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Abstract: Aiming at the problem that it is difficult to obtain the reference value of sensors in fault diagnosis in industrial
field, a design method of self-diagnosis sensors without reference value based on the Bayesian inference is proposed. Firstly,
the transfer entropy method is used to quantitatively evaluate the redundant relationship between sensors, and the sensor
fault statistical model is established with the help of β-binomial distribution. Secondly, the Bayesian inference is used
to design the fault self-diagnosis algorithm for the sensor measurement system with and without reference value. For the
sensor measurement system without reference value, the output classification index is introduced for self-learning to obtain
the health status of the sensor. Finally, taking the temperature measurement system in the nickel flash furnace as an example,
the feasibility and effectiveness of the proposed method are verified.
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,´�uLÌ(æ�1 . Aî�P�O�˜#{Gÿ� �žG÷�gL$LÄ�j T . �j�¶

�ï�¾�6�À , AÔ�j�ƒ�P�O�˜#{Gÿ(æ�1 xi = 1�& , 1\ i�Z�P
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Pr {K = k} = (
n

k
)pm

k(1− pm)
n−k, (1)

�¦�] : k�j
�+O�uLÌ,´�P�O�˜� -� ; pm�j!ÿ�Z#{Gÿ
˜

�O�]�P�O� 
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P (K = km)=(
n

km

)
Γ (α+ β)Γ (α+ km)Γ (β + n− km)

Γ (α)Γ (β)Γ (α+ β + n)
, (2)

�¦�] : α
¼β�j β�6�3,´	ò�  ; n�j�P�O�˜�k�  ; km�j#{

Gÿ3+5��]�uLÌ�P�O�˜, �́Z�  ; Γ (b) =
w ∞

0
ub−1e−udu

�j Gamma�-�  ; m>˜/jG÷�gL$LÄ , �ƒ�=63<•G÷�gL$LÄ
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��6F	�T�Z	ò� 
��l�j

α =
pav
λ

|1− λ| , (3)

β =
1− pav

λ
|1− λ| , (4)

�¦�] : pav�j���0#{GÿL$LÄ�µ,´�P�O�˜�£w�uLÌ�²)· ,



1578 �× �f *6 Aê �> �Ä +X 1\ 40 	§

λ�j�P�O�˜#{Gÿ� �ž, �́Ç�‰�Ö . 
���-;�* , �)�¾�� β–�¼
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2.2 �P�P�P�O�O�O�˜�˜�˜#{#{#{GÿGÿGÿ� � � �ž�ž�ž,´,´,´�Ç�Ç�Ç�‰�‰�‰�Ö�Ö�ÖGÿGÿGÿ	F	F	FAôAôAô�'�'�'

FJ�h�•Aâ , �Ç�‰�a�_�)3+5��Ï7-,´Gý�=G}5ž , �P�O

�˜�Ç�‰�08\	5��.œ�&�Ç�‰
¼@��À�Ç�‰ , F	GüAô�',´�_

�P�O�˜�{L$,´@��À�Ç�‰�Ö . �)�¾+a�J�Z�P�O�˜4ô�@,´

#{Gÿ3+5�, 9��P�O�˜�{L$�ˆX@��À�Ç�‰�£3+ , �I�¦#{

Gÿ���Ÿ�{L$,´�¡�9���Ÿ , 0 �j�Â���Ÿ . �Â���ŸCº�W , 	£

�T
�GÿL$�Ç�‰�ÖCº�W. 'f6<�Â���Ÿ�`AÑ
�6„
8�²)·�ö

�Ö�`AÑ,´L€�f , �¦�ö.ž�Ö�J�¡
ý
�Gÿ�Ç�‰�Ö , �D��#�

>˜/j�P�O�˜�{L$���Ÿ�PFB,´�é
A , �!”X�Â���Ÿ,´�*

.p�:�E�•�PFB'å , �¦�Ê�y�²�; :

T (si+h|si, sj) =

−
m∑

τ=1

m∑
l=1

p(ri(τ+h), riτ , rjl) log
p(ri(τ+h)|riτ , rjl)
p(ri(τ+h)|riτ )

,

(5)
�¦�] h�j�P�O�˜� �žN´�Õ93$ , FJE÷B38²h
��¯�PFB'å

F2�Ä
�GÿL$, �́=
<�&F� .

�j>˜�±�P�O�˜�{L$,´��Ì�£3+ , 
����Y+X�T�Z�P

FB'å, �́��l , 	£

λsi→sj = T (si+h|si, sj)− T (sj+h|sj, si), (6)

�¦�] : λsi→sj �j� �ž�{L$,´�Ç�‰�Ö . �O�Ù�PFB'å�é#�

	£
� �´ �*�P�O�˜L$�� �Ÿ�PFB,´�Ç�‰�£3+ Q» . ��

λsi→sj >0>˜/j�P�O�˜ si
Asj ���Ÿ'å,´�¡
ý�$�W , si�_
�,8$ sj 
�	F,´	Ï� . -(	ý,´ , �� λsi→sj < 0>˜/j sj �_ si


�	F,´�k?±	Ï� . 9� λsi→sj �ÕF��¾0, �I>˜/j�T�Z
�Gÿ

���>.ž��Ì�£3+ .
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3.1 �P�P�P�O�O�O�˜�˜�˜�£�£�£www�u�u�uLÌLÌLÌ
>
>
>P¼P¼P¼�²�²�²)·)·)·

