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Abstract

The paper is devoted to the problem of fault isolation in technical systems described by linear dynamic models. The
data-driven method providing a possibility to consider the systems with unknown parameters is used. To isolate faults,
the special parallel decomposition of the initial system is suggested. This decomposition contains several subsystems
such that the i-th subsystem is free from the i-th fault. This property allows to consider the faults independently of one
another and to develop the fault isolation procedure. To construct such decomposition, special algorithm is suggested.
To apply the data-driven method, each subsystem should be transformed into well-known identification canonical form.
The theoretical results are illustrated by the example.
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1. Introduction

The problem of fault diagnosis in technical systems was extensively investigated for the past 25 years; see,
e.g., the papers [6, 7, 8, 13, 14, 16, 18], the books [2, 3, 9-12]. Many problems have been studied and solved: different
methods of residual generation and relationships among them, robustness and adaptive threshold test, H_, approach,
fuzzy logic. Many types of systems have been considered: linear, bilinear, linearly-analytical, descriptor, different
classes of nonlinear systems. Many practical examples have been considered; see, for example, books devoted to
industrial and mechatronic systems [3, 11, 12].

There exists a promising method of fault diagnosis known as “model-free” or “data-driven” method developed
for fault detection in technical systems described by linear models mainly [1, 4, 5, 15, 17]. The feature of this method is
that parameters of the system under consideration may be unknown. Therefore, this method may be named as the non-
parametric one as well.

The peculiarity of the method developed in [1, 4, 15] lies in the fact that it allows to detect faults only but not
isolate. However, many practical applications need in more precise information about the faults, i.e. they need in fault
isolation. Timely and exact fault isolation allows to reduce the working expenses. The purpose of the present paper is to
develop the procedure based on the data-driven method which allows to isolate the faults.

The method suggested in [1, 4, 15] assumes that diagnostic procedure uses the matrix V built on the basis of the
measurements (u(t), y(t)), t=0.1,...,T , for some temporal interval T , where u(t) and y(t) are vectors of control and

output, respectively. Decision making is based on the kernel of the matrix V using to generate the residual.
2. Preliminaries

Consider the discrete-time linear control system described by the model

X(t+1) = Fx(t) + Gu(t) + iDiy(t) , Y(t) = Hx(t) 1)

i=1

where xe X cR", ueU cR™M, and yeY < R' are vectors of state, control and output; F, G, H, and D; are
constant matrices, one assumes that the matrix F is nonsingular; v = (y1,7,....7s)" is the vector corresponding to the
faults: for the healthy system v, =0, if the i-th fault occurs, v;(t) becomes an unknown function of time, i =12,...,s .
Notice that non-singularity of the matrix F is a limitation on the class of systems under diagnosis.

The main idea of fault isolation suggested in the paper is based on the decomposition of the initial systems shown in
Figure 1. Here X,, X,, ..., X, are some subsystems, y® y@ .y are some linear functions of the output
vector y :

p

yO ZROy @ _R@y e _ Ry

Here p<l1, p<s; R® R® ... R are some matrices to be determined.
To solve the problem under consideration, one assumes that elements of the vector y = (yl,yg,...,ys)T are distributed
among p+1 sets T'={l},[},I5,...,[;} so that the subsystem X; does not contain the elements from the set I}, the

subsystem X, from the set T', and so on; the elements from T, are contained in all subsystems.

yo
» N —

u y®
> % —

y®
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Fig. 1. Decomposition of the initial system
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To isolate the faults, the diagnostic procedure considered in [1, 4, 15] is applied to the subsystems Z;, ¥,, ..., £, by

finding the matrices VASBRVAC) y e v (P puilt on the basis of the measurements
(), y?), t=01...T;, @) y? @), t=01...T,, @),y ), t=01..T,

respectively. The residuals r,, r,, ..., r, are generated on a basis of the data-driven method, and decision making is
based on the binary matrix S of fault syndromes

101 -1
sl 101
111 -0
where rows correspond to the residuals r,, r,, ..., ry, columns correspond to the sets Iy, I3, I, ..., I'y; the symbols 0

and 1 correspond to r, =0 and r; =0, respectively. Clearly, the fault isolation procedure can be achieved with an
accuracy of the sets Iy, I5,..., I'y.
3. Subsystem X%; construction

