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Quantitative fault diagnosis ability evaluation for
control systems with disturbances
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Science and Technology on Space Intelligent Control Laboratory, Beijing 100190, China)

Abstract: Quantitative evaluation of fault diagnosis ability is important for a control system in its design phase. We
propose a novel approach to evaluate quantitatively the diagnosis ability of a linear dynamic system. To avoid the influence
of disturbances such as process noises and measurement noises on the precision of the evaluation results, we use the parity
space method to convert the problem of evaluating fault diagnosis ability for a stochastic linear system to an issue of
distinguishing the discrepancies of different multivariate distributions. Bhattacharyya coefficient is introduced to quantify
the discrepancies between two different distributions, and then a novel quantitative diagnosis ability criterion is developed
by using rigorous mathematical derivation. The effectiveness of the proposed approach is tested through a numerical
simulation on the model of a satellite attitude control system. The simulation results show that this approach can quantify
the difficulty level in diagnosing a fault, independent from the specific diagnosis algorithm in use.
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1 ÚÚÚóóó(Introduction)
C20c5,éuÄ�XÚ�æ�ä�{�ïÄ�

�
�5�õÆöÚïÄÅ��À[1]. �éu�ä
�{3�æu)��u�õ�,ó§<
�F"3�
O�ã(�æu)�c)ÒU

)XÚ��æ��ä
5U,¿ÏL`zDaì����{JpXÚ�f�
!��æ�äUå. Ä���XÚ��æ��ä5´
�[2]: �æU
�O(Úk�£O�§Ý;Ù¥,O(
´��æu)�U
¯�Ã �/¢yuÿÚ�l;
k�´�¢y�æ�l¤I`z�]. l½Â¥�
±wÑ:��ä5�)�uÿ5Ú��l5.

Äu©z[3]¤ãSN:��ä5ïÄÌ��)�
�ä5µ�Ú�Oü�¡;��ä5µ�´?1��
XÚ��ä5�O�'�Ú�â,�k�yXÚ��
�ä5��÷v,�O�ä�{âäk¢S¿Â.,
,38c��XÚ��OL§¥,�,��Ä�Ü
©�æ��äõU,�du"y7��µ��I,ÿ
�mÐXÚ�nØ��{ïÄ.  ´3��XÚ�
O�¤��,�âó§²�ÏLM��°/P{��ª
5JpXÚ���ä5U;ù«�{�,{ü´1,
%¬��O\XÚ�E,5Ú¤�[4]. �ud,�©
JÑ
�«·^u�5Ä�XÚ��æ�uÿ5Ú
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��l5þzµ��{,òJpXÚ�æ�äUå�
ó�:c£��O�ã,l��ä�{��OÚ
Daì�`z��JønØ��Úë��â.

�Ä�Äu)Û�.��æ�ä�{3¢Só§

¥�¤õA^,éõÆöÏLõ�ªÄÚp�©)�
�{�Oí�,¿�âí���35?1�æ�uÿ
5�µ�[5–8]. �´,Ta�{¤�µ�(Jî�6
uí���O°Ý,¿ØUO(�NXÚ�S3�k
��ä5U.

�;��ä�{éµ�(J�K�,æ^Xe�
{?1�uÿ5µ�: |^�æ�ÑÑ�mD4¼ê
��35,?1�uÿ5©Û[9];ò�æÀ��«G
�,�âG��U*ÿ5µ��uÿ5[10]. éu��
l5µ�: ÄuØÓ�æ�mD4¼ê��É5�O
��l5[9];ÏLXÚ�Ñ\/ÑÑ'X�E'éÝ

,�â�æ3'éÝ
¥�ØÓ/ªL���l
5[11–12].

,,þã�{�3±eØv: 1)�U�Ñ½5
�©Û(J,Ã{½þµ�XÚ���ä5. �Ò
´`,�U£��æUÄ�uÿÚ�l,Ã{²(
�æ�uÿÚ�l�J´§Ý; 2)vk�Ä*ÿÚL
§D(�Z6Ï��K�.3¢Só§¥,XÚ3$
1�¸¥¬Ø�;�/É��«Z6Ï��K�;
�Z6¬îK�µ�(J��(5: Z6Úå�X
Ú ��Ø���æ?n;d�æÚå�ý¢ ��
��Z6���Ä,AO´Ä�XÚ@Ïu)���
�æ~~�ìv3D(¥[13].

C3c5,Äuêâ°Ä��æ�uÿ5Ú��l
5µ���
�5�õÆö�À[14–15]. ,,éu
��XÚ��O<
ó,¦��Ï"ÏLXÚ�)
Û�.¢y�æ�ä5�þzµ�.