�6�P�O�˜#{Gÿ� �ž�6�j M �ZG÷�gL$LÄ, �+�?�0�Z

G÷�gL$LÄm ∈ {1, 2, · · · ,M}. 9��P�O�˜#{Gÿ� �ž�_

)�0û�6�3,´ , �D�uLÌ�=�§�9L$!w(©�W�& , XM �ZG÷�g

L$LÄ�µ�+�?
��0!å� �žw
��Ç�`F��l�P�O�˜�uLÌ�²

)· . 'f6<�P�O�˜�{L$�ˆX,´�Ç�‰�£3+ , �õ'f�ˆX�Â-(

�¡
ý,´��Ì�£3+ , �D�ƒ�uLÌ�§�9L$!w(©�W�& , �=
<G÷

�gL$LÄ�µ,´� �ž�_�§�9-(�£�W,´ , �6�,8$�P�O�˜,´�u

LÌ�²)·
�7->Û�~�` , �T�¦�_�ƒG÷�gL$LÄ
�,´Cº�?�& ,
�~�`,´
�7-�WCº�W . 63<•�`F	�0�3P , F	GüF9
�,´G÷

�gL$LÄm�W�¾100�Z#{Gÿ�l , �¦�D�¯�¦%�CãG÷�gL$LÄ

� -� M > 5. �I�P�O� �̃uLÌ�²)·�ö�Ö�-� �j

f(pav |k, λ) =
f(k |pav, λ)f(pav |λ)

f(k |λ)
, (7)

�¦�] k = {k1, k2, · · · , kM}�j�=
<G÷�gL$LÄ�;�P�O�˜

�uLÌ� -�,´Lö
8 . �)�? (7)F��0!•�ØAñ
��Ç

f(pav |k, λ) =
f(pav, λ)f(k |pav, λ)

f(k |λ)f(λ)
=

f(pav, λ)L(pav, λ)

f(k |λ)f(λ)
, (8)

�¦�] : f(pav, λ)�j�P�O�˜�uLÌ,´�xP¼�²)·�ö�Ö�-�  ,
X��#�9ç
��$�J�P�O�˜,´���Ÿ�& , �)�¾F	/ý�Z.�,´

�xP¼�²)· , 
����Y+X�0�W'å	Ï*6�•9ç
� [24]; f(k |λ) 
¼

f(λ) �6�[�j�Ç�‰�Ö�‘�&�;�P�O�˜�uLÌ� -��6�3
¼�Ç

�‰�Ö�6�3 , Aî�Ê�¦�j�h�  ; L(pav, λ)�j�l'f�-�  , %�Cã

L(pav, λ) =
M∏

m=1

P (K = km |pav, λ). (9)

�l'f�-�  L(pav, λ)
��O�Ù�? (2)�•9ç
� . X�9	ò63

�l�õ�å�; , 
��Y+X�l'f�-� �=�Ý��!“�P�O�˜�uLÌ�xP¼

�²)· , FJE÷9ç
�
>P¼�²)·�•.ž�Ê�uLÌ�£w�²)· . +a�¾

P (K = km |pav, λ) �_+aβ–�¼N©�6�3,´(©�W�ã�Ê,´ ,
�ƒ�P�O�˜�{L$�Ç�‰�ÖE³Q��& , 
����>�n��	w�P�O�˜,´

�uLÌ
�Aú�Ý�W7- .

3.2 �u�u�uLÌLÌLÌ�ð�ð�ð#{#{#{
¼
¼
¼�Ê�Ê�Ê�}�}�}

9�#{Gÿ3+5��]���0�P�O�˜
�+O�uLÌ , �I
�7-�,8$

�¤�Z#{Gÿ3+5��4�¾�=�•�çF�>|(æ�1 , ��!”�j�T�Ê�Í�ž ,
Aô�`#{Gÿ3+5��]�_
V�9�P�O� 
̃�+O�uLÌ , �²�;�?�p/j :

f(pav |k, λ) > γ, (10)

�¦�] γ�j#{Gÿ3+5��]�uLÌ�ð#{,´L8�l . �ƒ%�Cã�?(10)�&
AÔ�j�P�O�˜#{Gÿ3+5�8#�A�9�0�Z�P�O�˜
�+O�uLÌ . FJ

E÷�;�?
��Ç�`#{Gÿ3+5��]�P�O� �̃uLÌ, �́²)· :

Pr(pav |k, λ)=
w
pav

f(pav |k, λ)dpav, (11)

+a�¾�:�?�_MŽ4ï�W0��6L�NÈ , AÑ1ÇE³�j Lî , �!”

Pr(pav |k, λ)63<•G÷+XPœ�D0��[K.:É(©	‘#K(Markov
chain Monte Carlo, MCMC)�é#�F�>|� �lF��l .

