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A Process Fault Detection Filter Design by Fault Vector Modelling
Approach and an Application
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Abstract

A Detection Filter that can be used for the Detection and Isolation of process faults is proposed by the use

of fault vector modelling, and is applied to DC Motor fault detection.

The proposed detection filter is a new one in a view point that its outputs are the estimates of fault

variables(or linear combination of them) while all the existing filters estimate the state of process. By this

properties, the process fault detection systems with this filter can be constructed in very simple structure,

Besides the simplicity of structure and design procedure, the filter has an useful feature that various types

of fault can be estimated via the filter by choosing appropriate fault models,

1. Introduction,

Recently, Process Fault Detection problem has been
received considerable attention due to the increasing de-
mand on the system reliability and safety, where a fault
is considered to be a. nonpermitted deviation of ch-
aracteristics which leads to inability to fulfill the int-
ended purpose.

In general, a Fault Detection Scheme consists of two
stages; residual generation and decision making. In the
first stage, measured variables are processed to form re-
siduals. And the residuals are monitored to make fa-
ilure decision and to identify the fault types in the sec-

ond stage.
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Since the 1970’s, various fault detection schemes have
been reported and the work to date can be cl-
assified into two classes according to the methed of re-
sidual generation. The one is the state estimator based
scheme where State Observers or Kalman Filters are
used for generating the residual.”’ And the other is the
scheme based on parameter Identification and th-

eoretical modelling.”

The present study is related to the class 1, And the
purpose of this paper is to propose a Process Fault De-
tection Filter that generate the fault vector directly, but
not states of the system, by the use of fault vector mo-
delling and to apply the fillter to the process fault de-
tection,

While the previous approaches such as GLR¥, MLEY
can be used for the detecion of abrupt jumps only, the pro-
posed filter can be used for various types of fault: jump,
ramp and exponent etc. And the detection of fault can
be performed by simple threshold test,

The Detection Filter is a new one since the out-
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puts of the filter are the estimates of fault variable its-
elf while all the existing Detection Filters estimate the
states of the process.”’

The organization of this paper is as follows. In the
next section, problem. description is given. And ma-
thematical modelling of the fault vector is treated in sec-
tion III. In section IV, design method of detection fi-

lter is proposed. In section V, the proposed de-

tection filter is applied to the armature controlled DC.

Motor system for the detection and classification of pro-
bable process faults, Finally, in conclusion, possible ex-

tension and applications are discussed.
2. Problem Descriptions,

Consider the following dynamic system described by

x(t)=Ax(t)+Bu(t) (1
y(t)=Cx{t) (2)

where x(t) € R® u(t) € R"are the state vecfor, input
vector and y(t) € R” is measurement output vector. And
A, B and C are appropriate dimensional constant ma-
trices.

With the possible occurrence of a plant or actuator
fault, eq(1) can be modified as eq(3).

x(t)=Ax(t)+Bu(t)+Qw(t) (3)

In eq(3), Q is the (n, q) dimensional matrix that rep-
resents the channel through which fault vector af-
fects the process characteristics, And W(t) € R?is the
fault vector that may be expected to occur during the
process operation, Thus, the Qw(t) possibly means Bias
Fault, parameter fault AAx(t) and / or actuator fault
ABu(t) or BAu, etc,

Then, our problem is reduced to design a filter that
can directly generate the estimates of fault vector, fi(t)=
[i-th row(Q)}w(t), where the faults may occur at com-
pletely unknown instants and to design a Decision Logic
and, if possible, to find the source of the fault.

To design a Detection Filter that can generate the
estimates of fault, fault must be represented by the fi-
Iter output or linear combination of states of the fi-
Iter. And for the filter to have the property, the system
dynamic equation must be modified to have the faults
as state variables,

Therefore, design procedure of the filter contains the

mathematical modelling of the faults that may occur,

(431)

And the fault model is combined with original system
equation(3). Then a detection filter can be con-
structed for the Combined( Augmented) System.

At first, mathematical modelling of fault is pre-
sented, then filter design procedure for the Au-

gmented System is described.
3. Mathematical Model of a Fault,

Since the performance of the proposed Detection Fi-
Iter is largely dependent on the mathematical model of
the fault, it should be modelled so that the resultant
filter gives good estimates the faults,

Fortunately, it can be modelled by eq.(4), due to
the fact that the faults occurred in physical process fr-
equently possess the waveform structure such as jump

(step), ramp and exponential type etc,
wit) =25, ¢ (t) (4)

where ¢, (t)s are some basis functions and ¢; s are un-
known coefficients and m is finite number which can
be determined.

And methods of finding the dynamic representation
of w(t) can be classified into two cases: when exper-
imental data for each expected fault is available and
when there is no data on fault.

CASE[A]: Experimental Data (Waveform st-
ructure) is given.