��ÖykïÄ¥�3�Øv,3Ø�6u?Û
�ä�{�cJe,�©JÑ
�«�ÄZ6K��
��XÚ�æ��ä5�þzµ��{. Äk,ÏL
�d�m�{¼��5Ä�XÚG��m�.Ñ

Ñ!Ñ\��æ�m�)ÛP{'X,ò�æ�uÿ
5Ú��l5�þzµ�¯K=z�ØÓõ�VÇ

©Ù�m�ÉÝ�O�êÆ¯K;,�,Ú\n¼X
ê(Bhattacharyya coefficient, BC)þzØÓ©Ù�m
��ÉÝ,¿�Ñ�uÿ5Ú��l5�þzµ��
IÚäNµ�6§;��,±¥(^���XÚ��
ý�~,�y��{��(5Úk�5.

2 ¯̄̄KKK���êêêÆÆÆ£££ããã(Problem formulation)
��XÚ���±£ã¤XelÑ/ª�G��

m�.:





x(k + 1) =

Ax(k) + Bu(k) + Bff(k) + Bww(k),

y(k) =

Cx(k) + Du(k) + Dff(k) + Dvv(k),
(1)

Ù¥: x ∈ Rnx�G�; y ∈ Rny�ÑÑ; u ∈ Rnu�Ñ

\; f ∈ Rnf��æ; w ∈ RnwÚv ∈ Rnv�dXÚL

§Ú*ÿD(�)��ÅZ6Ï�,b½wÚv´p

Ø�'�þ��"!��©O�σwÚσv�pdxD

(,=w ∼ N(0, σw)Ú v∼N(0, σv); A,B, C, D, Bf ,

Bw, DfÚDv��A�ê�XÚÝ
.

lª(1)¤«�.¥�±uy: ¢Sþ,G�x!Ñ

\uÚÑÑyÉ�Z6Ï�wÚv±9�æf�ÍÜK

�.�Ò´`,�uÚy�ê�u)ØÜn ��,kõ
«�U5: 1)XÚu)�æ; 2)XÚÉ���Ì�Z
6Ï��K�; 3)XÚÉ��æÚZ6Ï��éÜK
�.Ïd,3µ���XÚ��æ��ä5�,eØ�
ÄZ6Ï��K�,ò¦�µ�(J�) �.

�Ä�þã�ÅZ6Ú�æé��XÚ*ÿ&

Ò(Ñ\uÚÑÑy)�ÍÜ�^,3?1�æ��ä5
µ��7L�ÄZ6Ï��K�,¿ò�æ�Z6?
1)Í,l�yµ��{éZ6äk°�5. ù´
yk�æ��ä5µ�¯K�J:¤3,�´�©�
ïÄ:.

äN5ù,�©±ª(1)¤«��XÚ�ïÄé�,
ÏL�d�m�{,òkZ6���XÚ�æ��ä
5µ�¯K=z�ØÓõ�VÇ©Ù�m��É5

Ýþ¯K.

3 ������äää555þþþzzzµµµ������{{{(The approach to
quantitatively evaluate fault diagnosability)

3.1 µµµ������nnn(Evaluation principle)
�Bu��ä5µ�¯K=zL§�`²,Äk

U�mS�éª(1)¤«XÚ?1S�,��eª[16]:

Lzs = Hxs + Ffs + Ees, (2)

ª¥e�IsL«�mI��Ý,���s = n + 1;�
�þÚÝ
�äN/ª©O�

zs =




y(k − n)
...

y(k)
u(k − n)

...
u(k)




, es =




w(k − n)
...

w(k)
v(k − n)

...
v(k)




,
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xs =




x(k − n)
...

x(k + 1)


 , fs =




f(k − n)
...

f(k)


 ,

L =




0 0 · · · 0 −B 0 · · · 0

0 0 · · · 0 0 −B · · · ...
...

...
...

...
... 0

0 0 · · · 0 0 · · · 0 −B

I 0 · · · 0 −D 0 · · · 0

0 I · · · ... 0 −D · · · ...
...

...
... 0

...
...

... 0
0 · · · 0 I 0 · · · 0 −D




,

H =




A−I 0 · · · 0

0 A −I · · · ...
...

...
... 0

0 · · · 0 A −I

C 0 0 · · · 0
0 C 0 · · · 0
...

...
...

...
0 · · · 0 C 0




, F =




Bf 0 · · · 0

0 Bf · · ·
...

...
... 0

0 · · · 0 Bf

Df 0 · · · 0

0 Df · · ·
...

...
... 0

0 · · · 0 Df




,

E =




Bw 0 · · · 0 0 0 · · · 0

0 Bw

...
... 0 0

... 0
...

... 0
...

...
...

0 · · · 0 Bw 0 0 · · · 0
0 0 · · · 0 Dv 0 · · · 0
0 0 · · · 0 0 Dv · · · 0
...

...
...

...
...

...
0 0 · · · 0 0 · · · 0 Dv




.