�)�¾�P�O�˜#{Gÿ3+5� , 
�7-�ˆX�J�Z�P�O�˜
�+O

�uLÌ , �!”��#��Í�ž�P5��uLÌ�Ê�}�é#�-$�ÕF�>|�Ê�} ,
63<•�E�•�uLÌCQ) �̂Ö Fc�Î)à�uLÌ�P�O� �̃ö.ž�Ê�}

Fc = |f(pav |k, λ) −f(pav, λ)| , (12)

�¦�] : f(pav, λ)�j�P�O�˜�£w�uLÌ�xP¼�²)·�ö�Ö�-�  ;
f(pav |k, λ)�j�P�O�˜�£w�uLÌ
>P¼�²)·�ö�Ö�-�  . ��

�*, �́uLÌ�Ê�}1Ç#��§�ƒ�²>˜ 1–2�p/j .

4 ������	ò	ò	ò636363�l�l�l�&�&�&,´,´,´8�8�8�AúAúAú�Ý�Ý�Ý�P�P�P�O�O�O�˜�˜�˜AîAîAîAÑAÑAÑ

4.1 AîAîAîAÑAÑAÑ	Ï	Ï	Ï*6*6*6

�)�¾��	ò63�l#{Gÿ3+5� , 5j�•#{GÿE÷0;� �ž�ö.ž

�W,´�T�Ý�Í�ž , �õ63<•	…�0�P�O�˜Lî�¯�¦�§�78�Aú�Ý

7-�Ë . 9�3+5��]�J�Z�P�O�˜�’�@�Ç�‰ , 
�	ò63�Ç�‰�P

�O�˜#{Gÿ� �ž�)�¦F�>|(æ�1F�>|Aô�` . X%�Cã�Ç�‰�Ö

Aô�'�7�7?±"r,´�P�O�˜Lö
893$�µ , !bAô�`�P�O�˜�_


V�uLÌ , M0�6�À�P�O�˜� �ž
�	F�_
V%�Cã!“-(�£ . 9�
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X�0�Z#{GÿL$LÄ�µ , ���P�O�˜#{Gÿ� �ž
�	F�2�h , 6<
�¦�‰�P�O�˜�ZL¿�{
�+O�>�n
�	F , 
��M!•AÔ�jB��P�O
�˜
�+O�uLÌ , !”�4�=63<•L”B��P�O�˜�F�¦�‰�P�O�˜w
�uLÌ, �́±1��õ�å .

>ž 1 1Í#� 1: �{LÒ�Ð�ƒ1Í#�
Table 1 Algorithm 1: Fault location algorithm

EÃEÃEÃ�•�•�• : #{Gÿ3+5��] N �Z�P�O� �̃ �ž
EÃEÃEÃ�*�*�*: #{Gÿ3+5��] k�Z�uLÌ, �́P�O� ,̃ �́}5ž
	ò	ò	ò� � �  : �uLÌ�P�O� �̃Z�  k, �P�O� �̃k�Z�  N , �í
�!Q�  Ck

N

E÷E÷E÷0;0;0;:
1 �þ N4ô�P�O� �̃ �ž�]�í
� k4ô�P�O� �̃ �žF�>|�Â�G

4ô
8 , �Ç� �̀ �žLö
8 {D1, D2, · · · , Di}
i=Ck

N
i=1 , �¦Aà

�…!ÿ4ô� �ž Di�]�P�O�˜5F
' ;
2 for i = 1, 2, · · · , Ck

N do;
3 FJE÷�?(8)
¼�? (12)AÑ1Ç�*�P�O�˜Di, �́uLÌCQ) �̂Ö
Fci;

4 end for

5 �6 Fci(i = 1, · · · , Ck
N )�þ�?� �̀W�Â�¿ , CQ) �̂Ö�0�W

, 	́£�j�uLÌ� �ž , !”�&�®�`B�4ô� �ž�p�)�Ä, �́P�O
�˜5F
' , 	£
��Ç� �̀uLÌ�P�O�˜ .

>ž 2 1Í#� 2: MCMC�ó�m1Í#�
Table 2 Algorithm 2: MCMC sampling algorithm

EÃEÃEÃ�•�•�• : �í�g,´-��7�6�3, �́ö�Ö�-�  f(z)

EÃEÃEÃ�*�*�*: f(z),´L¿�j�g�\ z1, z2, · · · , zn, �-� �g�\w�l
Pr(pav |y, λ )

	ò	ò	ò� � �  : F���!•�  N

E÷E÷E÷0;0;0;:
1 �þ�²)·�ö�Ö�-�  f(pav|y, λ)�]�+�?�í�g�M�û�g�\
z0;

2 for i = 0, 1, 2, · · · , N − 1 do

3 Aî(æ�1zi = zi+1, �þQ��ß�6�3 q(zi+1|zi)�]+O�@�à
, �́g�\ zi;

4 AÑ1Ç�Õ
�)·

α(zi+1 |zi )=min(1,
f(zi)q(zi |zi+1 )

f(zi+1)q(zi+1 |zi )
);

5 �þ	jL$ (0,1)�]�9w	0�6�3L¿�j
��0�Z�  u;
6 �²�Ì u 6 α(zi+1 |zi ), �I(æ�1 zi = zi; 
V�I zi =

zi+1;
7 end for

8 �Ç� �̀g�\Lö
8 {z1, z2, · · · , zn}, AÑ1Ç

Pr(pav |y, λ ) ≈
1

N

N∑
i=1

zi.

