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Abstract It is very difficult to carry out system evaluation for equipment state due to the structural

multiplicity, the coupling complexity, the functional diversification and the excessive operating parameters

factors, this article analyzes the structural features of equipment, a quantitative evaluation method of

equipment state is developed using fuzzy synthesis evaluation and analytic hierarchy process methodology.

Considering the impact of various parameters in the process of equipment running, the equipment state

and its evaluation hierarchy model are analyzed. The health value is employed to quantitatively describe

the running state degree of equipment. The weight vectors of all evaluation hierarchies are discussed by

using the analytic hierarchy process methodology with the experiences of expert. Applied the fuzzy set

evaluation theory, a type of subjection function of positive and negative indicators is developed, and the

evaluation matrix is discussed as well as fuzzy transformation algorithm operators. The valuation model

for equipment’s health state based on fuzzy and analytic hierarchy process is built. Therefore, the health

value of subsystems can be gotten to quantify the evaluation of equipment’ system state, that is also

the state of equipment is clear, which provides us with theoretical guide for seeking further optimization

maintenance strategy. Finally, an application of the method in rotary kiln used in cement industry verifies

its effectiveness.
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1 12

����������������������. ���, ��������������
���������������, ����������������������, �������
������������Æ�������������������. ��, ��������
�����Æ��, �������������������. ���� [1] �������������

��� ���!��"��; �#� [2] � ���!� !��"����� �!�Æ,$#�
!� !����!��, !��"��"%#&'��"�����!��; �(� [3] � �#"��

�, ) �*��,  ��!+�"%�"$�$#"%�,Æ��-"%, � ��!���./��
�!�$%Æ; &%% [4] ���� ���#&���!�"�������%�&, $#��#&./�
��!��; �Æ$� [5] �  � '��0 �1!��������&���!��"�"�, %
($�'(�!%��; #'� [6] &�!�� �!�2� �, ������)*��!�"'()
�(#, � �) �� �!��3)������������ �!$�Æ; $4� [7] 5 %*

!�Æ�*+��Æ, ) '������(���&+�Æ, $#�����������!��*�
���+"; Chang� [8] 6'��!$�) 11�,�� ���#��Æ�(�� ����)$,,
�-*�+��,-+; Cheng[9] � ��%���,�!%)$����Æ, %( ��,&��#7.
���; Felix � [10−11] ) �#*+��Æ&�/�&"�--�..��/�'*�0187-.2/�
/(.'+(�34, 900�:0�( �1.

�1; ,#5��22���*�3�Æ'�</� �3��������36)$ ��
�1�, 0�����11241=*>)(27�3'���+ �5��4?54�)*2"��,
88112�� ���������'���!���6-+�)*�6��!���"���
2"'���Æ. -3, 7,4����!$������������Æ, � 85����-<�
<169, 1�7�����"'��, 16,��7.*��������!�( 7:.

2 3-456789:./;<=>

2.1 ?0@ABC1D
;�<823 (WHO) 98+�./�9�: “./��+�8��:�29:=(�:�;-15@

0��!�-, ;�AA��<*>63*&.4.” �����, �?!�7�'�<=�)(6��
87!��6��!�(�+�8��:�29:=(�:�;�!, -3, ��./08)��3�
�!>�7�"7?!��!����3�!�';. % RCM ��?5, ����(@���7@ 
4?A9:�6��!�!�'�( [12] . A01B��./ �;85�� �7��7@ 4?
B=A9:6��!�!���, B6<��6��!<��)*��-�./��,  x1, x2, · · · , xn

8C. =>01) ./$ (Health value, C=� HV) ��"?5�341=���, ��98<7�:

HV = f(x1, x2, · · · , xn) (1)

7 (1) �, HV ��341=�./$, 0$BD� (0–1). %<�= HV = 0 E, �341=>�>%
A7��, = HV = 1 E, �341=>�F-./��.

