(@) Tvlor Franci
N ﬁ Automatika

Journal for Control, Measurement, Electronics, Computing and
Communications

aulumaﬁha

01/2023

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/taut20

Decoupling fault detection vectors for fault
detection in the TS fuzzy system

Wang Zheng & Lei Xiao-Gang

To cite this article: Wang Zheng & Lei Xiao-Gang (2023) Decoupling fault detection
vectors for fault detection in the TS fuzzy system, Automatika, 64:1, 63-72, DOI:
10.1080/00051144.2022.2098747

To link to this article: https://doi.org/10.1080/00051144.2022.2098747

8 © 2022 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

@ Published online: 14 Jul 2022.

N
CJ/ Submit your article to this journal &

||I| Article views: 241

A
& View related articles '

) view crossmark data @

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=taut20


https://www.tandfonline.com/action/journalInformation?journalCode=taut20
https://www.tandfonline.com/loi/taut20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00051144.2022.2098747
https://doi.org/10.1080/00051144.2022.2098747
https://www.tandfonline.com/action/authorSubmission?journalCode=taut20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=taut20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/00051144.2022.2098747
https://www.tandfonline.com/doi/mlt/10.1080/00051144.2022.2098747
http://crossmark.crossref.org/dialog/?doi=10.1080/00051144.2022.2098747&domain=pdf&date_stamp=2022-07-14
http://crossmark.crossref.org/dialog/?doi=10.1080/00051144.2022.2098747&domain=pdf&date_stamp=2022-07-14

AUTOMATIKA
2023, VOL. 64,NO. 1,63-72
https://doi.org/10.1080/00051144.2022.2098747

IVI N Taylor & Francis
N Taylor & Francis Group

REGULAR PAPER

8 OPEN ACCESS W) Check for updates

Decoupling fault detection vectors for fault detection in the TS fuzzy system

Wang Zheng ©2 and Lei Xiao-GangP

3China Key Laboratory of Photo-electricity Gas-Oil Logging and Detecting, Ministry of Education, Xi'an Shi You University, Xi'an, People’s
Republic of China; ®School of Electronic Engineering, Xi‘an Shi You University, Xi'an, People’s Republic of China4

ABSTRACT

The parity space method can be applied to detect the fault of the time-invariant control system
simply and effectively. However, the parity space method is greatly limited in the time-variant
system. Therefore, in this paper, a TS fuzzy system is used to describe this kind of system. The
system parameters are obtained based on TS fuzzy rules, and the decoupled fault detection
vectors for different channels are designed. Using this vector, the residual representing fault
information is extracted directly. Ideally, the fault detection of different channels is decoupled.
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However, sometimes the fully decoupled detection vector cannot be designed, then a subopti-
mal decoupled fault detection vector is proposed. Simulation and verification are carried out on

a steady-state system and a TS fuzzy system.

1. Introduction

The fault diagnosis of the automatic control system
includes many types, such as model-based, experience-
based, etc. The model-based approach has many advan-
tages. This method does not need historical data and
experience. Compared with the fault diagnosis expert
system, this method can avoid the limited knowledge
acquisition. The focus of this paper is the parity space
method, which is one of the model-based methods.
This method was first studied in reference [1]. Since
then, it has been developing, and it has been widely
used, such as references [2—4]. There have been some
novel achievements in this field. For example, literature
[5] adopted stationary wavelet transform for auxiliary
design. However, this method is based on the linear
time-invariant system . Another reality is that a few
studies pay attention to fault decoupling on different
channels. This is the motivation for this study.
Practically, most of the control systems are charac-
terized by non-linearity, time-varying, system uncer-
tainty, controller gain disturbance, random distur-
bance, multiple parameters, etc. They are quite difficult
to be described by an accurate mathematical model.
Accordingly, fuzzy modelling and fuzzy control are fea-
sible schemes, as described in the literature [6,7]. The
fuzzy theory has also been applied to fault diagnosis,
such as literature [8-10]. Among many fuzzy systems,
the Takagi Sugeno (TS) fuzzy is the only one to get
a systematic analysis [11-13]. This method is espe-
cially suitable for modelling complex systems. The TS
fuzzy model consists of some IF-THEN fuzzy rules.