�âª(1)¤«XÚ¥�ÎÒ�Ôn¹Â��: ª

(2)�Ò�>�*ÿ(�)Ñ\ÚÑÑ&Ò)¤���

XÚ�Ä�1�Lzs;�Òm>�)3�Äu�mS�

�¥þ,�g����G�CþHxs!®���æ¥

þFfsÚZ6¥þEes.

555 1 fs�Äu�mS�£ã�äN�æ/ª,~X:

~��æ!�F.�æ!m�Ú±Ï5�æ�;duª(1)¥

b�wÚv�"þ��pdxD(,�âes�äN/ª��:

�ÅZ6esÑlþ�� 0!���σe���©Ù,= es ∼
N(0, σe).

��Ø��G�xs�K�,�â�d�mC��

n,3ª(2)�Òü>Ó��¦Ý
NH,��

NHLzs = NHFfs + NHEes, (3)

ª¥NH�Ý
H�"�m���Ä,=NHH = 0.

555 2 �d�m�{3äNA^��¦NH��35,

=�yª(2)¥H�1ê7L�u�ê. dus = n + 1,²í

�uy,Ý
H7,÷vþã�¦.

du�d�m�{Ø¬UCª(1)¤«XÚ�
)[17],�±|^ª(3)¤�EÑ\/ÑÑ��æ�m�
)ÛP{'Xéª(1)¤«XÚ?1£ã,l¥�±²
wwÑ:�æ¥þNHFfsÚZ6Ï�NHEes�åK

���XÚ�Ñ\ÚÑÑ&ÒNHLzs.�Ä�NHFfs

�(½5¥þ!NHEes�Ñl��©Ù��Å¥þ,
ÏdÏLNHLzs*ÿ¤��æLyÑ�½��ÅA

5. äN5ù,�Ã�æu)�, fs = 0, NHLzsÑl

Xe��©Ù: NHLzs ∼ N(0, σne);�u)�æ�,
fs 6= 0, NHLzs ∼ N(NHFfs, σne). Ù¥σneL«�

ÅZ6NHEes���Ý
. nþ¤ã,�æ�ªfs=

¦��Å©ÙNHLzs�þ�u)UC,é��ÃK
�.

�éª(3)¤«)ÛP{'X¥�¹�ÅA5��
æ?1��ä5µ�,k7�«©£ãÃ�æÚu)
ØÓ�æ�VÇ©Ù�m��ÉÝ.d�,ª(1)¤«
XÚ��æ��ä5µ�¯KÒ=z�:éª(3)¥
NHLzs¤�LØÓó¹�VÇ©Ù?1�É5Ýþ,
��ÉÝ����æ���ä5�p.

3.2 ÄÄÄuuunnn¼¼¼XXXêêê������ÉÉÉ555ÝÝÝþþþ(Discrepancy
measurement based on BC)
n¼Xê(BC)´ïþªØÓVÇ©Ù�m�q5

���I,Tê���L«ùü�©Ù��q,Ù
êÆL�ª�[18]

BC(p, q) =
w +∞

−∞

√
p(z)q(z)dz, (4)

ª¥: z�gCþ; pÚq©O�õ�©ÙzpÚzq�VÇ

�Ý¼ê.

�Bu�Ð/UålÝþ�{þzª(3)¤ãØÓ
©Ù�m��É5,òþª?1UE,��n¼ål
(Bhattacharyya distance, BD)�O�úª:

BD(p, q) = − ln[BC(p, q)], (5)

Ù¥BD(p, q)äkXeá5:{
BD(p, q) > 0,

BD(p, q) = 0, when p = q.
(6)

lª(5)Ú(6)¥�±²wwÑ: BD(p, q)�����
�[0,+∞);�BD(p, q) = 0�,Ã{«©VÇ©Ù
zpÚzq,=zpÚzq���q; BD(p, q)���,©Ùzp

Úzq�m��ÉÝ��,=zpÚzq�N´«©;��,
©ÙzpÚzq��ÉÝ���J±«©.

555 3 �éuÙ¦�q5Ýþ�I,~X: Mahalanobis

ål!HausdorffålÚChamferål�,�ü�VÇ©ÙÑl

��©Ù�,n¼ålU
��)ÛL�ª�/ª{ü,Bu
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�©�nØí�;Ó�,�±²(Bayes�OØ����þ

.[19].