G? [13–15] � �5��341=./���""��2", D: 0E���@��'��!���
��+���?-�. 6""�;���2"�/!>F,(�@85 ��-16)�H�, C%��
*�($��/A8, +09!85���. ���, IA�<+���-+, A0B6""2"��
���� 85��6��!. -3, ������ ��./$B0=�:

HV = f(0E�, �@�, '��!, ���, +��, ?-�) (2)

#5�Æ�9��./$ HV 0$BD� (0–1) *>, B����G��� ����ÆB��
./�-D��@E�H, A: ./�C./��./�6��>%6�. 2:'�;#���'��*�
#, 0B��./�-D�� 5 "�H, ($�./$�"����./�-�����H*>�5B
��, A8 1 ?C.
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< 1 E=FGHI>?JK@
E� HV DAGK KL�MN KL�MEL

1 0.8≤ HV ≤1.0 KL �ÆKL�MHDI, �ME��ÆFBFGKF
2 0.6≤ HV <0.8 GKL �ÆKL�MOI, PHG�IJ

3 0.4≤ HV < 0.6 HKL �ÆIKLDCDJHFG�QMIJ, FKDLN

4 0.2≤ HV < 0.4 M� �ÆNIKOELDCD, FBJORFPKSP
5 0.0≤ HV < 0.2 OEM� HGIJ, FTFPK

2.2 ?0GLHIMNOP
�������7���@���B=, Q�C%�,Æ��-��!��"%12/U��

�!"%, 5 FH���������- ��. 7N���"�76�?!�54��, !UL
�, )(54, )*�./���-+��. 6<-+*
>���O�54, V'�"�!�"@ �"+"�
�8<, -3,4�P�����6"54�34�
8�'�CQ��QR���*J�� �����.

3I���)(D�A8�C'�����&, B
�S:��?!A8 ��)(D�, JMKR&
T*)(���#*)(��K� ��, K*� ,
!% 6������$,0�L"�����. ��
��?!)(D�A8 [13], �U�'�0D��: &
SJ����LJ���T�J���L#J���N
J���R'?!��, JMU�6J��*+#WV
 D�, AWS 1 ?C.

1

n

1

n

1

n

1

n

Q 1 E=RS>MTNOUVWX

3 YZ=[./P\Q3-67]^_`;<=>

MOR#XS��* ZadehV#�#"�1�, 0�XT��T [16]. �#"���U2��#7Y, U
2/<�PN#O,P(���, �A���/<�Y"�, ���./�Q*>W���"�#���
�. 5 �#"�Z�ZH��PN, @����������#PN�"', �R*+��Æ(��
#)$, (U �#��[V �"�,, !% �����./$, U�R�������, � �
H� ���Æ, )0&A;#��7, KRV% � \)��, &;0��6������ ��
./$. 63����"'���R��, ]9W���"%�F,��,���-;�, B0,�-*
S3DX�T$QU���34�� ��.
3.1 abXc1

�����G��) �*�!Æ�*+��Æ (AHP) �(�)$, �� AHP Æ�0MO�Y�^
W Saaty � 20 ;_ 70 �N� ��, ��*5X��,�#��(#, 5 `,>RQU��"��Æ0
a"IA�,��, %�0C%,�[V�Q`,6[������#)$� ��, @)$,�*�!Æ
(��)�"$VW F,�G%Q��"8C, &;����#� �,)1�0E��'(��F,X
��. � 3I�97��)1�F,��Y��, /G) AHP Æ�(�)$.

1) %���,� 3Z+" f(x, y), Q8C�Z*;\-" x �-" y �%����. ]� f(x, y) =
1/f(x, y). �� f(x, y), Saaty $^) S8��Æ, AA8 2 ?C.

< 2 de[\f]<
E_CY YT f(x, y) f(y, x)

x Z y“ZE_” x, y [^��`aZ�\� 1 1

x [ y“U[E_” x �\�U
� y, \HT\ 3 1/3

x [ y“T\E_” x �\�T\
� y, \H]�T\ 5 1/5

x [ y“VWE_” x \�]�T\
� y, \H^]_I 7 1/7

x [ y“b[E_” x �\�Hb^�`
� y 9 1/9

x [ y c�]N_R aXdY^�`� 2,4,6,8 1/2,1/4,1/6,1/8



� 4� ��	, : ��
�������Æ���������� 747

2) (U,�[V  X = {x1, x2, · · · , xn} �-1-+��, S8 2 ?S6c�[9, �-1-+�1
1*>��,, (U[V C = (cij)n×n, �� cij = f(xi, xj), %_ C �,�[V, D�

C =

⎡
⎢⎢⎢⎢⎣

c11 c12 · · · c1n

c21 c22 · · · c2n

...
...

