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Fault Diagnosis in a Class of Differential-Algebraic Systems
Wen Chen, Mehrdad Saif, and Bahram Shafai

Abstract—An lterative Learning Observer (ILO) is pro-  tribution of [14] is to design and analyze a numerically
posed for fault diagnosis in a class of differential-algebraic feasible learning scheme for robust and stable fault diag-
nonlinear systems described by so-called semi-explicit form nosis of differential-algebraic systems. The proposed fault

with index 1. The main feature of this ILO-based fault di . hitect it the phvsical ¢ f
diagnosis strategy is that the ILO can estimate both system Y!29NOSIS architecture monitors the physical system for any

states and algebraic variable. This is important since both fault  Off-nominal behavior using online modelling techniques and

detection and estimation can be achieved. As a result the ILO learning algorithms. Online approximators, in the form of

can still track the post-fault system. Moreover, the ILO input  neural networks, are utilized in the detection of faults and

can be used to isolate faults. The simulation study presented i, he derivation of models for the fault function, which

shows the effectiveness of this ILO-based fault detection and b d for fault isolati fault identificati d fault

estimation strategy for differential-algebraic systems. can be use .or auft Isolation, fault idenufication, and fau
accommodation.

. INTRODUCTION In this paper, fault detection and estimation issues, based

A large class of engineering systems are described gl an ILO, will be discussed in a class of differential-
a mix of differential and algebraic equations. Example oflgebraic systems that are in the so-called semi-explicit
such systems are power systems, robotic manipulators, ai@im with index 1.
electric circuits, and chemical processes [5], [13], [14]. For
example, in a chemical process, the differential equationg' PROBLEM STATEMENT AND SYSTEM FORMULATION
may arise from dynamic conservation equations, while the Consider a class of differential-algebraic systems de-
algebraic equations commonly arise from thermodynamiscribed by
equilibrium relations, empirical correlations, pseudo-steady-

state assumptions, and so on. i(t) = Ax(t)+ 2(x(t), 2(t), u(?) + fa(t)
Research on the control of differential-algebraic systems 0 = k(z)+g(2)2(t) @)
has attracted a great deal of attention during the past few y(t) = Cx(t) + Dz(t)

years. The problem of feedback controller synthesis hggiin compatible initial conditions, where(t) € R is
been addressed only for restricted classes of differentiglimeasurable system state vecteft) € %' is algebraic
algebraic systems that mainly arise from mechanical SY¥ariable; y(t) € R” is measurable outputi(t) € R™ is
tems [7], [10]. A framework for study of Lyapunov stability system control input®(z, z,u) : R x R x R™ — R" is
of equilibria in differential-algebraic systems is presented i Lipschitz nonlinearityyf, (¢) represents system faults, say
[5]. [9] addresses the output feedback control problem foéged components or actuator faultsie R"*", C' € RP*"
a class of nonlinear multivaraible high-index differential-gng p ¢ Rrx! are constant matriced;(z) :7§R" R
algebraic equation systems in semi-explicit form. g(z) : R — RIXL,

_Atthe same time over the last two decades, fault diagno- remark 1:Incompatible initial conditions will typically
sis has attracted a lot of attention. The majority work is t@,54 to jumps in the constraint [5].
design, analyze fault detection and isolation issue for both ramark 2:The above description of differential-

linear and nonlinear systems [1], [2], [8], [11], [15], [16] 4gepraic systems is in the so-called semi-explicit form

In this wor'k, fault' diagnosis.problem will be discussed ir‘[4] with the algebraic variables(t) appearing linearly.
a class of differential-algebraic systems based on an Itergpq semi-explicit differential-algebraic system model is

tive Learning Observer. A nonlinear sliding mode observer, o ated by some practical applications, such as chemical
is proposed in [13] for a linear differential-algebraic SySte”brocesses. Moreover, the linear form of the algebraic
whose model is first realized by converting it into an eq‘JiVVariables,z(t) is also typical in chemical processes.

alent control problem via the singularly perturbed sliding The problem in question is to construct an ILO in a class

manifold_(SPSM) approach. A ro_bust s_Ii_din_g observer i%f differential-algebraic systems described in (1) for the
then designed, ensuring asymptotic stability in the presenﬁtarpose of fault diagnosis.

ofglsturbantc((ajs. de. f ks h b q tor fault Following nomenclature is adopted in this work:
ver past decade, few works have been done for fault . rrancnoce of matrixd; [|A] = [mas(ATA)]:

diagnosis in differential-algebraic systems. The main CONatrix norm where .., is the maximum eigenvalue;

_ (T % ; . .
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Assumption 1:Fault f,(¢) is bounded with| f,(¢)]] <
by, Vt>0. L(t)

Assumption 2:g(x) € R*! has full rank.