�zp ∼ N(µp, σp)�zq ∼ N(µq, σq)�, zpÚzq�

VÇ�Ý¼ê�±�¤



p(z) =
1

(2π)dp/2|σp|1/2×

exp{−1
2
(z − µp)Tσ−1

p (z − µp)},

q(z) =
1

(2π)dq/2|σq|1/2×

exp{−1
2
(z − µq)Tσ−1

q (z − µq)},
(7)

ª¥dpÚdq©OL«©ÙzpÚzq��ê.
�dp = dq�,òª(7)�\ª(5)¥,²Lí���

zpÚzqÑl��©Ù�n¼ål�)ÛL�ª:

BD(p, q) =
1
8
(µp − µq)Tσ−1(µp − µq) +

1
2

ln(
det σ√

(det σp)(detσq)
), (8)

ª¥: detL«Ý
�1�ª; σ = (σp + σq)/2.
�σp = σq = I�(IL«�A�ê�ü Ý
),

ª(8)�±{z�

BD(p, q) =
1
8
‖µp − µq‖2. (9)

3.3 ���uuuÿÿÿÚÚÚ������lll555���þþþzzz���III(Quantitative
criteria of fault detectability and isolability)
�òþãÄun¼ål�õ�©Ù�É5Ýþ�

I�ª(1)¤«XÚ���ä5µ�¯K�(Ü,��
!/��ª£O¥��ål{�g�[20],æ^��n
¼ålþzª(3)¥�æ���ä5.
äNó,�æfi��uÿ5±9�æfi�fj�

m���l5µ�úª�±�¤:

FD(fi) = min[BD(p, 0)],

FI(fi, fj) = min[BD(p, q)],
(10)

ª¥: FD(fi)L«�æfi��uÿ5; FD(fi)���,
L«fi�N´�uÿ,=fi��uÿ5�p;��,
FD(fi)���, fi��uÿ5�$;�FD(fi) = 0�,
fiØ��uÿ. FI(fi, fj)L«�æfi�fj�m���

l5; FI(fi, fj)���,L«fi�fj�m���l5

�r;��, FI(fi, fj)���, fi�fj���l5�

f;�FI(fi, fj) = 0�, fi�fjØ���l.
�{zí�L§,òª(3)¥Z6Ï�NHEes��

�Ý
σne=z�ü 
. d�,�òª(9)¤«{z�
n¼ål)ÛL�ª©O�\ª(10)¥�þeüª,
��ª(11)Úª(13)¤«�æ�uÿ5Ú��l5�
µ��I.

�â13.1�!�©Û(J��: �Ã�æu)�,

ª(3)¤«��©Ù�þ��0. Ïd,�æfi��uÿ

5µ��I�

FD(fi) = min{1
8
‖µp − 0‖2} =

1
8
‖NHFifsi‖2,

(11)

ª¥: FiL«�æfi3Ý
F¥�éA �; fsiL«

fiÄu�mS���æ�ª.

�Bue©?1�æ��l5µ��I��ã,

3dk�ÑÚn1.

ÚÚÚnnn 1 éu�½�Ý
MÚ�þn,�Ý
M

�1ê�u�ê�,eª7¤á:

min
x̃
‖Mx̃− n‖ = ‖NMn‖, (12)

Ù¥: x̃���Cþ; NM�M�"�m���Ä.

�âÚn1,���æfi�fj�m���l5µ�

�I:

FI(fi, fj) = min
µp,µq

{1
8
‖µp − µq‖2} =

min
fsi,fsj

{1
8
‖NHFifsi −NHFjfsj‖2} =

min
fsi,fsj

{1
8
‖NH(Fifsi − Fjfsj)‖2} =

min
fsi,fsj ,x̃

{1
8
‖Hx̃− (Fifsi − Fjfsj)‖2} =

min
fsi,fsj ,x̃

{1
8
‖[H Fj][

x̃

fsj

]− Fifsi‖2} =

1
8
‖N[H Fj ]Fifsi‖2, (13)

ª¥N[H Fj ]�Ý
[H Fj]�"�m���Ä.

555 4 ���¹e,ª(13)¤��æ��l5µ�(J

´�é¡�,=FI(fi, fj) 6= FI(fj , fi).

lª(11)Úª(13)¤«�æ�uÿ5Ú��l5
þzµ��I¥�±²wwÑ:µ�(J=�ª(1)¤
«XÚ��æ�ªfsi!XêÝ
HÚFk',��
ä�{�äN/ªÃ'.

�âþã��ä5þzµ��I�í�L§,�
±uy: ª(11)Úª(13)�µ��nÓ©z[21]¤ã
Äu(�zí�8��æ�ä�{3��þ´��

�,=�O�|í�8,¦Ù¥�z��í�=é�
½�æ¯aéÙ{�æþØ¯a. Ïd,�©¤�
��ä5þzµ��I�^u`z�OÄu(�z

í�8��æ�ä�{;Ó�,��±òª(11)Úª
(13)��ª(1)¤«��XÚ��«�O8I,^u�
�DaìÚ�1ì�`z��,�`z�Cþ�):
DaìÚ�1ì��ê!a.±9SC ��.
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3.4 µµµ ddd 666 §§§ (The process of evaluating fault
detectability and isolability)
Äuþ��!����æ��ä5þz�I,�

�!�Ñª(1)¤«��XÚ¢y�æ��ä5µ�
�äN6§.