It uses a fuzzy membership function to form a unified
mathematical model [14,15]. There are many pieces of
research on fault diagnosis of the TS fuzzy system, such
as literature [16,17]. These studies put forward good
ideas. However, there is no application of the parity
vector method in the TS fuzzy model.

In our plan, decoupled parity vectors are designed in
the TS fuzzy system. The disturbance term, fault term
and control term are considered separately. The input
term is regarded as a linear combination of column
vectors of the input matrix. The decoupled fault detect
vector is designed for each channel independently. The
residual for each channel is only sensitive to the fault
information on this channel.

2. Failt decoupling vector of the
time-invariant system

2.1. Description of the time-invariant system

The discrete state-space model with actuator fault and
structural disturbance is shown in formula (1).

x(k+ 1) = Ax(k) + B(u‘(k) + f(k)) + Ed(k)

y(k) = Cx(k) + D(u(k) + (k) + Fd(k)

In formula (1), u(k) = u°(k) + f(k) € R™ refers to the
control input, x(k) € R” refers to the state variable,
y(k) € RY represents the output. u(k) represents the
real input, u‘(k) represents the command input and
f(k) represents the input fault; d(k) € R" refers to
the unknown input; A, B, C,D, E, F refers to a known
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coefficient matrix of proper dimensions. The following
formula (2)-(4) are obtained by iterating formula (1)
repletely.

y(k—t) = Cx(k — 1) + Du(k — ) + Fd(k — 1)
(2)

y(k — 7 +1) = CAx(k — 1) + CBu(k — 7)
4+ CEd(k— 1)+ Du(k— 17+ 1)
+Fdk—1+1) (3)
y(k) = CA"x(k — 7) + CA" 'Bu(k — 1)
+ .-+ CBu(k + 1) + Du(k)
+CAT 'Ed(k— 1)+ - --
+ CEd(k + 1) + Fd(k) (4)

2.2. Design of the time-invariant fault decoupling
vector

B - f(k) and D - f(k) in formula (1) can be expressed in
expanded form, as shown in formula (5):

o ]
@] )

b1 b,
[ d

by ] [f1 (k)
dm] [fl (k)

where [b1 b,
inB,[d; d;
D, and [ 1 ... fm]T refers to the input fault. B - f(k)
is regarded as a linear combination of column vectors
of B, and f(k) refers to the weight. If the actuator fault
exists, f(k) must be nonzero. If there is a fault in the first
channel, then f; (k) must not be 0. In this case, formula
(1) can also be expressed as formula (6), as follows:

bm] refers to the column vector
dm] refers to the column vector in

x(k + 1) = Ax(k) + Bu‘(k) + Bif; (k)
+Ed(k) 4+ bif1 (k)
y(k) = Cx(k) + Du(k) + Dy f1 (k)
+Fd(k) + d;f1 (k)

(6)

In formula (6), £(0) = [6(K) ... fu(®] € R
b; refers to the first column of B, and d; refers to
the first column ofD.B; and D; denote the matrices
of B and D without the first column. Referring to the
method of obtaining (2)-(4), the corresponding rea-
soning is also carried out for (6). As a result, formula
(7) is obtained, which decouples the fault information
on the first channel.