63<•�`"Ñ�9	ò63�l�Œ�j�T�Ý�P�O�˜EÃ�*!“.ž�W,´
�Í�ž , ��?ò#{�l y�Œ�j�P�O�˜EÃ�*,´�62«�7�7 , >˜/j�P
�O�˜� �ž,´���2� Gÿ , km>˜/j�P�O�˜#{Gÿ3+5�X1\
m�Z#{GÿL$LÄ�µ�uLÌ�P�O�˜�Z�  . �� 3�Z�P�O�˜4ô�@
,´#{Gÿ3+5��j�» , �ƒ�p�9�P�O�˜wF�>|!“�h�F
<�&�u
LÌ , 	£�¦� �ž>˜)à�_2«�l,´ , Lî��F�>|�9�x	j�6 , %�

Cãy = 0. �)�¾�¦���õ�å , w�9 1�Z�P�O�˜� �ž
¼�¦�‰
�T�Z>˜)à�=
< , %�Cãy = 1, �². 1�p/j .

0

1

2

  0

  1

  3

. 1 �*�¾?ò#{�l, �́P�O� �̃uLÌ/j�?.
Fig. 1 Schematic diagram of sensor fault based on observation

value

�*�¾���:	Ï*6 , !b�¯�P�O�˜�§�78�Aú�Ý7-�Ë , M0@�
�ã�T�Z�£K^L�NÈ : �0�_�i�ž�P�O�˜#{GÿEÃ�*,´�62«�7
�7 y.ž�Ê�2�h�Z�  ; �¼�_�T�Ý�§�ƒ, �́uLÌ�P�O�˜ .

4.2 8�8�8�AúAúAú�Ý�Ý�Ý�P�P�P�O�O�O�˜�˜�˜AîAîAîAÑAÑAÑE÷E÷E÷0;0;0;

�O�Ù�P�O�˜�£w�uLÌ�²)· pav�•�T�Ý�P�O�˜�_
V

�+O�uLÌ , XM �Z#{GÿL$LÄ�] , �62«�7�7 y ={y1, y2,
· · · , yM}, �i�žCM
&�ß�Ê*6
��Ç

f(pav |y, λ) =
f(pav, λ)L(pav, λ)

f(y |λ)f(λ)
, (13)

�¦�] : f(pav, λ)�j�P�O�˜�uLÌ,´�xP¼�²)·�ö�Ö�-�  ;
f(pav |y, λ)�j�".��Ç�‰�ÖGÿ	FAô�'�7�7 λ4Ö�•�;,´�P
�O�˜�uLÌ
>P¼�²)·�ö�Ö�-�  ; L(pav, λ)�j�l'f�-�  ,
%�Cã

L(pav, λ) =
max(y)∏
y=0

P (y |pav, λ)y. (14)

+a�¾�ƒ�}�õ�å�;5j�A�P�O�˜	ò63� �ž , �j63<•!ÿ
�0/ý�P�O� 
̃�+O�uLÌ, �́62«�7�7 y, �6�:�?�i�É�j

L(pav, λ) =
max(y)∏
y=0

P (y |pav, λ)y, (15)

�¦�] max(y)�j�P�O�˜� �ž�62«�7�7,´�0�W�l , %�Cã
max(y) = [(n+ 1)/2]. �ƒ y1V
8��/ý(©�Ê�62«�7�7
�& , �l'f�-� �J�j
>P¼�²)·,´�`AÑ���Ë�_�Á . +a!”
�
�Ç, #{Gÿ3+5��*)à�P�O� �̃uLÌM0%�Cã�;�? :

f(pav |y, λ) > γ. (16)

�9	ò63�l
¼��	ò63�l�õ�å�; , 	…�Z�P�O�˜
�+O�u
LÌ�¦���\CX	j�[ , �!” γ
¼�9	ò63�&,´L8�l�W�?-(
< .
�>�? (11)2«�l , #{Gÿ3+5��]�P�O� �̃uLÌ�²)·�j

Pr(pav |y, λ)=
w
pav

f(pav |y, λ)dpav. (17)



1580 �× �f *6 Aê �> �Ä +X 1\ 40 	§

+a�¾�?(11)
¼�? (17)�jMŽ4ï�W0��6F�1Ç , �)�¾ β–
�¼N©�6�3,´�=�r5��´F�>|@��À"r@�M’�d�¸�W Lî , �
!”63<•G÷+XMCMC�é#�F�>|� �lF��l [25].

�)�¾�P�O�˜#{Gÿ3+5�6<@0, �ƒ
>P¼�²)·�ö�Ö�-� 
Cµ�*L8�l�& , 8#�A�9�0�Z�P�O�˜
�+O�uLÌ , 6<X��	ò
63�l�õ�å�; , FJE÷EÃ�*�62«�7�7ym�õ7-.ž�Ê#{Gÿ3+5�
�]�P�O�˜EÃ�*-(
<,´2«�[ , ��#�.ž�Ê�uLÌ�P�O�˜�Z�  .
X�ÎLu���J)àj , #{Gÿ3+5��¸�A�*)à�9�0	z���:�P�O
�˜
<�&�uLÌ , �!”
��w�Ê ym < (n+ 1)/2, +a!”
�FJE÷
>˜3�]1Ç#��)�uLÌ�P�O� �̃Z� F�>|.ž�Ê .