Assumption 3:®(x, z,u) is bounded and satisfies Lips-
chitz condition with Lipschitz constants andb, i.e.

= (A-LOYZ(t) + [®(z,z,u) — D(, 2,u)]

) —LDz( )+ fult) +0()

) = g k() + o7 @)

ity = Ci) + D) -
O(z, 2,u)—P(2, 2,u)|| < byl|z(t)—2(t)||+bal|2(t)—2(2)]- _ o

120, 2, u)=@(2, 2, )l < ballar(t) =2 (0)][+ball(t)=2( )2” whereZ(t) = z(t) — Z(t) is system state estimation error,
Assumption 4:g~'(z)k(z) satisfies Lipschitz condition % is algebraic variable estimation error, matfix— LC') can

with Lipschitz constants; i.e. be a stable matrix by selecting an appropriate gain matrix

L.
lg™  (@)k(x) — g~ (@)k(2)]| < bsllz(t) — &) (3) The ILO inputv(t) is updated by the immediate past

Assumption 5:Matrix A is Hurwitz and system (1) is values such that(t) can estimate faulf,(t) that will be

bounded input-bounded state stable. seen in the simulation. Our next task is to prove the stability
Remark 3:Because of Assumption 2, the algebraic variof the proposed ILO (6).

able z(t) can be directly solved as N )
B. Stability Analysis

_ -1
2(t) = —g~ (@)k(z). ) To prove theorem 1 that states the stability conditions of
In addition, with the help of Assumptions 3 and 4,the proposed ILO, Igmma lis r_equirgd.
following result can be further derived Lemma 1:1f ILO input v(¢) is defined by (6), then
L5 . following inequality holds
@G, 2.u) — @@ 2w < b lo(t) — 2(2)] g ety e
+bollg ™! (2)k(z) — g7 (2)k(2)]| 5 Ov(t) < 3v”(t —7)K{ Kot —7)
< bafle(t) = 2(0)] 4 babs|lx(t) — 2(t)]| 32T (t — 7) (Ko C0) T (K C)a(t — 7)
= baflz(t) — 2@ +327(t — 7)(K2D)T (K2 D)2(t — T)'(S)
whereby = by + bobs. Proof:
1. M AIN RESULT Substituting expression of ILO input(¢) in (6) into
T .
In this section, we present an ILO for the consideregv (t)v(t) we have:
differential-algebraic systems, then its stability will be ( Yw(t) = 20T (t — 1) KT Kyv(t — 1)
proved. +21} (t— 1) KT KyC3(t — 1)
. . . +20T(t — 1) KT Ko DZ(t — 1)
A. An ILO for Differential-Algebraic Systems 1237 (¢ — 7)(Ko )TKlv(t i
The ILO was first suggested in [3]. The main character- +27T (t — 7)(K20)T (K2C)Z(t — 7) (9)
istic of it is t_hat its states are updated or driven sucgessively +237(t — T)(KQC) (KQD)z(t —7)
by the previous system output errors and the previous ILO +2zT(t — ) (K3 D) Kyo(t — 7)
input. Here,Iterative indicates that ILO repeats the same +237(t — 7)(K,D)T (K,C)Z(t — 7)
operation, i.e. the operation of the ILO input being always +257(t — 7) (K2 D)T (Ko D)3(t — 7).

updated by the previous information. i
An ILO for the differential-algebraic systems (1) is BY @pplying the following inequality

proposed in following form 2a7b < aTa +bTb V oa,be R, (10)
:Egt; = A:%(tl)(Jr);I)((i)(t),é(t), u) + L(y(t) = 9(t)) —v(t)  \we have:
2t = —¢ @)k _
ot) = Kyolt—7) + Kaly(t — ) — §(t — )] 20’ {t ~ T KaCalt — 1)
i) = Ci(t)+ DA(t) <o (t—7)K{ Kqo(t —7) (11)
(6) +3T(t — 1) (K. CO) T (K O)E(t — 1)
where (t) € R" is the estimated system statg) € 20T (t — VKT KoD3(t — 1)
R! is the estimated algebraic variablg{t) € ®? is the oT(t — ) KT K u(t — 1) (12)
estimated system output at time 7 is sampling time :LéT(t_T)(KzD) (K»D)(t — 1)
interval; y(t — 7) € R? is the immediate past measurable
output, i.e. the output at time—7; v(¢) is calledILO input, 287 (t — 7)(K0) ' Kyo(t — 1)
L andK/s are gain matrices with appropriate dimensions to <of(t—7)K{ Kyv(t —7) (13)
be determined, where= 1, 2. It is noted that the algebraic +21(t — 7)(K2C) T (K C)E(t — 1)
variablez(t) is directly estimated from the estimatedt)
because of Assumption 2. 27T (t — 7)(KC)T (K2 Vi(t —T)
Subtracting observer (6) from (1) leads following estima- <iT(t - 71)(KC ) (K2C)E(t — ) (14)
tion error equation: +2T(t — 7)(KoD)T (KQD) (t—1)
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277 (t — 1) (K2 D) T Kyo(t — 7)
< Tt — 7)(K2D)T (KoD)z(t — 7)
+oT'(t — 1) KT Kyo(t — 1)