Y. (k) = Hex(k — 1) + HLUS (k) + Hid, (k)

+HYFL (k) + HIFL (k) )

In formula (7), the meanings of various matrices are as
follows:

[ y(k—1)
ykk—14+1)
Y‘L’ (k) = .
y(k)
[ D 0 0 0
CB D 0 0
H: =
: . .0
|CA™™'B .-~ CB D
uk—1)
uk—14+1)
U; (k) = )
u(k)
[ F 0 0 0
i CE F 0 0
H? =
: 0
| CA™'E CE F
dk—1) C
dk—1t+1) CA
d‘L’ (k) = . T = .
d(k) CAT
[ D 0 0 0
Hrl = .
: . . 0
| CA™'B; --- CB; Dy
fi(k—1)
fitlk—t+1
Fl (k) = .
f1 (k)
4 0 0 0
: . . 0
_CAf_lbl ... Cb; d;
[ fitk—1)
k—14+1)
ra— |
fitk)

At this point, we can design a fault detection vector
Detect — Vector.. With the help of this vector, the fault
information is extracted, but the interference and input
will not affect the residual. The residual is only affected
by the fault.

To design Detect — Vector!, we should first make it
meet (8) and (9) as follows

DetectVector. x H, H(_? Ht_;l) =0 (8



DetectVector. x HJ;I # 0 and DetectVector! # 0
©)

In formulas (8) and (9), Detect — Vector% is the fault
detection vector for the first channel, T denotes the time
window.

Using Detect — Vector!, the residual can be obtained
according to (10). The block diagram of residual gener-
ation is shown in Figure 1. Residual; is only sensitive
to the fault arising from the first actuator.

Residual; = DetectVectori

x (Yr (k) — H7UZ (k) (10)
Y (k) — H{US (k) = Hox(k — 1) + Hid, (k)
+HIE o+ HIF () ()
Residual; = DetectVector, x H{l x FL(k)
(12)

Finally, Residual; satisfies (12). Similarly, the resid-
ual associated with the fault of the second channel or
the M-th channel needs to be designed separately.

3. TS fuzzy of state-space model

TS fuzzy model is described by a set of IF-THEN fuzzy
rules. Each rule represents a subsystem, as described
like “IF x is M,THEN y = f(x)”, where f(x) denotes the
linear function of x. In general, f(x) refers to a poly-
nomial function of x. The expression of the T-S fuzzy
model of the discrete system is shown in formula (13),
as follows:

Rule i: If 91 (k) is Mils 92 (k) is M,’z, .
Mip, then

, and 6, (k) is

(13)

x(k+ 1) = Aix(k) + Bju(k)
y(k) = Cix(k) + D;u(k)

In formula (13), i represents the i-th rule, where
i=12,...,1Mj refers to the fuzzy set, 6; (k), ... ,0p (k)
represent the antecedent variables, x(k) € R” refers to
the state vector, u(k) € R™ refers to the control vector.
The dimension of the coefficient matrix satisfies A; €
R™", B; € R"™ ™. The complete system is expressed as
follows:

x(k+1) = é[/xi(@(k))(Afx(k) + Bfu(k))]/
Zr: wi(6 (k)
i=1

y() = > (i@ (k) (Cix(k) + Diu(k))]/

i=1

> 1i(0(k)

i=1

(14)
p

where 1;(0(k)) = [] M;;(0;(k)), M;j(6;(k)) represents
j=1

the membership degree of the antecedent variable 6;(k)
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in rule i to the fuzzy subset Mj;, and ;(6 (k)) represents
the activation degree of rule i. The definition is as
follows:

;
hi(0(k)) = Mi(e(k))/z wi(0(k)) (15)
i=1
Formula (14) can be rewritten in the following form:

x(k+ 1) = 3 hi0(R) (Aix(K) + Bu(k))
i=1
(16)

Y9 = 22 (@) (Cox(k) + Dyu(k)
And h;(6(k)) > 0, Xr: h;i(0(k)) = 1.
i=1

4. Fault decoupling vector for the TS fussy
system

For the augmented system above-mentioned in (7), its
parameters are extracted by the fuzzy rules at time
k— v,k — 7+ 1,..., k The parameters of most systems
do not change so fast, and the occurrence of faults is
much faster. Therefore, we design fault detection vec-
tors for the system in each short period (for example,
time [k — 7, k], time [k, k + 7], time [k, k+27],...)
according to the methods mentioned above. The rules
of the fuzzy system are as follows:

p
ri(@ (k) = 1_[1 M;;(6;(K))
=

p
wi(@(k — 1) =jl;[1 M;;(6j(k — 1)) (17)

p
1i(0(k — 1)) = ] My(®;(k — 1))
j=1

For the fuzzy system, it meets the following require-
ments:

P p
i OKk) = [ [ M@0 - [ My 60— 1)) ...

j:l j:l
P
< [ [ My(6;(k — 7)) (18)
j=1
R O(K) = nFo () / DNHALD, (19)
=1
x(k+ 1) = Y B O(0) (Ax(k) + Bru(k))
i=1
(20)

y(k) =

1

hi (6 (k))(Cix(k) + Diu(k))

r
=1
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Figure 1. Decoupling residual generator.

.
And kY (0(k)) > 0, > hj (0(k)) = 1. Then, the for-
i=1
mula of the augmented system is obtained as follows:

Yr (k) = He (k)x(k — ) + H () US (k) + HE (k)d., (k)

+ HY (DFL (k) + HY (DFL (k) (21)

The calculation flow of decoupling residual for the
fuzzy augmented system described in (21) is shown in
Figure 2. As time goes on, the decoupling fault detection
vectors are updated on and on. Then the decoupling
residual for each channel is updated. The complete
residual for each channel is spliced by residual frag-
ments, as shown in Figure 3.

5. Fault decoupling vector of the TS fuzzy
system

Equations (8) and (9) are the basis of the above design.
There is a problem that may be ignored. The exis-
tence of vectors satisfying (8) and (9) also needs to

H! | HY) =
&¢, let’s calculate the dimensions of H,,Hf,Ht;‘ and
DetectVector! . H£1 is [q(r + D] x [(m — D) (x + 1)],
H; is [q(r + 1)] x n, H‘f is [q(z + D] x [r(z + D],
DetectVector% is1 x [g(tr + 1)]. So formula (8) is true,
only if the homogeneous linear equations are solved

be verified. Assuming rank(gy_

T 1T _
(H, H? H;!) DetectVector;” =0 (22)
There is a nonzero solution for (22) if e; < q(t + 1).
So, an appropriate T one should be chosen. Considering
the definition of &, (23) is true:

er<n+rx(t+D)+(m—-1)x((+1) (23)

The time of k is coming

<t

Get the value of  0,(k)  0.(k) ~ 6,(k)
r 4 2
Calcuiate 17 (0(k) =] M,(0,(k)- [ [M,(0,(c-1)...] [ M,(6,(k-1))

Calcuiate 1 (0(k)) = /z:e(k»/ > 0k

==

Get the augmented matrix (g : H' : H') Design Detect -Vector, (k)

Get the augmented matrix (H, : H;/ : Hrrz ) f\\/ Design Detect -Vector? (k)
SIE T

Get the augmented matrix (H, © H! i H]") Design Detect -Vector" (k)

<L

‘ Residual,=DetectVector, x (Y, (k)-H.U: (k)) ‘

‘ Residual,=DetectVector, X(Y, (k)-H.U: (k)) ‘

‘ Residual, =DetectVector." x (¥, (k)-H:U (k)) ‘

Figure 2. Calculation flow of decoupling residual.

If the dimensions of input, output and interference
satisfy formula (24)

g—r—m+1>0 (24)
Then 7 is increased, so
T>nf(q—r—m+1)—1 (25)

Then (22) has a nonzero solution and the fault detection
vector can be obtained. If (24) is not true, then increas-
ing T cannot guarantee the existence of the detection



AUTOMATIKA (&) 67

Time k-1
System k-1

Time k
System k

Time k+1
System k+1

Time k+2

More system
System k+2
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System k+3
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System k+4

Time k+5
System k+5
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|

v
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During this period, we use an average model( from k+2 to k+6)

/

/

More

k-6

g T -
More| We calculate the system model § We calculate the system model ,§
« « «| according to the TS fuzzy rules. $ according to the TS fuzzy rules. ‘2
k-1 k-2 2
/ .
e
g o
4]
w
= >
k-1 k-2 k-6

The whole residual curve consists of many residual segments.