In this case, $i(t)s can be %'elected from the ex-
perimental data and w(t)= gct #,(t) can be con-
gidered as a primitive of following differential eq-

uation
d™w m-1
W+ amgtmﬁﬂw+ < ta, dT";L-’rza,,w:t?(t) (5)

where ¢ (t) is an impulse function and as are co-
efficients of the equation., And this can be rep-
resented by an observable phase variable cannonical

form of eq.(6).
z(t)=Dz(t)+Ed (t)

6
w(t)=hz(t) (6)
with
D= -a, 10---07and h=[10---0]
-a,;,01---0
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{ 00---1 (1)
a; 00---0

E=[00---1]T

P

)

where D, E and h are (m,m), (m,1) and (1,m) di-
mensional matrices, respectively.

CASE[B] : No Experimental Data is given.

In many cases, experimental data for fault con-
dition cannot be obtatined since the system with some
fault may be operating in critical environment, In this
case, a fault may be modelled as Taylor series about

t as follows,

w(t)=cotetd - - - - Fcptm (8)

Then, the parmeters of eq.(6) can be obtained as

D=010---07,h"™= [1 andE=[0
001---0 0 0
------- (9)
000 -..1 0
000---0 1

where D, h and E are (m, m), (1, m) and (m, 1)
dimensional matrices.

By the use of suggested mathematical models, the re-
sultant Detection Filter gives good estimates for al-
most all of the fault that may occur in many pr-
actical processes by choosing appropriate m. For ex-
ample, m=1 for Jump type fault, m=2 for ramp type
and exponential type fault are sufficient order.

If w(t) is q dimensional vector, then i-th fault is rep-

restnted as

z{t) =Dz (t}+E; S (t)
w,(t)=hz(t)

(6’)

where zi is mi dimensional vector and Di, hi and E;
are (m;, m;), (1, m;) and (m;, 1) dimensional ma-

trices, And fault vector can be represented as

2(t)=Dz(t)+Ed (t) (10)

W(t)=Ha(t)

where z (t) € RM where M-—:ij{ m; and D, E and
H are (M, M), (M, q) and (q, M) dimensional ma-

trices respectively,

" A Process Fault Detection Filter Design by Fault Vector

(432)

Modelling Approach and an Application

H=11-0---0-07D=D:i0-- 0
0-1---0-0 0 D2--0
-o-o---l-oJ 0 0-- Dqg

E:{-OO ----- 0 -

10 -+ 0
000 0
........ (1
010 0
000 0
L0000 1

4. Detection Filter Design by using
Functional Observer Theory.

The proposed Detection Filter design procedure con-
sists of two stages. In the first stage, the original system
of eq.(3) and mathematical model of the fault variabl-
es (eq.(10)) are combined to construct an Au-

gmented System as follows,
x(t)= [A QH] x(t)+ [B] u(t)+ [O] d(t)(12)
O D 0 E

y(t)=[C :0]x(t)
where x(t) € R™*¥ is augmented state vector

=[x 7tz - - - 2] (13)

|4

and M is the order of fault vector model,

Now, the problem is reduced to design a filter that
estimates w,(t)=hgz,(t), i=1, 2, - - -, q for the au-
gmented system of eq.(12), (13).

To design a filter, we assume that the pair (C:A)
of the original system is completely observable, Then,
the pair/[C : 0]): JA QH

S
eq.(12) is also observable if and only if rank[’

Dof the augmented system

AQ
co

=n-+q® since the mathematical model of each fault var-
lable was represented by observable cannonical forms,
And Detection filter for eq.(12), therefore, exists,
Although the well known observer design pro-
cedure may be applicable when the order of Au-
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gmented System is low, it may not be applicable in
many cases when the order of original system is high
and / or the number of faults that may occur is large,
because the order of the resultant filter is very high in
these cases,

Therefore, it is desired, in general, to design a fi-
Iter of very lower order than that of the state es-
timators. And the requirement can be achieved by re-
stricting the variables to be estimated to a class of li-
near functionals of the states of augmented system of
eq.(12).

For the detection purpose, q independent linear fu-
nctionals of w;s or equivalenty X;s can be selected as
follows,

V(z)=Kx (14)

where V=[v1 vz - - - v¢J'and K is(qn+M) di-
mensional matrix whose first n column have all zero el-
ements, Then, a detection filter that generate the li-
near combinations of fault variables can be con-
structed as eq.(15), (16),

é(t)=FS(t)+Jy(t)+Gu(t)
V(x)=Kx(t)=Ly(t)+Ps(t)

(15)
(16)

where s(t) is the state vector of the filter, And the
parameters in eq.(15), (16) and the order of the fi-

Iter should be selected so as to meet the conditions in
0 D

{ B } C=[Co]
[ Theorem, 1]

o}
For the preselected F that has stable eigenvalues, if
there exist T such that

Theorem(1). Here after, we use B—

and A=[ A QH‘}. for brevity,

FT—TA=JC, G=TB
and K=PT+LC

(7)
(18)

and if the pair (P:F) is completely observable, then
V(x) is asymptotic estimates of Kx,

Proof of theorem. 1 is omitted since it can be seen
from ref[ 6]

Although the Theorem povide the necessary and su-
fficient existence condition of the Detection Filter, de-
sign procedures are very complicated, specially when
the estimation of multifunctional is required . For this

reason, a simple algorithmic procedure is given below,

(433)

in the light of [7].