(15)

25T (t — 7)(KoD)T (K C)E(t — 7)
< 2T(t—f)(K2D) (K2D)z(t — 1)
+3T(t — 1) (K. OV (K, O)E(t — 7).
Substituting (11) through (16) into (9), we have
v (tv(t) < 30Tt —7)KI Kot — 1)
+3i‘T(t — T)(KQC)T(KQC)

(16)

This completes the proof.

For any@ = QT > 0, there exists a? = PT > 0
satisfying following equation

(A-LC)'P+P(A-LC)+PP+R=-Q, (23)

and let

(6 +3y)K{ K1 <1,
)\mzn(R) Z (6 + 37)/\max[(K2D)T(K2D)]b£2),
+(6 + 3'}/)A'rmw:[(KQC)T(K20)]a
(24)
(22) can be simplified as

“Amin(@) 2] = yoT (t)o(t)
+2Xmaa (P)bs||LD|[|Z]]* + 2Amaz (P)ba 12
+2Amaz (P)by | ]|

Vo<

(25)

Theorem 1:Consider differential-algebraic systems (1)Accord na to 61 [12
satisfying Assumptions 1-5, and the ILO is given in (6) ing to [6], [12],
If (23) and (24) hold, then system state estimation error |s

the above inequality has following
orm by some operation

bounded. Vo< —al#|]? + @] - " (to(t) (26)
Proof: < =2/ — T () (t) + E,
Consider following Lyapunov function candidate:
where ¢ = 2X0(P)by, a = Auin(Q) —

(Z’T

V() = iTPfi—k/t (0)Rz(0)do
—|—/ti vT (@)v(a)da

whereP = PT >0 andR = RT > 0.

(18)

2 maz (P)bs||LD|| — 2Amaz(P)bs, then the ILO for
the differential-algebraic systems is stable. Furthermore,
Assumption 4 can guarantee the boundednesgf The
proof is complete. [ ]
Remark 4:In fact, 2 can be proved bounded, to this end,
let w(t) := Z(t), and differentiate state estimation error (7)

Substituting (7) into the derivative of Lyapunov functionto obtain

candidateV leads

V — ~T((A LC)TP+P(A ))IE*QITPLDZ w:(A—LC)w+s—LD2+fa(t)+v(t) (27)
+25T P(®(x, 2 u) ®(2,2,u)) + 28T Pf, wherei(t) = K .
v =FK0(t —7)+ KoCw(t — 7) + Ko DZ(t — 7)
+227 Pu(t) + ( Ju(t) — vT( ) (t—7) and
+3T (t)Rz(t) — 2T (t — T)RE(t — p
o ) o ) (19) s = —(D(x,z,u) — (&, 2,u))
By applying inequality (10), following inequality holds dt 9% 9%
25T Po(t) < 2T PP + v (t)v(t). (20) = | gz @ a W+ g2z -
0P 0P .
Substituting (5) and (20) into (19), we get — %(A,é, )& g(:ﬁ,é,u)é
V < iT((A-LC)TP+ P(A—LC)+ PP+ R)i 0% oe .. .
+ |5 g a )
+2/\maz(131)b3‘|LD||||Cz’|1L2+2)\maz(P)b4||i’H2 ou (x z u)u ou (33 z U)u
+(2+y)v' (F)o(t) — vt (t—T1)v(t —T) = . o
- - ~ Lett h(x) = k d diff tiat t
+23TPf, — T (t)v(t) — 2T (t — 7)RE(t — 7) |eades Ifr(])?low(ln) ; ‘(Ijt (x)k(x) and differentiatingZ()
21) g results
whereI; € ®*! is an identity matrix. oh . Oh . Oh . Oh .
Using Lemma 1, the above equation can be further ) = _%(x)x + g(x)m %(f)x O 5 (2)%
extended as oh, . Oh oh, . T
. = |5, @~ 5 @)@+ 5o (@) [& -
V < #T((A-LC)TP+ P(A—LC)+ PP+ R)Z x 93 z 29)
+2Amaz (P)bs|| LD|||Z]|* + 2Amaz (P)bal|Z]| Oh . Oh P -
+oT(t = 7)[(6 + 37) KT Ky — Io(t — 1) Assume thata—x (z)— %(x) satisfies Lipschitz condition