Figure 3. The relationship between the whole residual and the residual segments.

vector. In this case, we need to find a suboptimal solu-
tion.

Assuming the suboptimal fault detection vector
xDetectVector! is a transverse vector of left null space
of He, P =[P, Py - - - Pyriny) € RV is a set of
bases of left null space of H; € RITHDIX" and @ =
(a1, a2, . ..,0] is a set of coefficient vectors, then the

following formula is satisfied:
* DetectVectoriH, =aPH,; =0 (26)

Based on formulas (10)-(12), the residual of subopti-
mal decoupling fault is obtained, as shown in (27)

*Residual; = *DetectVectori (Hfdf (k)

+HIEL ) +HIFL () (27)
Define xH, = [H? : 51], Uk) = |:df (k)}, and then
F; (k)
(28) is obtained:
*Residual; = *DetectVectorl (xH,U(k)
+ HFL (k) (28)

The two-norm ratio performance index 7 is defined,
as shown in (29), and the ideal fault detection vector
can be obtained by minimizing 5. After the equiva-
lent transformation (30) and (31), the formula (32) is
obtained.

uw=1| (*DetectVectori )(xHp)| |§ /

|| (+DetectVector! ) (H.)| 2 (29)
i = 1 @P)+Ho)|13/11 @P) (HD| 3 (30)
i = [(P)(+H)][(oP) (+H,)] "/

[(@P)HD | [@P) H! )] (31)
[P(+H,) (+H)TPT — P (D) PTaT =0 (32)

Assuming that P(+H,)(+H,) P! = w, PH. (H])”
PT = ¢, (32) can be converted into (33):

wol = poa’ (33)
The problem of solving generalized eigenvalues is
described in formula (33). The solution process is as
follows:

(1) Solve the formula det(w — @) = 0. If there is a
solution, the solution satisfying formula (33) can
be found;

(2) Let xu = minAj(®, @), where *xu refers to the

1

optimal value of the performance index, and
the corresponding optimal eigenvector (xa)” is
obtained;

(3) The suboptimal decoupling fault detection par-
ity vector *DetectVector% = (xa) TP is calculated,
and then the residual error is obtained.

6. Calculation and analysis

6.1. Case 1. Example of decoupled fault vector for
steady-state systems

The first example is to show the design of the decou-
pling vector and the generation of fault residual. To
illustrate this point, the fuzzy characteristics of the
model are not considered for the time being. According
to reference [18], the motion equation of a helicopter in
the vertical plane is established as follows

x(k+1)

0.9996 0.0003 0.0002 —0.0037
_10.0005 0.9900 —0.0002 —0.0406 (k)
~10.0010 0.0037 1.0453 1.5644

0 0 0.0101 1.0524
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0.0044  0.0018
0.0353  —0.0755
00559 00454 |“0 T wlo  (34)
~0.0003  0.0002
1 0 0 0

yk)y=1 0 =1 0 0 |x(k)+v(k) (35)
0 0 1 0

where x(k) = [y w0 9] denotes the state vari-

able, u(k) = [u1 k) uy (k)]T denotes the control vari-
able, w(k) € R*isthe process noise. In the state variable,
y denotes the longitudinal speed, @ denotes the verti-
cal speed, wy denotes the pitch angle rate, 6 denotes the
pitch angle, y, w, wy are measurable. The sampling time
is 0.01s.