�©¤JkZ6���XÚ�æ�uÿ5Ú��

l5þzµ��{�äNö�6§Xã1¤«. l
ã1¥�±uy: ��{Ì��)c?n!�uÿ5µ
�Ú��l5µ�3Ü©. Ù¥,c?nd�mS�£
ã!�d�m�{ÚZ6Ï���Ý
�ü 
=�

|¤;�uÿ5Ú��l5�þz�I©OXª(11)
Úª(13)¤«.

ã 1 �æ��ä5þzµ�6§ã
Fig. 1 Flowchart of the approach to evaluate quantitatively

fault diagnosability

�òª(3)¥Z6Ï�NHEes���Ý
=��

ü 
,�±3ª(3)��Òü>Ó��¦Ý
Q,ä
N/ªXe[16]:

Q = [(α−1)T I], (14)

Ù¥ααT = NHEσneE
TNT

H .

3dI�`²�´: éuØ��uÿ��æÃ{
?ØÙ��l5;Ïd,�ª(11)�u0�,�æfiØ�

�uÿÚ�l. ª(11)Úª(13)¤«�I¿Ø´±Ù
´Ä�u0�IO,´�â�IO�ê����5
þz�æuÿÚ�l�J´§Ý,=�uÿ5Ú��

l5�r,�æ�N´�uÿÚ�l;ª(11)Úª(13)
�u0,�´�æØ��uÿÚ�l��«AÏ�¹.

4 ���ýýý���yyy(Simulation verification)
�!±¥(^���XÚ�.��ý�~,�y

þ�!¤JkZ6��XÚ�æ��ä5þzµ�

�{��(5Úk�5.

4.1 ¥¥¥((( ^̂̂���������XXXÚÚÚ���...(The mathematical
model of the satellite control system)
n¶½¥(^���XÚ�ÄåÆ�§�[22]:




Ixω̇x + (Iz − Iy)ωyωz = Tx,

Iyω̇y + (Ix − Iz)ωxωz = Ty,

Izω̇z + (Iy − Ix)ωxωy = Tz,

(15)

ª¥: Ii(i = x, y, z)�¥(33�.5Ì¶�=Ä.
þ; ωi�¥(^���Ý¥þ3Ì.þ¶þ�ÝK;
Ti���åÝ÷Ì.þ¶�©þ.

�¥(�é;��IX�^��(EÄ�ϕ!:�

�θÚ Ê�ψ)þ��þ�,$ÄÆ�§�±�¤:



ϕ̇ = ωx + ω0ψ,

θ̇ = ωy + ω0,

ψ̇ = ωz − ω0ϕ,

(16)

ª¥ω0�¥(�;���Ý.

-G�Cþx = (ϕ, θ, ψ, ωx, ωy, ωz)T;��Ñ\
u = (Tx, Ty, Tz)T,K¥(^���XÚ�êÆ�.
�

ẋ(t) = q(x, t) + Butu(t), (17)

Ù¥:

q(x, t) = [q1 q2 q3 q4 q5 q6]
T

,

q1 = ω0ψ + ωx,

q2 = ωy + ω0,

q3 = −ω0ϕ + ωz,

q4 = (Iy − Iz)ωyωz/Ix,

q5 = (Iz − Ix)ωxωz/Iy,

q6 = (Ix − Iy)ωxωy/Iz,

But =

[
03×3

I3×3

]
BJ ,

BJ = diag{1/Ix, 1/Iy, 1/Iz}.
�1Å�æ^÷3�Ì.þ¶�C�ÄþÓ;ÿþ

ÑÑy = x,©Oæ^(¯aìÚúÚ¤��ÿþ�
�*ÿ¥(�^��Ú��Ç;�Ä�1Å�Úÿþ
���\5�æ,�fi(i = 1, 2, 3)�ÄþÓ�æ;
fj(j = 4, 5, 6)�(¯aì�æ; fk(k = 7, 8, 9)�ú
Ú¤�æ,��Xe¤«G��m�.:
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ẋ(t) = q(x, t) + Butu(t) + Bftf(t) + Bww(t),

y(t) = Cx(t) + Dff(t) + Dvv(t),
(18)

ª¥:

Bft =

[
03×9

BJ 03×6

]
,

Bw = Dv = I6×6,

C = I6×6,

Df = [06×3 I6×6].

lþª�±wÑ:¥(^���XÚáu;.�
��5XÚ,�©¤J��ä5µ��{´±ª(1)
¤«�5Ä�XÚ�ïÄé�.�d,æ^DÚ�ó
§�{,=3ØÓó�:xsNCéª(18)¤«��5
XÚ?1�5zÚlÑz?n,��




x(k + 1) =

Ax(k)+Buku(k)+Bfkf(k)+Bww(k),

y(k) = Cx(k) + Dff(k) + Dvv(k),

(19)