>ž 3 1Í#� 3: �{LÒ�V�U�ž� �̀¦.¤�Ð
Table 3 Algorithm 3: The number of faulty sensors is

confirmed

EÃEÃEÃ�•�•�• : #{Gÿ3+5��]�P�O� �̃ �ž
EÃEÃEÃ�*�*�*: �uLÌ�P�O� �̃Z�  ym

E÷E÷E÷0;0;0;:
1 ��G÷�gL$LÄm = 1, �¦AÑ1Ç!”�&

y1 =
M
max
m=1

[P (y1 |pav, λ )y1 ];

2 while ym! = y1 do

3 �)�P�O� �̃G>˜F�>|Gý�à�Â�¿ , �6 y1�Z�P�O� �̃ÂX
�0�}M’ ;
4 L¿�jX (1,M ]�]F9
��¤�  m, �¦AÑ1Ç!”�&

ym =
M
max
m=1

[
P (ym |pav, λ )ym

]
;

5 end while

6 �Ç�`#{Gÿ3+5��]�P�O� �̃uLÌ�Z�  ym.

!”�F , F�M0�)�uLÌ�P�O�˜F�>|�ö.ž�Ê�} . �=Lî
�
)à , X�".��uLÌ�P�O�˜�Z� ,´�õ�å�; , ��	ò63�l
¼�9
	ò63�l�¦�����[ , �!”
�
<�gFJE÷�E�•�uLÌCQ)^�Ö ,
�½�Y+X�uLÌ�Ê�}1Ç#� 1�)�uLÌ�P�O�˜F�>|�Ê�} .

5 �/�/�/-O-O-O�Î�Î�ÎP¼P¼P¼�6�6�6�À�À�À

5.1 �/�/�/-O-O-O�x�x�x�»�»�» : K}K}K}L�L�L�FOFOFO&¹&¹&¹3+3+3+5�5�5�

�¯+XL�FO&¹3+5��)K}F�>|2î./'Ä&ì�& , M0�þ./(™
�]��FO��
��pM0H��Ž�€�É , K}L�FO&¹'Ä&ì>õ5ž�². 2
�p/j .

39℃

50℃

221℃

465℃489℃478℃464℃413℃412℃370℃

861℃

. 2 L�FO&¹G��&.

Fig. 2 Component drawing of flash furnace

L�FO&¹&¹�ƒ�35ž�9�WGÿ$Y�Ö�P�O�˜���×�fK}'Ä&ì
,´"W	F	ý�ÄE÷0; , �². 3�p/j .

427℃

47℃

48℃

54℃ 62℃

49℃53℃

349℃

403℃

173℃

241℃

42℃

47℃

42℃ 42℃

47℃45℃

35℃

38℃

36℃ 60℃

38℃37℃

35℃

47℃

41℃ 61℃

139℃44℃

47℃

42℃

46℃ 79℃

99℃56℃

50℃

44℃

36℃

43℃

41℃

52℃

47℃

46℃

58℃

61℃

. 3 L�FO&¹&¹�ƒ$Y�Ö�P�O� �̃3�p

Fig. 3 Layout of temperature sensor of flash furnace body

5.2 L�L�L�FOFOFO&¹&¹&¹$Y$Y$Y�Ö�Ö�Ö�P�P�P�O�O�O�˜�˜�˜�h�h�h?ñ?ñ?ñ�u�u�uLÌLÌLÌ�6�6�6�À�À�À

$Y�Ö�P�O�˜�jL�FO&¹�ð#{	ý�ÄE÷0;,´�h�ó>õ5ž ,

����J)àjQ�$Y�ÃQ�	»�Ã2¹�H1y�3P�¡
ý , �±�C
�+O�u
LÌ . �þ#{Gÿ� �ž@��Ö�*
�63<•�¦�h?ñ�uLÌ2«» , �i�ž
)àjG÷Lö� �ž , �¤*6�²>˜ 4�p/j . �\�·�k?±.D0¦$Y�Ö�P
�O� �̃*)àQ��š� �uLÌ, �́õ�å .

>ž 4 $_�Ü�V�U�ž�n?÷�{LÒ��F&
Table 4 Common fault description of temperature

sensor

�uLÌ2«» �uLÌ(©�±�ÿF 

Outlier �uLÌ
#{Gÿ� �ž�]	5
[�UGý�•/ë�ÎLu�lN´#{
C»�ï�F, �́ �ž&é

Spike �uLÌ
.��&L$�µ#{Gÿ� �ž,´
�	F)·Cµ�*�qAè
,´93$ , �uLÌFJ�h?¶-��J�Z#{Gÿ&é

Stuck-at �uLÌ
#{Gÿ�l�=�½D�L¿>Û#{Gÿ	òGÿ,´
�	F6<
�i
� , �¦� �l�ý
�7-5$�1X!“�h93$�µ

Q��š� �uLÌ
�P�O�˜#{GÿB���Cµ�*�qAè93$ , #{Gÿ� 
�ž�*)à�W93$#��Ø

5.3 K}K}K}L�L�L�FOFOFO&¹&¹&¹�P�P�P�O�O�O�˜�˜�˜�Ç�Ç�Ç�‰�‰�‰GÿGÿGÿ	F	F	FAôAôAô�'�'�'

�)#{Gÿ� �žF�>|�Ç�‰�ÖGÿ	FAô�' , �p�Ç�P�O�˜L$
�PFB'åGÿ	FAô�'�7�7�². 4�p/j . �j�¶�é�ïB$�> , . 4
�õF9
�#{Gÿ3+5��] 10�Z�P�O�˜F�>|�Ç�‰�ÖAô�' .