Faults mainly include slow and fast change faults.
Sudden change faults are more obvious, while slow
change faults change slowly and are difficult to detect.
Therefore, we take the slow change fault, which is dif-
ficult to detect as the research object. The calculation
takes a certain time when the system is already in a
steady state at the beginning. There is a slow change
actuator failure in the first channel. The fault detection
vector is designed according to the method mentioned
earlier. When n = 1, calculate H; as follows

Hi=p, @ gt ! H

™ 1.0000 0 0
0 ~1.0000 0
B 0 0 1.0000
=1 0999  0.0003 0.0002
—0.0005 —0.9900 0.0002
| 00010 0.0037 1.0453
0 0 0]
0 0 0
0 0 0
X _0.0037 00018 0 (36)
0.0406  0.0755 0
15644  0.0454 0 |

The singular value decomposition of the matrix is car-
ried out to obtain the following

[1.9794 0 0 0 0

0 1.4139 0 0 0

SH, = 0 0 1.4082 0 0

0 0 0 0.7910 0

L 0 0 0 0 0.0528

[[—0.0002 —0.7064 0.0336
0.0065 0.0334 0.7086
U= 0.3371  —0.0019 —0.0166
—0.0015 —0.7062  0.0334
0.0226 0.0335 0.7036
| 09412 —-0.0016 —0.0158

x10

0

0 0.5 1 15

Figure 4. Slow change fault.

0.0021
—0.0254
« —0.9411
—0.0011
0.0109
0.3370

[—0.0004
—0.0128
0.6673
0.7443
0.0224
0

0.0017
0.0201
—0.7444
0.6671
0.0204
0

25 3 35 4

Thus, the value ¢; of H; is obtained as follows:

er=5<gx(+1)=3x1+1)=6

0.0181  —0.7067]
0.7041  0.0182
—0.0202 —0.0024
—0.0184  0.7070
—0.7091 —0.0181
0.0194  0.0021 |
—0.9989  0.0473
—0.0473  —0.9979
—0.0026 —0.0234
0.0010  0.0027
0.0008  0.0373
0 0
0.0010 0 7]
—0.0371 0
—0.0011 0
0.0304 0 (37)
—0.9988 0
0 1.0000 |
(38)

Therefore, there is an optimal decoupling fault vector
for the first channel. U, is used to construct a fault
decoupling vector as follows:

DetectVector% = [—0.7067 0.0182 — 0.0024 0.7070

—0.0181 0.0021]

(39)

Similarly, the decoupling fault vector of the second
channel is constructed as follows:

DetectVector% = [—0.08811 0.6981 —0.0198

x 0.0877 —0.7046 0.0191]

(40)

Figure 4 shows the slowly changing fault, Figure 5
shows the control input of the first channel, Figure 6
shows the input of the second channel, Figure 7 shows
the residual generated in the first channel when there is
a fault in the first channel, Figure 8 shows the residual
of the second channel when there is a fault in the first

channel.

In the above simulation, decoupling is realized. The
detection vector of a channel is only sensitive to the fault
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Figure 6. Input of the second channel.
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Figure 7. Residual of channel 1 when the fault in channel 1.

x10

=] W= B e N nn

0 05 1 15 2 25 3 35 4

Figure 8. Residual of channel 2 when the fault in channel 1.

of that channel. As shown in Figure 4, when the fault is
added to other channels, the residual is almost 0. This
indicates that the fault detection vector corresponds to
its channel.

In this example, the optimal decoupling vector exits.
To simplify the algorithm, the simulation is carried out
for the steady system. To fully verify the algorithm in
this paper, another example is considered, as shown in
case 2. This example takes TS Fuzzy into account, and
there is no optimal decoupling vector. So, it is necessary
to solve the suboptimal solution.
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6.2. Case 2. Example of the decoupled fault vector
for TS fuzzy systems

In reference [19], the model of cement calciner is estab-
lished as follows

x(k+ 1) = A1x(k) + Byu(k)

41

y = Cix(h) @)
When the furnace temperature T < 830°C, then
a [0 1 (g _[07739 06780
"7 1o 1.0040] 7 T [1.4731  —0.0950

C =[1 0]D;=1[0,0]

When the furnace temperature 840°C < T, then

0 1 0.5367
A= [o 0.9965] B2 = |:0.1576

C;=[1 0]D;=10,0]

1.2868
—0.0176

Here, the fault residual of this model is designed
(Figure 9).