ª¥: æ��mm���dt = 0.01 s;�AÝ
�ä
N/ª©O�

A =
∂q(x, t)

∂x
|x=xs

=



1 0 ω0dt dt 0 0
0 1 0 0 dt 0

−ω0dt 0 1 0 0 dt

0 0 0 1 αωz αωy

0 0 0 βωz 1 βωx

0 0 0 γωy γωx 1




x=xs

,

α =
Iy − Iz

Ix

dt,

β =
Iz − Ix

Iy

dt,

γ =
Ix − Iy

Iz

dt,

Buk =

[
03×3

BJBdt

]
,

Bdt = diag{dt, dt,dt},

Bfk =

[
03×9

BJBdt 03×6

]
.

�'�ýëê��Xe:

¥(�NÌ.þ©O�Ix = 12.50 kg ·m2, Iy =
13.70 kg ·m2ÚIz = 15.90 kg ·m2;¥(�;���
Ý�ω0 =0.001 rad/s;L§D(Ú*ÿD(©OÑl
±e��©Ùw(t) ∼ N(06×1, 2.25× 10−10I6×6)Ú
v(t) ∼ N(06×1, σv

2). Ù¥

σv
2 =

[
8.70× 10−5I3×3 03×3

03×3 4.20× 10−6I3×3

]
.

555 5 �©�YSNòÄuª(19)¤«�5�.,©O

æ^ª(11)Úª(13)¤«�Ié¥(^���XÚ��æ�

uÿ5Ú��l5?1þzµ�. duª(19)¤«XÚ�.

´3ó�:xsNCÏL�5z?n���,T�.�U�N

XÚ�ÛÜA5. Ïd,�©¤J�æ��ä5µ��{¿

Ø´�Û·^�,´é¥(^���XÚ�ÛÜ��ä5

¢yµ�.

e¡ò:©Ûó�:xs!�mI��ÝsÚ�

æ�ªfs�ØÓ��é¥(^���XÚ�æ��

ä5µ�(J�K�.

4.2 óóó���:::���KKK���©©©ÛÛÛ(Impact analysis at different

operating points)
lª(19)¥�±uy: ó�:xs�ØÓÀ�=K

�Ý
A¥�A��ê��Cz,éÙ{Ý
ÃK
�.äN5`,Ý
A¥��ê��Cz=�ØÓó�

:���Çωx, ωyÚωyk',�ϕ, θÚψÃ'.

Ïd,��!ÏL��ØÓ���Çê�¢yó
�:xs�ØÓÀ�,¿©ÛØÓó�:�ª(19)¤«
¥(^���XÚ�æ��ä5�Cz�¹.

�Ä�¥(^����¢S½°Ý�I,ò^
���ÇU10−3�10−8�6�êþ??1��,¿�
gµ�ØÓ��Ç�ª(19)¤«�.¥�æf1�f9�

�uÿ5Ú��l5.

ã2�Ñ
À�ØÓó�:�ÄþÓ�æf1��

uÿ5µ�(J.duÙ{�æ��uÿ5Ú��l
5µ�(J�ã2�aq�du�Ì¤�,3dÒØ
2Kã. l�ý(J¥�±²wwÑ:ØÓ^���
Çωx, ωyÚωz���,¦�ª(19)¤«XÚ uØÓ
�ó�:;ØÓó�:xs�À�éXÚ��uÿ5

Ú��l5µ�(JvkK�.

ã 2 ó�:éµ�(J�K�©Û
Fig. 2 Impact analysis of fault diagnosis ability at

different operating points
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ó�:xs�ØÓÀ�=¦�ª(19)¥Ý
A�A

��ê��êþ?u)CzéÙ{Ý
ÃK�,?
��Uìã1¤«µ�6§�E�mS�L�ª(2)
�=UCÝ
H¥�A���êþ?. ,, H¥�

��êþ?u)CzéÙ�"�m��ÄNHÃ?Û

K�,ù�ª¦�Äuª(11)Úª(13)¤��uÿ5
Ú��l5µ�(J¥yÑã2¤«y�.

4.3 III������ÝÝÝ���KKK���©©©ÛÛÛ(Impact analysis for the
different length of the sliding window)
��yI��Ýséª(19)¤«¥(^���X

Ú�æ��ä5µ�(J�K�,�gòs���:
s = 2, 3, · · · , 15. ã3£ã
ØÓséúÚ¤�æf9�

uÿ5µ�(J�K�;du�{�æ�uÿ5Ú�
�l5�K�©Û(J�ã3�q,�©ÒØ2Kã.