. . .
...

cn1 cn2 · · · cnn

⎤
⎥⎥⎥⎥⎦

(cii = 1) (3)

3) !%)$ ai C%,�[V C, !%Q�9'6)C λmax, %� [V C �� λmax �6)R"
ξ = (x1, x2, x3, · · · , xn), �R_�'>�M� xi e�6-+�)%, D

A = {a1, a2, a3, · · · , an} (4)

a3, #5���-+e�7��"', `0C%)%�';�6-+�.aH Z&.

9M, S:A7 ����#:

CR = Cl/RI (5)

CR �,�[V��&���,[; Ci �,�[V��U�����, CI = (λmax − n)/(n − 1); Ri �,�

[V�%9�&�����. = CR < 0.1 E, D\�,�[V`,6[����, bP)"�] �; Q8
��`L,�[V�006[�����b.
3.2 OghiMNjckl

�#� ����3I�!-+�)*A, � �#"��`�U2 � ����.  U = {u1, u2,

· · · , um} �a���Y� m !-+, V = {v1, v2, · · · , vn} �^�-+?>��� n !7�. 6fW��1
!�#�, 1�,a)�g, �U��d-+� U �6-+�+_:���%����", 87�-+� U

#��#)%R" A = (a1, a2, · · · , am); `�U� U × V #��#��, 87� m× n �#[V R, 61U
�#�5�+_�$,N3a0)(�85. U�61U� 3!�#�%, b00� V #��"�#

J� B = (b1, b2, · · · bn). -3, �#� ��e��de�#)%R" A = (a1, a2, · · · , am) ∈ F (U), 12�
"& U � V ��#"b f , %3(U�#[V R = [rij ]m×n ∈ F (U × V ), �� rij 8C-+ ui `,�e

vi ���.  ;� �#� �� B = (b1, b2, · · · , bn) ∈ F (V ), �� bi 8Ca���Y`,�e Vi ���,
D Vi ��#� B �ZH� [17].
3.3 jmOgHIfngXhiMNOP

C%�#� ����/A�, 12�;?5����2"���./���H�D�, ��./
c%01&0E���@��'��!�����+���?-��""6)-+�`*(�, D�L*
./���-+��: U ={0E�, �@�, '��!, ���, +��, ?-�}, dJ, ��Q-+./��
A0E�, Q�-+� UR 01�: UR ={0E�, %9>A7E>}, ����85�./�����
)*-+���'/. ($��#����e�Ac7��#)%R" A = (a1, a2, · · · , am), �#��[
V R = [rij ]m×n, 12�"& U � V ��#"b%J f , D

B = f(AR) (6)

�� B ���#��7.���"J�, A ��#)%R", R ��#��[V, f ��#"b%J.

������R��, 0�2":�, ���'��, ) ��[V0 �85���R�?(h
f����'. -3, �#��[V R �($���� "'������h, ��)*9i���)1.
��, ZH�+"'�"5��R�'"��!"%��*�# ��_b0 . C%����2",
�^�"���� ui(i = 1, 2, · · · , m) �c(U QZH� v1(.), v2(@), v3(�), v4(d), v5(7d) �ZH
+" v1i, v2i, v3i, v4i, v5i. /�cdA-, A9 �!�e���ZH+"(UÆ. �./���b, Q_0
1��1U, �U����, D��$g'g0, A: 0E���@��+��; `�U�K��, D��$g
;g0, A: A7[����/�4?ef��.

 ci ���3/���� ui �9;$, di ��� ui �9'$. =��$ ai ≥ di E, ��� ui ��

�.�ZH�V�� 1, =��$ ai ≤ ci E, ��� ui ���7d�ZH�V�� 1, A;(����@�
��d�ZH�V�� 1 ���$, �30B./�� ui �,�$&;�'%9��:U L1�L2�L3, �



748 � � F C I C D J J � 30�

ci�:
L1 = {z11, z12, · · · , z1i1}, L2 = {z21, z22, · · · , z2i1}, L3 = {z31, z32, · · · , z3i1},

%�c� :"U L1�L2�L3 �%9$:

ξ1 =
1
i1

i1∑
j=1

z1j, ξ2 =
1
i2

i2∑
j=1

z2j, ξ3 =
1
i3

i3∑
j=1

z3j .

d x1i = ci, x2i = ξ1, x3i = ξ2, x4i = ξ3, x5i = di, 1A/$ x1i �#/$ x5i ��e�, g���$
u ≤ x1i �F-H� v5(7d), u ≥ x5i �8F-H� v1(.), P [x1i, x5i] e>D��R"�H, 19!8C
3H6��f (%9$f) �ZH�� 1, ;e��fPN9�#, ZH�� 0.5, (U��� i �R"�HZ