It is assumed that the furnace temperature has been
changing within 820°C — 850°C, the activation-degree
function 830°C — 840°C can be simply written as fol-
lows:

1T < 830°C

hi(T(k)) = {(840 —T)/10830°C < T < 840°C”’
0T < 830°C

hy(T(k)) = {(T —830)/10 830°C < T < 840°C

The sampling time is 0.5s. In 2min (k =0 — 120),
the furnace temperature at the sampling time point is
shown in Figure 10. The temperature rises from 813
to 835 within 0-50's, and then changes slightly around
835.

In this system, the main parameters satisfy:m = 2,
n=2,q9g=1r=0.1fe; < q(r +1) =t + 1 is satis-
fied, there is a fully decoupled vector for fault detection.

In this case, & = rank(y, : H? Hf[l), the

dimensions of (Hr : Htri Hgl) is [q(r + 1)] x
[(m—-—DE+D+n+r(r+D]=(+1) x(r+3).
Becausetr +1 <7 +3, then e <7+1. If
(H, @ H? Hf,‘) is full row rank, then e, = 7 +
1, otherwise &; < 7 + 1. Based on the previous con-
clusion, no matter how to expand 7, the existence of a
decoupling vector cannot be guaranteed. Therefore, to
reduce the amount of calculation, we choose T = 2 in
this case to calculate the suboptimal decoupling vector.

Test1: Step fault is added at the 40 s on channel 1, and
the fault is not added on channel 2. The residual gener-
ated by the fault detection vector designed for channel
1 is shown in Figure 11

Test2: Step fault is added at the 40 s on channel 1, and
step fault is added at the 30 s on channel 2. The resid-
ual generated by the fault detection vector designed for
channel 1 is shown in Figure 12.
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Figure 13. Comparison and description.

Table 1. Comparison of some different fault diagnosis studies.

No. title focus characteristics of the method
1 Application of fully decoupled parity Parity equation vectors It detects the Actuators’
equation in fault detection and fault.
identification of DC motors Robust

2 Failure detection of redundant sensor
with reduced-order parity vectors

3 Robust fault estimation design for
discrete-time nonlinear systems by a
modified fuzzy fault estimation

Reduced-order parity
vectors

Fuzzy fault estimation
observer

It detects and isolates the
sensor’s fault.

Fault estimation

Robust.

Fault estimation

observer
4 This paper Decoupling fault detection Robust.
vectors. Detect and isolate the
TS fuzzy actuators' fault

When the fault was not added, as shown in Figure
11, before the 40 s, the residual is zero. When the fault
occurs at 40 s, the residual is displayed after a very short
delay. In Figure 12, the fault detection vector designed
for channel 1 is only sensitive to the fault of channel 1.
Even if the fault is added to the second channel at 30s, it
only produces a small fluctuation. Finally, the residual
reflects the fault of channel 1 added at 40 s. The compar-
ison and explanation illustrate the process more clearly
in Figure 13.

As expected, the two figures are nearly the same. The
faults of the two are very different, but the figures are
still very similar because they both reflect the residual
of channel 1. This proves that the residual of channel
1 is almost independent of the fault of channel 2. The
experiment verifies the success of decoupling.

7. Conclusion

In this article, the parity vector of decoupled fault detec-
tion was designed for the TS fuzzy system. The best
scenario is that a fully decoupled fault detection vec-
tor exists. For some systems, this requirement cannot
be met. Then, we designed a suboptimal decoupled
fault detection vector instead. The most obvious advan-
tage of the method is the decoupling of different chan-
nels. Fault diagnosis is very concerning topic in recent
years. Many results on fault detection are published.
The focus of these studies is very different. To make
the characteristics of this paper clearer, here is a simple
comparison shown in Table 1.

The research in this paper may be more similar to the
research of No. 1 in Tab. 1. However, No. 1 only focuses
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on the determined system. To deal with uncertain sys-
tems, TS fuzzy is introduced in this paper. In addition,
the suboptimal decoupling fault detection vector pro-
posed in this paper greatly expands the applicability of
the method.
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