ã 3 I��Ýéµ�(J�K�©Û
Fig. 3 Impact analysis of fault diagnosis ability for

the different length of the sliding window

l�ý(J¥�±uy: �X�mI��Ýs�O

\,ª(11)Úª(13)¤��æ��ä5µ�(J�ê
��ØäO�;ùL«�X�m�O\,�æuÿÚ
�l�O(5���ÌJ,,¦��æ�5�N´�
�ä. �s 6 6�,�æ��ä5µ�(J�O�ª³
��ú;�s > 7�,��ä5�O�ª³�¯. Ó
�,�XI��Ýs�O\,¢y��ä5µ�¤s¤
�O��m��ÌO\.
nþ¤ã,�¯�!O(/µ��æ�uÿ5Ú�

�l5,¿²ïO��mÚ(JO(5�m�gñ,
/�XÚE£�g�,�ªò�mI��Ýs���

s > n + 1.

4.4 ���æææ���ªªª���KKK���©©©ÛÛÛ(Impact analysis for
different fault modes)
Äu14.2Ú4.3�!�©Û,-�mI��Ýs =

7!ó�:xs = [β τ ]T,©Oò�æ�ª���~�
�æ�ªfscÚ�F�æ�ªfsr,éª(19)¤«¥(^
���XÚ?1�uÿ5Ú��l5µ�. �'ëê
��Xe:

β = [9× 10−4 7× 10−4 6× 10−4] rad,

τ = [−3.7× 10−5 1.9× 10−5 4.3× 10−5] rad/s,

fsc = [0.1 0.1 0.1 0.1 0.1 0.1 0.1]T,

fsr = [0.1 0.2 0.3 0.4 0.5 0.6 0.7]T.

L1Ú3©O�Ñ~��æ�ªfsc�uÿ5Ú�

�l5�þzµ�(J.

L 1 �uÿ5µ�(J(~��æ�ªfsc)
Table 1 Detectability evaluation results for

the constant fault mode fsc

�æ �uÿ5 �æ �uÿ5

f1 0.0055 f6 0.0002
f2 0.0045 f7 176.7283
f3 0.0034 f8 176.7283
f4 0.0002 f9 176.7283
f5 0

lL1¥�±wÑ:éu~��æ�ªfsc,úÚ¤
�æf7�f9��uÿ5�p(þ�176.7283),=T�
æ�N´�uÿ;ÄþÓ�æf1�f3��uÿ5g�

(©O�0.0055, 0.0045Ú0.0034);(¯aì�æf4Ú

f6��uÿ5�$(þ�0.0002),�ØN´�uÿ;
y¶(¯aì��æf5Ø��uÿ.

L 2 �uÿ5µ�(J(�F�æ�ªfsr)
Table 2 Detectability evaluation results for the ramp

fault mode fsr

�æ �uÿ5 �æ �uÿ5

f1 0.0709 f6 1.7673e6
f2 0.0590 f7 1.1159e4
f3 0.0438 f8 1.1159e4
f4 1.7673e6 f9 1.1159e4
f5 1.7673e6

lL3¥�'ê��±uy: éu~��æ�ª
fsc,�æf4�f6!f4�f9!f6�f4!f6�f7!f7�f4!f7

�f6!f8�f5!f9�f4±9f9�f6�mØ���l,ù
´Ï�3¥(^���XÚ¥x¶Úz¶�m�^�

�Ú��Ç�3ÍÜ�^(��ª(15)Úª(16)¤«¥
(^�ÄåÆ�$ÄÆ�§),ù����æ�ªfsc

u)�þã�'�æ�mJ±«©;du�æf5Ø�

�uÿ, f5�Ù¦�æ�m���l5þ�0.
éu�F�æ�ªfsr,Ù�uÿ5Ú��l5µ

�(J©OXL2Ú4¤«.
é'L1Ú2�±�Ñ:ü«ØÓ�æ�ªe,�

æf1�f9��uÿ5ê�u)��Cz;úÚ¤�æ
f7�f9�ÄþÓ�æf1�f3�uÿ�(J§Ý�±

ØC,=f7�f9��uÿ5���uf1�f3;�éu
~��æ�ªfscó,(¯aì�æf4Úf6éu�F

�æ�ªfsr��uÿ5���ÌJ,(d0.0002J,
�1.7673e6),�f5��uÿ(éu�æ�ªfsc, f5Ø�

�uÿ).
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L 3 ��l5µ�(J(~��æ�ªfsc)
Table 3 Isolability evaluation results for the constant fault mode fsc

