt þ 1Þ ¼ f 2∨s2ðtÞ∨s4ðtÞ;
s4ðt þ 1Þ ¼ f 3:

(43)

Then, based on equations (25), (16), and (41), the linear repre-
sentation of BN model (43) can be given by canonical form (23)
with structural matrix given by

L¼

d16½ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
1 1 1 1 1 3 1 3 1 1 5 5 1 3 5 7
2 2 2 2 2 4 2 4 2 2 6 6 2 4 6 8
9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
9 9 9 9 9 11 9 11 9 9 13 13 9 11 13 15
10 10 10 10 10 12 10 12 10 10 14 14 10 12 14 16 �;

(44)

UTSG

NHR

UTSG

Intermediate circuit (IC)

IC pumpIC pump

Intermediate circuit (IC)

Fig. 1. Schematic diagram of the NHR-based NSSS.
NHR, nuclear heating reactor; NSSS, nuclear steam supply system; UTSG, U-tube steam generator.

Table 1
Available sensor nodes for selection.

Nodes Description

s1 Reactor neutron flux
s2 Reactor core outlet temperature
s3 IC hot leg temperature
s4 IC coolant flowrate

IC, intermediate circuit.

Table 2
Faults to be detected or discriminated.

Nodes Description

f1 Abnormal reactivity injection to the reactor
f2 Heat transfer degradation of PHE two sides
f3 Malfunction of IC pump

IC, intermediate circuit; PHE, primary heat exchanger.

Z. Dong et al. / Nuclear Engineering and Technology 50 (2018) 599e605 603



where this representation of matrix L is a simplification, for
example,

d16½1 2 � ¼
h
d116 d216

i
2L16�2; (45)

and dkmis the kth column of Im as defined in Definition 1.

5.3. Fault identifiability and sensor selection strategy

From equation (6), choose k1 ¼ 4, k2 ¼ 6 and k3 ¼ 7.
Furthermore, from equations (24) and (31), it can be computed

that

LF1 ¼ LF1 ¼ Ld48
¼ d16 ½ 2 2 2 2 2 4 2 4 2 2 6 6 2 4 6 8 � ; (46)

LF2¼LF2¼Ld68
¼d16 ½ 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 �;

(47)

LF3 ¼ LF3 ¼ Ld78
¼ d16 ½ 9 9 9 9 9 11 9 11 9 9 13 13 9 11 13 15 � ;

(48)

from which it can be seen that

L4F1 ¼ L3F1; L2F2 ¼ LF2; L4F3 ¼ L3F3 :

Moreover, from Definition 4, it can be seen that the transition
period Ti under faultfi (i ¼ 1, 2, 3) satisfies T1 ¼ T3 ¼ 3 and T2 ¼ 1

Consider initial state S0 ¼ d1616, which means that all the sensor
states ared22. Then, it can be computed from (33) that

P ¼ d16½2 10 9 �: (49)

From equation (49), it can be seen that matrix P satisfies the
identifiability condition. Thus, sensor selection given by Table 1 is
reasonable for fault diagnosis of NHR. Further, based on (49) it can
be seen that the sensor nodes sensitive to f1 are {s1, s2, s3}, the
sensor nodes sensitive to f2 are {s2, s3}, and the sensor nodes sen-
sitive to f3 are {s2 s3 s4}. Then, it is reasonable to use s1 to identify f1,
to use s3 to identify f2, and to use s4 to identify f3.

5.4. Numerical simulation

The above sensor selection strategy for fault diagnosis of NHR
plant is verified by numerical simulation on the full-scale simula-
tion programs [21], and the power controller is online in the closed-
loop.

In this simulation, fault f1 is simulated by injecting a negative
reactivity of 0.2 $. Fault f2 is simulated by stepping the heat transfer
coefficient of PHE down to 80% of its current value. Fault f3 is
simulated by a negative step decrease of IC flowrate of 100 kg/s.
Initially, the NSSS operates at full power-level, and a fault occurs at
3000s. The responses of the normalized nuclear power nr, reactor
core outlet coolant temperature Tcout, IC hot leg temperature Thlg,
and IC flowrate Gp, under faults f1, f2, and f3 are all shown in Fig. 2.

Here, the responses of nr, Tcout, Thlg, and Gp correspond to sensor
s1, s2, s3, and s4, respectively. Based on the comparison among the
responses of nr, Tcout, Thlg, and Gp as well as the output signal of
sensor si (i ¼ 1, 2, 3, 4) under faults f1, f2, and f3, it can be seen that
sensor s1 is sensitive to f1, s3 is sensitive to f1, f2, and f3, and s4 is
sensitive to f3. Then, it is reasonable to choose s1 to identify f1,
choose s4 to identify f3, and choose s3 to detect whether a fault
occurs. Here, f2 can also be identified based on the outputs of s1, s2,
and s3. Actually, if

Fig. 2. Dynamic responses of NHR-based NSSS under faults fi (i ¼ 1, 2, 3), nr, normalized nuclear power; Tcout, reactor core outlet temperature; Thlg, IC hot leg temperature; Gp, IC
flowrate.
IC, intermediate circuit; NHR, nuclear heating reactor; NSSS, nuclear steam supply system

Z. Dong et al. / Nuclear Engineering and Technology 50 (2018) 599e605604



(
s1 ¼ s3 ¼ d22
s2 ¼ d12

then it can be seen that f2 occurs. Therefore, the numerical simu-
lation result is well in accordance with the sensor selection
strategy and verifies the theoretical result.

6. Conclusion

Owing to the strength of BN in describing dynamics of logical
systems, the BN is applied to solve the fault diagnosiseoriented
sensor selection problem in this article. The nodes and faults in a
sensor network are regarded as the nodes and parameters of a BN,
respectively, and the causeeeffect behaviors are described by
logical functions defined on the states of nodes and parameters. The
fault discriminability is transferred to parameter identifiability of
the BN. A sufficient condition for BN parameter identifiability is
given, which further leads to not only the sufficient condition for
the faults propagated in a sensor network to be identifiable but also
the strategy of sensor selection. Finally, the BN-based sensor se-
lection method is applied to realize the fault diagnosiseoriented
sensor selection of a NHR. Numerical computation for linear rep-
resentation, steady-states under faults, and sensor selection strat-
egy are all given, and dynamical simulation based on the model of a
NHR plant shows the feasibility of the theoretical result.
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