�þ.�]
���-;�*�P�O�˜�\DÛ,´�PFB'å�j 1, .�]
λs0→s1 =0.236<λs1→s0 =0.54, B$�>�P�O�˜ s1�) s0�¡

ý�W�¾s0�) s1,´�¡
ý . . 4�…/j�¶�P�O�˜�{L$,´��Ì
�£3+, �j�Î)à�P�O�˜,´8�Aú�Ý���Ë�¶�Í�ž .

5.4 �9�9�9	ò	ò	ò636363�l�l�l�&�&�&,´,´,´8�8�8�AúAúAú�Ý�Ý�Ý�P�P�P�O�O�O�˜�˜�˜AîAîAîAÑAÑAÑ

5.4.1 �u�u�uLÌLÌLÌ�ð�ð�ð#{#{#{

�9	ò63�l�õ�å�; , #{Gÿ
˜�O�µ�P�O�˜�uLÌ� -� km
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�".� , �Ä+XCM
&�ß�Ê*6	£
��Ç�`�P�O�˜�uLÌ,´
>P¼�²
)·�ö�Ö�-�  .

1.0

0.8

0.6

0.4

0.2

0.541 0.23 0.24 0.39 0.24 0.098 0.6 0.47 0.25

0.750.59 0.58 0.37 1 0.48 0.22 0.62 0.36 0.46

0.740.54 0.35 0.77 0.53 0.42 0.2 0.22 0.97 1

0.240.87 0.91 0.9 0.44 0.71 0.6 0.61 1 0.53

0.380.31 0.39 0.33 0.15 0.31 0.15 1 0.15 0.27

0.730.65 0.43 0.86 0.87 0.49 1 0.78 0.84 0.43

0.760.5 0.29 0.54 0.53 1 0.19 0.76 0.59 0.26

0520.29 0.28 1 0.29 0.31 0.13 0.38 0.37 0.13

0.730.43 1 0.44 0.29 0.34 0.28 0.12 0.39 0.34

10.23 0.15 0.34 0.27 0.17 0.047 0.43 0.41 0.18
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Fig. 4 Measuring the transfer entropy between sensors in the

system
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Fig. 5 A posteriori probability density function with reference

value
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Fig. 6 Fault location with reference value
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Fig. 7 Mean and variance of posterior probability density

function with reference
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Fig. 8 Sensor failure probability with or without reference
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Fig. 9 Posterior probability density function of measurement

system without reference
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Fig. 10 Measure the number of faults of the system without

reference.

�=Lî-;�* , X1\ 0, 1, 2�Z�Ú)ß
˜�O�µ , ym − y1 ̸=
0, B$�>3+5��]�uLÌ,´�Z� �9
�7-�j 2�Z�Ã3�Z�F65 4�Z ,
�!”FJE÷Gý�à�Â�¿ , X1\ 3, 4�Z�Ú)ß
˜�O�µ ym − y1 =

0, �IB$�>#{Gÿ3+5��]�uLÌ, �́Z� �j 2�Z .

5.5.3 �u�u�uLÌLÌLÌ�Ê�Ê�Ê�}�}�}

�".� ym = 2,´�õ�å�; , �Y+X�uLÌ�Ê�}1Ç#��Ç�`�P
�O�˜, �́uLÌCQ) �̂Ö�². 11�p/j .

14 18 15 21 22 16 25 30 20 10

0.4

0.6

0.8

1.0

0.2

0.0

. 11 ��	ò63�l�&�uLÌ�Ê�}

Fig. 11 Fault location without reference value.


���-;�` , 21�}5ž
¼ 30�}5ž,´�P�O�˜�uLÌCQ)^�Ö
�Î�u�>�n , B$�>�uLÌ�P�O� 
̃�7-�j 21
'
¼ 30
'�P�O�˜ ,
1V
8ym = 2,´�õ�å . �j�¯5��Ì�$�j
�M• , �)�p�*0û,´
 Q»F�>|	ý�=#{B��Ç�`�P�O�˜�uLÌCQ)^�Ö,´w�l�²
>˜6�p/j . �þ>˜ 6
���-;�*X�J�Z#{Gÿ
˜�O�µ , �WG��6
�P�O�˜,´�£w�uLÌCQ)^�ÖwX 0.183��
# , 
��9 21
'
�}5ž
¼ 30
'�}5ž,´X 0.771��
# , F�F�Q��¾�¦���P�O
�˜ , B$�>�uLÌ�P�O� �̃j 21
¼30
'�P�O�˜ .

>ž 6 �V�U�ž�{LÒCW)d�Ü}�r>ž
Table 6 Sensor fault contribution average table

�P�O� �̃}5ž CQ) �̂Öw�l �P�O� �̃}5ž CQ) �̂Öw�l

14 0.183 16 0.182
18 0.184 25 0.18
15 0.18 30 0.772
21 0.771 20 0.185
22 0.182 10 0.18

�jF��0!•P¼Añ1Ç#�,´
�>|�W , �6 21
'
¼ 30
'�P�O
�˜�„L” , Gý�à�)#{Gÿ3+5�F�>|Aô�` . . 12�j 500�Z#{Gÿ

˜�O�µ , 
>P¼�²)·�ö�Ö�-� ,´w�l
¼�é�� , �þ.�]
�
��-;�* , �ƒ�„L”�uLÌ�P�O�˜
> , 
>P¼�²)·�ö�Ö�-� �¦
�ZCµE÷L8�l, �¦w�l0c�ÊX 0.305��
# , �é��0c�ÊX
1.4 e–05��
# , B$�>!”�&3+5��¦�Z�*)à�uLÌ , �I 21
'
¼
30
'�}5ž, �́P�O�˜.ž�j�uLÌ�P�O�˜ .