+(6 + 37) Aoz [(K2 D) (K2 D) V3|2 (t — 7)1
(6 + 37) Amaz [ (K20)T (EO)] |2 (t — 7)1
—Amin(R)||2(t — 7')”2

o™ (t)u(t)

+2)\mar(P)bf||57” -
(22)
wherel € ®"*" is an identity matrix.

with Lipschitz constant;,, and that%(:c) is bounded

is also bounded because of Assumgtions 1, 3, and 5, then
take norms on both sides of equation (29), we obtain

121l < bullZ ([l + H%(i‘)\lllwll (30)
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8(1) 8@ tate 1 and its Estimation

Assume that[aa(x,z,u) - %(i,é,u) , wherea = r =
{z, z,u}, satisfies Lipschitz condition as that in Assumption oa} 1
oh i

3, and that— (&, 2,u)), 4, — E)( z) are bounded, where ~ **

€T
b={x,z}, tﬁereforez is bounded, moreover

9P o N ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
sl < H 3 (@, z,u)E — a—(i,é,u)g’s ” L2 s 4 s 87T B9
T i
+ a(b ( o ) . a¢ ( o ) . . St?ieZand |‘ls Es(lma(‘\on
— T, zZ,u)r — — (T, 2,u)x
or or
n 6<I>( )3 8<I>(A )
8chzuz 8290, ,U)2
o oo
+ a(ié, )Z*a(i s u)Z
P o » ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
+ ai(x,az?u)it 87(3/\772711‘)/“ 0 1 2 3 4 5 6 7 8 9 10
u U
0o 0 Fig. 1. State estimation by ILO.
+ 8(13( + o= i N 04 Algebraic Variable and its Estimation
ox
8@ 8@ A 0.2 i
+ E(m,z,u) E(;&z,u) 12|l 0 |
0P 0P
+ %(I,Z,u) - %(ivévu) Hu” -0.2f i
< rtrefwll 31) B T I S T S T S B
wherer; andr, are two positive constants. v(t)~—residual & fault estimation

Using an analysis similar to that used in the analysis of
the estimation error dynamics, one can show thaf| is
bounded with the assumption that the derivative of faults is
bounded.

Remark 5:In fact, in the course of the proof of Theorem -oos 8
1, a systematic method has been derived for selecting eac
parameter of the ILO, as shown in (23) and (24).

Remark 6:From the proof of Theorem 1, and remark Fig. 2. Algebraic Variable and ILO input V(t).

4, it is known that both estimation errok(¢) and its

derivativez (t) are bounded, accordingly(t)+ f,(t) is also

bounded, thereby, the ILO inputt) can detect, estimate or  Based on equation (6), an ILO is constructed as follows
reconstruct faultf, (¢). This will be seen in the simulation.
Because of its capability of reconstructing actuator faults,

0.05 ! <

L L L L L L L L L
0 1 2 3 4 5 6 7 8 9 10

ILO input can be utilized to isolate faults. In addition, gfl(t) = —hi—022n +0-15(t) + v(?)
the boundedness of(t) + f.(t) also explains that the Ba(t) = &1 — 3Fp + 2u(t)
robustness of ILO results from ILO inputt), it is v(¢) that v(t) = 0dv(t —7)+205(t —7) (33)
compensates the effect ¢f(¢) on estimate error dynamics, ’f(t) - 9'4x1 R
such that the ILO can still track the post-faulty system. () = 21+0.022
IV. AN ILLUSTRATIVE EXAMPLE The state and algebraic variables are initialized to con-

To illustrate the effectiveness of the ILO-based faul?'Stem values. The sampling time interval is taken as 0.01.

detection and estimation in a class of differential-algebraic Figures 1 and 2 show that both the estimated algebraic

systems, we consider following system given by variable and system states can quickly converge to their real
values. It can been seen that after an abrupt fault occurs at
z1(t) = —x1—02zx1 + fu(t) time t=5, all ILO states can still follow the system states
o(t) = x1 — 3xo + 2u(t) 32) after a transition because the ILO input compensates the
z(t) = 0.4z effect of the fault. Therefore, ILO input(¢) can be selected
y(t) = x1+0.02z as a residual and can be used to estimate the fault (the dotted

line) as shown in Figure 2.
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V. CONCLUSIONS