Assume that the subsystem X, is described by the equations similar to (1):

xO(t+1) = FOxO )+ 6Ouy + XDy, yO(t)= HOxO ) @)

j#

where F®, GO H® and DY are some matrices to be determined. It is known that the state x(t) is a linear
combination of the system (1) state x(t) according to

xOt) = 0Ox(t), 3

for some matrix @ in the unfaulty case after the response to unlike conditions has died out. Rewriting (3) for t+1
and using (1) and (2), one obtains

dVE = FOp® , oG = G(i), q)(i)Di =0, H Op® - rROK (4)
To construct the subsystem X;, introduce the matrix D' of maximal rank such that D'D; =0. In this case, the
condition @D, =0 implies the equality ®© =MD" =0 for some matrix M .

To find the matrix ®" satisfying the condition (4), construct a sequence of matrices P° = D', P*, P2,... as follows.
The matrix P is specified by P*:= N,P°, where the matrix N, is a solution of the algebraic equation

b 10 ©
represented in the form N =(N, Ng). By analogy, set p = NiPi , where N; is a solution of the algebraic equation
N(Pﬁ:i_ljzo, i=01,.. (6)
represented in the form N =(N; N/). The final step | is specified by the condition

rank (P1*1) = rank (P)

The last condition means that the matrix N; is nonsingular.
Equation (6) with i=j yields the expression
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Pl . , . _
N(piFJZNJ‘P’+NjF"Fl=0 )

or N;PIF+NjP=0.

Theorem. The matrix @@ :=pJ = N;...Ng D' satisfies the first condition in (4) for some matrix FO Besides, it is of
maximal rank, and its rows are linear comblnatlons of rows of the matrix D', i.e. ®™ =MD" for some matrix M .

Proof. The last part follows immediately from the definition of matrix @ . Denoting F® =-N ‘1N' one obtains from
(7) the first equality in (4) that proves the first part. To prove the rest, consider some matrix K satisfying the conditions
KF = F/K and K =QD' for some matrices F. and Q . Replace the matrix K with QD' =QP’:

QP°F = F.QP°

and rewrite the obtained expression in the form

@ F*Q)[P Flj 0

where known matrices are separated from the unknown ones. Since N =(N, Ng) is a solution of equatlon (5) one
obtains (Q —-RQ)=Cy(Ny Ng) for some matrix CO, in partlcular Q =CyN,. Therefore, K =CoyN,P° =C,P". It can
be shown by analogy that K =C,P?,..., K= C; P! =C; 1cI) for some matrices C,, ..., Cj. This means that the
matrix @@ is of maximal rank. The theorem has been proved.

To construct the subsystem =, set G® := @G and solve the algebraic equation

B( (D"('i)) -0 8)

If this equation has a solution, rewrite the matrix B in the form B=(B, Bj) and set R") := B, and H® := —By, since
in this case (8) implies the last equation in (4). Notice that since the matrix @ is of maximal rank, equation (8) has the
best possibility to be solved. Thus, the subsystem %, has been built; the rest subsystems are constructed analogously.
If ¥ =pPJ=N;..N,D' =0 or equation (8) has not a solution, the subsystem without the element y; does not exist, in
this case this element is included in the set T .

The constructed subsystems X;, ¥,, ..., £, are used to obtain the parity relations by known methods [1, 4,

15]; the i-th subsystem X; allows to generate the residual r;, i =1,2,..., p. The problem of fault isolation can be solved
based on the residuals r,, r,, ..., I, and the matrix S of fault syndromes.

4. lllustrative example

For simplicity, we introduce the following notation: x* == x(t+1), x:= x(t), u:=u(t), y:=y(t). It is assumed
that the system is described by the equations

X\ =Xy U+ Uy + Xg + 71+ 74
Xp = X3+ X5 +7;

X3 =—2Xg + X —U; +Uy — Xg — V3
Xy =Uy + X5 + 74

Xe =Xq + Uy + Xg + 73

Y1=X X%

Y2 =Xy
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Matrices describing the system are as follows:

010 0 1 11
001 0 1 0 0
F=|1 00 -2 —1,G=—11,H=((1)88_11 8)
000 O 1 0 1
000 1 1 1 0
1000 0000 00 0 O 0001
0 00O 0100 00 0 O 0000
D,={0 0 0 0|, D,={0 O O 0|, D=0 O -1 0|,D,={0 0 0 O
0 00O 0000 00 0 O 0001
0 00O 0000 00 1 O 0 00O
01000
Consider the first fault; it can be shown that D1:8 8 (1) (1) 8.According to the theorem, one obtains the matrix
00001

o® = (8 8 8 (1) (1)) Equation (8) yieldsR®Y = (0 1), therefore y® =y, = x{. To describe the subsystem s, ,

set
xO = T =0Wx=(x, x)T
@D+ _ [yt +\T _ T.
Then X" =(X; X5) =(Uy,+X5+7Ys Xg+U +X5+73) ;asaresult,

W =y ok oy,

9)

xF = x® 4 x® puy 4y,

1 00 0O
Analogously, one may find D? = 8 8 (1) (1) 8 and @@ =o® :(8 8 8 (l) (1)) i.e. the second subsystem
0 0001

coincides with the first one. Since the description of the subsystem does not contain the elements y, and v, , then
O ={v1.7.}-

100 -10
Considering by analogy the elements y; and vy, , one obtains o® =o® = {0 1 0 O OJ and sets
001 0 1

XD = (2 xD xT=0@x=(x,—x, X, X3 +%)"
As a result, the description of the subsystem X, =%, is as follows

Xt = x8 fu
O P o, @0

xP* =u, + x?

Clearly, T, ={y3.v,} and T, =@ . Equation (8) yields R® = (1 0), that gives y® =y; = x?. Clearly, the matrix

of fault syndromes is S :((1) (1))

The subsystems X, =%, and X;=X, can be used to obtain the parity relations and the residuals r, and r,,
respectively. Thus, the problem of fault isolation can be solved with an accuracy of the sets I; ={y,;,y,} and
I ={y3.74}.

To start with, the subsystem (9) should be transformed into the identification canonical form. To this end, set z; = xgl)

and z, == xV; as a result, the model (9) takes the form
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2 =2,42 +U +y3 =2, + YO +u; +7,4

z; =u, +t2Z) +Y4=Up +y(1) + 74

since

yO =z, (11)
Then one makes several temporal shifts in (11) to obtain the expression does not containing the components z; and z,:

yOt+D) =7, (t+D) = 2,(1) + yO (1) +uy (t) + 75 (1)

YOt +2) =2, +1) + yD(t +2) +u (t +2) +y5(t +2) =
Uy () + YD () + 7, @) + yP (t +2) + Uy (E+2) +v5(t +2).

According to [1, 4, 15], the residual r, can be generated as follows:

R =ya)+73t+D) = yO t+2) - U, +yO O + yO t+ D +u t+1) =
Yo (t+2) = (uy(t) + y, (1) + y, (t+1) +uy (t +1))
Clearly, r; (t) =0 if y5(t+1) =y,(t) =0, i.e. when the initial system is free from the third and fourth faults. Besides,

if y3(t+21) =0 or y,(t) =0, then r, (t) # 0 except y5(t+1)+y,(t)=0.
Since y@ =y, = x{?, the subsystem (10) is of identification canonical form already. Make several temporal shifts in

y@ = x® to obtain the expression does not containing the components of the vector x® :

Yy (t+1) = xP (t+1) = xP (t) +uy (1) + v, (1)
YOt +2) = xPt+D) +uy(t+) +7,(t+2) = xP O) + 7, (0) + Uy (t+2) + 7, (t +2)
YOt +3) = xP(t+1) + v, +1) + Uy (t+2) + 7, (t+2) = Uy ) + YO O) + v, (t+1) + Uy (t+2) + v, (L +2)

It can be shown that
F(t) = v1(t+2) +y,(t+2) = YOt +3) — Uy (1) + YO () + Uy (t +2)) = yy (t +3) — (uy (t) + Yy (1) + g (t + 2))

Clearly, the residual r, is sensitive to the first and second faults except v, (t+2)+vy,(t+1)=0.

5. Conclusion

The paper is devoted to the problem of fault isolation in technical systems described by linear models. The
data-driven method to solve this problem is used. The feature of this method is that parameters of the system under
consideration may be unknown. The suggested solution is based on the special decomposition of the initial system.
Then the data-driven method is applied to each subsystem of this decomposition. The solution about the faults is based
on the set of residuals generated by these subsystems and the matrix of fault syndromes.

The future plan of researches is developing a new algorithm to construct the decomposition shown in Figure 1
in order to overcome the limitation of non-singularity of the matrix F.
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