H+". �R����$�%9$*>���, 5 e�"$�#A/, D0(U �e���ZH+".
�#��[V R (�M, U���#"b%J f . =� f ��,f!��g�-+7����-+g 

I ���-+g II ��\)%9�. ��\)%9��)1,:j(, Q6c= �kh3IL*�6-
+*>���� ��,;�Q:!��'�,:hi,Q_= �%f3I��-+ (A?-��87lV
������4?9��) �� �� [18]. � �G34��#� ��E, 01C%�G������
 + �#"b%J. 9M, C%7 (6) ��6?!Qh���./�- -;�F,���.

4 opqrP\

1ifhgjch�i,/Xj3'�kÆkji���( Cg��. la,S:?!'��A8,
0Bkji��AS 2 ?C���*+)(*� (/�cd, /Gk���&S?!1� ��, �6
?!)(\��jm).

 ( ) 

 

    

 

    

 

   

 

   

Q 2 stuE=Ævl@HwRSUVNOWXxyQ

�+, (�6���./��. AmkJ����min, 0�����jmkn*� , ���0@5
1=, A��3I�0E��+������, D./���g0E��+������. S:ZH+"�(
��Æ, 00 ZH�R"�c�: r1 = [0.4, 0.6, 0, 0, 0]; r2 = [0.5, 0.5, 0, 0, 0]; r3 = [0, 0, 0.4, 0.5, 0.1],(U 
min��#��[V R=[r1, r2, r3]T. UC% AHP Æ(�)%,, ��*��\�0E�,+��ko
%�, +������/�%�, 80(U[V C, !%Q�9'6)C λmax, %� [V C �� λmax �

6)R", 0 xi ��-+ ui �%����"% �;_�'0 A = [0.6, 0.2, 0.2].
C%7 (6) 05 CR = 0 < 0.1, 0n@,�[V`,6[����, bP)"�],: �.
9M, + \)%9"b�#%J �%, 00 

B = AR = [0.6 0.2 0.2]

⎡
⎢⎣

0.4
0.5
0

0.6
0.5
0

0
0

0.4

0
0

0.5

0
0

0.1

⎤
⎥⎦ = [0.34 0.46 0.08 0.10 0.02].

0305min�6"Eo,./��H�.�@���d�7d�ZH��c� 0.34�0.46�0.08�0.10�0.02.
S:ZH�9'A8, @min���H� “@”. A;)0� (0–1)BD�l��mÆ, d “.”� 0.9, “@”
� 0.7, “�” � 0.5, “d” � 0.3, “7d” � 0.1, 5 \)%ÆD00 HVtlz :

HVtlz = 0.9b1 + 0.7b2 + 0.5b3 + 0.3b4 + 0.1b5 ≈ 0.64.

�:8 1 805@minH�C./��. /�00 mi�nk��o�./$, C%)$,  �;5
 \)%Æ0 mk��QJ���./$, 9M0� kji�./$�

HVhzy = 0.81 × 0.30 + 0.70 × 0.25 + 0.80 × 0.20 + 0.68 × 0.25 ≈ 0.75.
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03, 0,�kji3E>�C./��, ���min�mi�nk�ll1�./$an, (�m�
�G�����R��Zj�[. &��!%��Gn-�;, @"'��)1�3Ekji��G�n
-�/��.

5 z{

�G ��-)(27�3�+ �54�?!�h'��2"��-+11 ������1
4, &���?!*+)(6f �, 5 *+��Æ��#"�� ����, ($ ���#*+�
�Æ�����#� ��[V, 9 ��!"'������Æ. 1ch���%��kji�
����g, 0 AA)�:

1) ��./��0�9�� �7��7@ 4?A9:6��!�!���, ��85�
6��!�2"0���./��. A5 6<"'�./��, 0�R� ��./$�"'�!�
����.

2) ($����#*+��Æ������"'����,  �#��!% ./$, �RKRK
H� \)!% 6J��./$, 1"'���3Qh��, &;0-;��L"�����G�
��.

3) �R1ch�kji�&S� Cg��, @���Æ,�0, 0��.'��.o�/
��23, %����������/'�23, ,5����7��j�����.
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