�æ f1 f2 f3 f4 f5 f6 f7 f8 f9

f1 0 0.0055 0.0055 0.0053 0.0055 0.0054 0.0001 0.0055 0.0055
f2 0.0045 0 0.0045 0.0045 0.0044 0.0045 0.0045 0.0001 0.0045
f3 0.0034 0.0034 0 0.0034 0.0034 0.0033 0.0034 0.0034 0.0001
f4 0.0002 0.0002 0.0002 0 0.0002 0 0.0002 0.0002 0
f5 0 0 0 0 0 0 0 0 0
f6 0.0002 0.0002 0.0002 0 0.0002 0 0 0.0002 0.0002
f7 173.0969 176.7283 176.7283 0 176.7283 0 0 176.7283 176.7283
f8 176.7283 173.0969 176.7283 176.7283 0 176.7283 176.7283 0 176.7283
f9 176.7283 176.7283 173.0969 0 176.7283 0 176.7283 176.7283 0

L 4 ��l5µ�(J(�F�æ�ªfsr)
Table 4 Isolability evaluation results for the ramp fault mode fsr

�æ f1 f2 f3 f4 f5 f6 f7 f8 f9

f1 0 0.0709 0.0709 0.0693 0.0709 0.0702 0.0009 0.0709 0.0709
f2 0.0590 0 0.0590 0.0590 0.0577 0.0590 0.0590 0.0008 0.0590
f3 0.0438 0.0438 0 0.0434 0.0438 0.0428 0.0438 0.0438 0.0006
f4 1.7310e6 1.7673e6 1.7673e6 0 1.7673e6 0 0.0023 1.7673e6 1.7673e6
f5 1.7673e6 1.7310e6 1.7673e6 1.7673e6 0 1.7673e6 1.7673e6 0 1.7673e6
f6 1.7673e6 1.7673e6 1.7310e6 0 1.7673e6 0 1.7673e6 1.7673e6 0.0023
f7 2.2677e3 1.1159e4 1.1159e4 8.3311e3 1.1159e4 8.3311e3 0 1.1159e4 1.1159e4
f8 1.1159e4 2.2677e3 1.1159e4 1.1159e4 8.3311e3 1.1159e4 1.1159e4 0 1.1159e4
f9 1.1159e4 1.1159e4 2.2677e3 8.3311e3 1.1159e4 8.3311e3 1.1159e4 1.1159e4 0

é'L3Ú4�±uy: 3ü«ØÓ�æ�ªe,
�æf4�f6!f5�f8±9f6�f4�mþØ���l;
�éufsc,��æ�ªfsru)�,�{�æ�m�
��l5��ØÓ§Ý�J,. ùL«éuÓ�X
Ú,ØÓ��æ�ªé��ä5þzµ�(J�K
��É��.Ïd,æ^ª(11)Úª(13)?1�æ�
uÿ5Ú��l5µ��I�(ÜäN��æ�ª

?1©Û.

é'L1�4�±�Ñ:Ó��æ��uÿ5Ø
�uÙ��l5,=FD(fi) > FI(fi, fj).

555 6 �©¤J�æ��ä5þzµ��{�·^^

�´: �ÅZ67LÑlþ��0���©Ù;äNó,3

ª(1)¤«��XÚ¥, wÚv�Ñl©Ùw∼N(0, σw)Úv ∼
N(0, σv)�pdxD(. 3¢Só¹¥,����XÚþ÷v

þã·^^�.

�����XÚÓ��Ä�ÅZ6Úï�Ø(

½5K��,3ª(1)¤«XÚ¥wÚvØ2´"þ

��pdxD(C¤kÚD(. eTkÚD(�
þ�Ú��þ®�,ÏLêÆC���±¦^�©
¤J�{éTXÚ��æ��ä5?1þzµ�;
�TkÚD(�þ����,�©¤J�{®Ø

2·^,)ö,k§©éT¯K?1�[�ã.

5 (((ØØØ(Conclusions)
�þz�5Ä�XÚ��æ�äUå,JÑ


�«�ÄZ6K����XÚ�æ��ä5þz�

µ��{,¿��Xe(Ø:

1) ò��XÚ£ã¤lÑ/ª�G��m�
.,¿�ÄL§Ú*ÿD(�Z6Ï��K�;Ï
L�d�m�{��XÚÑ\/ÑÑ��æ�m�
)ÛP{'X,ò��ä5µ�=z�VÇÚO¥
õ�©Ù�m��ÉÝ�O¯K;

2) Ú\n¼XêéL�ØÓ�æ�mõ�©Ù
��ÉÝ?1Ýþ,Äuî��êÆí�,�Ñ�
©¤J�uÿ5Ú��l5µ��{�þz�IÚ

äN6§;T�{U
O(�NXÚ��k��ä
5U,=Ù=�XÚ�äN/ªk',��ä�
{Ã';

3) ±��5¥(^���XÚ��ý�~,Ï
Ló§þDÚ��5z?n�{,ò�©¤J��
ä5µ��{A^uTXÚ,¿ÏLêÆ�ý©Û
ó�:xs!�mI��Ýs±9�æ�ªfsi�ØÓ

À�é�æ��ä5µ�(J�K�.
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