0.3050

0.3075

0.3100

0.3025

0.3000

500

0 100 200 300 400 500

500

0 100 200 300 400 500

1.4

1.5

1.6

1.7

1.3

1.2

1e 05

. 12 ��	ò63�&
>P¼�²)·�ö�Ö�-� , ́w�l
¼�é��
Fig. 12 Mean and variance of posterior probability density

function without reference.

6 5�5�5�AêAêAê
�\�·FJE÷�E�•�P�O�˜#{Gÿ� �ž�Ç�‰�Ö,´Gÿ	FAô�'

�*0û�¶�P�O�˜�uLÌ Q» , �O�ÙCM
&�ß*6AêF�>|�¶X��
	ò63�l�õ�å�;,´�P�O�˜�uLÌ�ð#{.D0¦ , �¦FJE÷1Ç#�Aî
AÑ�Î)à�¶�)�uLÌ�P�O�˜,´�ö.ž�Ê�} . <'f�\�·���*,´
�é#�
���X��	ò63�l,´�õ�å�;�Î)à�P�O�˜,´8�Aú�Ý ,
�v�)���;�T�ZL�NÈF��9�µ$!�•.D0¦ :

1) X�Y+X�PFB'å�)�P�O�˜�{L$,´��Ì�£3+F�>|Gÿ
	FAô�'�& , �ƒ� �žGÿE³�A�&�J�,8$�PFB'åAÑ1Ç,´� �ž

�+O#��Ø . <'f#��Ø93$�9L€ , �v�)�¾�uLÌ Q»,´�ö
.ž�W�ˆX�0�Ê�¡
ý , �!”�²�…7-�9�x�iF��PFB'å1Ç#�
F�6<�ö.ž,´Aô�'�P�O�˜L$,´��Ì�£3+�_�Z�•�0�Z�9
�'�l,´B.NÈ ;

2) �·�]<'f�Î)à�¶�P�O�˜X��	ò63�l�õ�å�;,´�u
LÌAú�Ý, �v
��_63<•�¶3+5��](©�Ê�uLÌ,´�õ�å , �)�¾



1584 �× �f *6 Aê �> �Ä +X 1\ 40 	§

���J)àj�]�*)à,´�J/ý�uLÌ�3P�pAîAÑ,´�é�x�_
V
�9�x�•�_�l�ÇF��0!•$!�•.D0¦,´ .

�)�¾F	�ËL�NÈ,´�ˆX , M0?±�$$!�r!Q,´63<•�²�…
	ë5,
8�P�O�˜,´8�Aú�Ý7-�Ë6<F�>|Aú�ÝAîAÑ , F	�_�0
�Z�¸�9�?�y
¼�l�Ç$!�M,´B.NÈ , 
<�&�)�uLÌ�P�O�˜F�
>|	ú�&, �́ �ž�’�=�•�_1D65�;�0!•, �́Ú�Ë�é
A .

	ø	ø	ø696969�½�½�½)d)d)d :
[1] ZHANG L, LEACH M, BAE Y, et al. Sensor impact evaluation and

verification for fault detection and diagnostics in building energy sys-
tems: A review. Advances in Applied Energy, 2021, 3: 100055.

[2] KIM W, LEE J H. Fault detection and diagnostics analysis of air con-
ditioners using virtual sensors. Applied Thermal Engineering, 2021,
191: 116848.

[3] HENRY M P, CLARKE D W. The self-validating sensor: Rationale,
definitions and examples. Control Engineering Practice. 1993, 1(4):
585 – 610.

[4] CLARKE D W, FRAHER P M A. Model-based validation of a dox
sensor. Control Engineering Practice. 1996, 4(9): 1313 – 1320.

[5] HENRY M, TOMBS M, DUTA M, et al. Two-phase flow metering
of heavy oil using a coriolis mass flow meter: A case study. Flow
Measurement and Instrumentation, 2006, 17(6): 399 – 413.

[6] CLARKE D W, GHAOUD T. Validation of vortex flowmeters. Com-
puting and Control Engineering Journal. 2002, 13(5): 237 – 241.

[7] GOELLES T, SCHLAGER B, MUCKENHUBER S. Fault detection,
isolation, identification and recovery (FDIIR) methods for automo-
tive perception sensors including a detailed literature survey for lidar.
Sensors, 2020, 20(13): 3662.

[8] MARTINEZ-BARBA D A, MARTINEZ-MANUEL R, DAZA-BE
NITEZ L, et al. Development of self-calibrating sensor footwear and
relevance of in-shoe characterization on accurate plantar pressure dis-
tribution measurements. IEEE Sensors Journal, 2020, 21(6): 8421 –
8431.