An ILO-based fault diagnosis strategy has been
proposed in a class of differential-algebraic systems with
semi-explicit form. The ILO is updated at each sampling
instance, therefore, its input that can reconstruct actuator
faults can be used as a residual because it can keep
alert on system any variation. Once fault reconstruction
is achieved, fault isolation can be done by inspecting
each component of ILO input. The illustrative example
demonstrates that this kind of ILO-based fault diagnosis
approach is successful.

Acknowledgement-This research was supported by Natural
Sciences and Engineering Research Council (NSERC) of
Canada

REFERENCES

[1] Chen, J. and Patton, R. J. (1996). Design of unknown input observers
and robust fault detection filteriternational Journal of Control, 63
85-105.

[2] Chen, W. and Saif, M. (2000). A Variable Structure Adaptive
Observer Approach for Actuator Fault Detection and Diagnosis
in Uncertain Nonlinear System®&roceedings of American Control
Conference, 20Q0Chicago, USA (pp. 2674-2678).

[3] Chen, W. and Saif, M. (2001). Robust Fault Diagnosis in Time-Delay
Nonlinear Systems via An ILO with Application to Automotive
Engine.IFAC 2002 Barcelona, Spain.

[4] Gear, C. W. (1988). Differential-algebraic equation index transfor-
mations.SIAM Journal on Scientific and Statistical ComputiSg

[5] Hill, D. J. and Mareels, I. M. Y. (1990). Stability theory for dif-
ferential/algebraic systems with application to power systeEiSE
Transaction on Circuits and Systems,, p. 1416-1422.

[6] Khalil, H. K. (1996). Nonlinear systemsUpper Saddle River. NJ:
Prentice-Hall.

[7] Krishnan, H., and McClamroch, N. H. (1993). Tracking in control
systems described by nonlinear differential-algebraic equations with
applications to constrained robot systefsoceedings of American
Control Conference, 1993an Francisco, USA (pp. 837).

[8] Krishnaswami, V. et al. (1996). Application of sliding mode observers
to automobile powertrain diagnostiddroceedings of IEEE Interna-
tional Conference on Control ApplicationBearborn, Ml September
15-18, pp. 355-360.

[9] Kumar, A. and Daoutidis, P. (1995). Feedback control of nonlinear
differential-algebraic equation systerddChE Journal, 41619-636.

[10] McClamroch, N. H. (1990). Feedback stabilization of control systems
described by a class of nonlinear differential-algebraic equations.
Systems & Control Letters, 153-60.

[11] Minghui Kao and John J. Moskwa (1994). Engine load and equiv-
alence ratio estimation for control and diagnostics via nonlinear
sliding observerProceedings of the American Control Conference
Baltimore, Maryland, June, 1994, pp. 1574-1578.

[12] Qu, Z. (1998).Robust control of nonlinear uncertain systerdehn
Wiley & Sons, Inc.

[13] Tarraf, D. C. and Asada, H. H. (2001). A sliding observer for
differential-algebraic (DAE) systemPBroceedings of American Con-
trol Conference, 2001Arlington, USA (pp. 25-27).

[14] Vemuri, A. T., Polycarpou, M. M. and Ciric, A. R. (2001). Fault
diagnosis of differential-algebraic system&EE Transactions on
Systems, Man, and Cybernetics-Part A, 343-152.

[15] Xiong, Y. and Saif, M. (2000). Robust fault detection and isolation
via a diagnostic observeinternational Journal of Robust and
Nonlinear Control, 111175-1192.

[16] Yang, H. and Saif, M. (1997). Robust observation and fault diagnosis
in a class of time-delay control systenfsoceedings of the American
Control ConferenceAlbuguerque, New Mexico, June (pp. 478-482).

4402



	MAIN MENU
	Front Matter
	Technical Program
	Author Index

	Search CD-ROM
	Search Results
	Print
	View Full Page
	Zoom In
	Zoom Out
	Go To Previous Document
	CD-ROM Help

	Header: Proceeding of the 2004 American Control Conference
Boston, Massachusetts June 30 - July 2, 2004
	Footer: 0-7803-8335-4/04/$17.00 ©2004 AACC
	Session: FrA15.1
	Page0: 4398
	Page1: 4399
	Page2: 4400
	Page3: 4401
	Page4: 4402