[9] WERNER C, HELDMANN P, HUMMEL S, et al. Concurrent valid-
ity, test-retest reliability, and sensitivity to change of a single body-
fixed sensor for gait analysis during rollator-assisted walking in acute
geriatric patients. Sensors, 2020, 20(17): 4866.

[10] BERK M, SCHUBERT O, KROLL H M, et al. Reliability assessment
of safety-critical sensor information: Does one need a reference truth.
IEEE Transactions on Reliability, 2019, 68(4): 1227 – 1241.

[11] MOJOODI A, MEHRANI M, FOROOTAN F, et al. Redundancy ef-
fect on fault tolerance in wireless sensor networks. Global Journal of
Computer Science and Technology, 2011, 11(6): 34 – 39.

[12] FENG Zhigang, WANG Qi, SHIDa K. Structure design of self-
validating pressure sensor. Chinese Journal of Sensors and Actuators,
2006, 19(3): 662 – 666.
(�ß���J , )»/q , ���Z�{?ô . 8�.žAÔ	»�Ë�P�O�˜5��´AîAÑ . �P�O�°�_�–
�Õ, 2006, 19(3): 662 – 666.)

[13] YAN K, ZHANG Y, YAN Y, et al. Fault diagnosis method of sensors
in building structural health monitoring system based on communica-
tion load optimization. Computer Communications, 2020, 159: 310 –
316.

[14] ZHU M, LI J, WANG W, et al. Self-detection and self-diagnosis
methods for sensors in intelligent integrated sensing system. IEEE
Sensors Journal, 2021, 21(17): 19247 – 19254.

[15] FERNANDEZ A J. Optimal reliability demonstration test plans for
k-out-of-n systems of gamma distributed components. IEEE Trans-
actions on Reliability, 2011, 60(4): 833 – 844.

[16] ZHANG H, DENG Y. Engine fault diagnosis based on sensor data fu-
sion considering information quality and evidence theory. Advances
in Mechanical Engineering, 2018, 10(11): 1687814018809184.

[17] SONG Y, WANG X, LEI L, et al. Credibility decay model in temporal
evidence combination. Information Processing Letters, 2015, 115(2):
248 – 252.

[18] BERK M, SCHUBERT O, KROLL H M, et al. Exploiting redundan-
cy for reliability analysis of sensor perception in automated driving
vehicles. IEEE Transactions on Intelligent Transportation Systems,
2019, 21(12): 5073 – 5085.

[19] GUO Junjun, HAN Chongzhao. A novel sensor selection approach
with bayes framework for target tracking. Acta Automatica Sinica,
2018, 44(8): 1425 – 1435.
(G��Ë�Ë , N��7�] . �*�¾CM
&�ß*6Aê�v�æ,´�P�O�˜F9��1Ç#� . 8��Ø	F
�–�Õ , 2018, 44(8): 1425 – 1435.)

[20] HAN M. A study on the effect of the loss function on bayesian esti-
mation and posterior risk of binomial distribution. Communications
in Statistics Theory and Methods, 2021, 50(18): 4386 – 4399.

[21] NICOLA V F, GOYAL A. Modeling of correlated failures and com-
munity error recovery in multiversion software. IEEE Transactions
on Software Engineering, 1990, 16(3): 350 – 359.

[22] GUTJAHR W. Reliability optimization of redundant software with
correlated failures. The 9th International Symposium on Software Re-
liability Engineering. Paderborn, Germany: IEEE, 1998: 293 – 302.

[23] HOKSTAD P, RAUSAND M. Common cause failure modeling: S-
tatus and trends. Handbook of Performability Engineering, 2008:
621 – 640.

[24] GHARI P M, SHAHBAZIAN R, GHORASHI S A. Maximum
entropy-based semi-definite programming for wireless sensor net-
work localization. IEEE Internet of Things Journal, 2018, 6(2):
3480 – 3491.

[25] YANG Q, PITMAN E B, BURSIK M, et al. Tephra deposit inversion
by coupling tephra2 with the metropolis-hastings algorithm: Algo-
rithm introduction and demonstration with synthetic datasets. Journal
of Applied Volcanology, 2021, 10(1): 1 – 24.

[26] JIANG Dongnian, BA Yujiang, LI Wei. Research on sensor fault de-
tection and data reconstruction method of power supply vehicle. Jour-
nal of Beijing University of Aeronautics and Astronautics, 2021, DOI:
10.13700/j.bh.1001-5965.2021.0501.
(:»�;�¤ , �º�‰"• , �~&Ì . +e$ÀE–�P�O�˜�uLÌ�ð#{
¼� �žGý�´�é#�.D
0¦ . 	G�Ü8Z0ª8Z�Y�W�–�–�Õ, 2021, DOI: 10.13700/j.bh.1001-5965.
2021.0501.)

�’6;1¶�� :
:»:»:»�;�;�;�¤�¤�¤ 	Š�� , �Ÿ�‰�¸ , -��}.D0¦�é
A�j�uLÌAú�Ý�>�éKI�×�f�Ã��

�JE÷0;�xF��×�f , E-mail: dreamjdn@126.com;

Q�Q�Q�)¹)¹)¹J›J›J› .…��.D0¦+O , -��}.D0¦�é
A�j�P�O�˜�uLÌAú�Ý�>�éKI�×

�f , E-mail: gaoyuxin8090@126.com.