The problem can be described as follows:

Given the system of eq.(12), find the parameters of
eq.(15), (16) and transformation matrix T such that
Theorem.1 is satisfied. And the solution for multi-
functional estimation may be given by sequential pro-
cedures that start with design of the filter for the first
functional v (x)=K,x where K, is 1st row of matrix K
and the preselected stable diagonal matrix F L

(solution for v (x)):

Let p, be (# —1) dimensional vector, [11 - - - 1]
where 4, is the observability index of the pair (C:A),
Then, L, and J, are the solutions of following linear al-
gebraic equation,

[t de T ) [ €T (A—aD)
(_: ul:—: (Afd) I)
¢l (A4, 1)
=K, 1 (A4, 1) 19
Then G,=T,B (20)

where T, is a (( #,—1), (n+gM)) dimensional trans-
formation matrix with j-th row, T,; of T, is com-
puted as follows,

Ty=dyC(A~dD)", j=1,2, - - -, (#,~—1)  (21)

The propriety of the parameters can be proved by
simple substitution of them to the conditions in Th-
eorem.l and is omitted,

(solution for v, (x);7=2,3, -, q);

Then same procedure is applied to the triple
[A.B,C.] for the functional v: =K,x and to the
triple { A,B, C,] for the functional
where Cl=[ C! T¢, -+ T, ].

When this procedure is applied, the order of the fi-

v, =K, x,

lter to estimate v; is less or equal to that of the fi-
lter to estimate v;, since u ;< #;,. And the order of the
overall filter is N, where NzZq} (1, —1),

J=1

Then, resultant Detection Filter that generate g-
independent linear combinations of fault variables can

be constructed as following equation
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where s is N dimensional state vector of the filter and
J, P are (M, 3: ( #i—1)+D), (q, N) dimensional ma-
trices with JJ,——O P;=0 for j<i. And F, G and L are
(N, N) (N, r) and (q, p) dimensional matrices re-
spectively,

Since the state vector of the augmented system of eq(
12 ) contains not only the process state vector but also
the fault vector, the state vector of the detection fi-

lter, s(t), is also the linear combination of them:

)

Therefore, the filter output V(x) may be chosen as
any linear combination of x, while only the com-
bination of z may be selected as V(x) for detection
purpose,

In this respect, the results of sec(iii) and (iv) can

be considered as a parmeter invariant functional ob-

server or, equivalentely, a functional observer for the

systems with unknown disurbances (with waveform st-

ructure) that has not been previously reported.

5. An Application (DC Motor)

Consider an armature controlled DC Motor system

driven by following equation

w (t) :’ ~B/J K¢/J J[ w (t) }%
i‘a(t) 7K9/L-a '7Ra/La ia(‘)
1 0 ea(t),y(t):r OH w (1) }

1/La 0 1] i) (24)

where parameters are given as folliws
R,=0.2813[ 2] | L,=0.007708[H]
J=0.133[Nmsec / rad], B=0,00722[ Nmsec / rad]
K=3.0631[Nm/A], K,=0050885[V /rad sec]

(434)
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Here, we assumed two step type bias faults for br-

evity. Then, Augmented System is obtained as eq.(25).

x(t)=r-05429 229555 1 0 7 x(t)-+ 0 u(t)
[ -6.60155 -36.4946 0 1 1 39,735]
0 0 00 0 J
0 0 00 0
y(t)= [1 00 JX(t) (25)
010

where x'=[x', z'Jand u=e,.
Since the detection filter must generate the fault variabl-

es, the output of the filter may be selected as

V,(£)=[00 10]x(t)
and
Vy()=[00 0 1]x(t)

(26)

By applying the design procedures in previous sec-

tion, two Ist order filters are constructed.

z1(t)=-z,(t)+[-.9457 - 22,9551y (t) (27)
22{1)=-62,(t)+[39.6093 182.9673]y(t)-778.412 u(t)

and
viiol=lo a1 (el +2ie)]

For the simulation study, motor fault types are cl-

z,(t) (28)

zy(t)

[

assified as following Table,

Table: Simulated motor fault.
failed comp, |parameter variation [%]
Brush R. +20
Load B,J 420,420
Shaft Support
Field Current I, +5
CoWilo Wrgs 3
Ja F
ze
; v(1)
12
- E g i 'y n
I :'""‘T".{;trV|\v v~y Pttt
12 F V(2
o f \\v / (2)
-2a F
F *«'\n’»«mﬂ W,
-3¢ o S 18 1s
L Time 3

Fig. 1. Detection Filter Responses for Brush fault(Rg:
20% increase) ( e,=75[V].) .
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Fig. 2. Detection Filter Responses for Load change B,
J: 20% increase) (ea=75[V]).
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Fig. 3. Detection Filter Responses for Field circuit fauit
(1, 5% increase) (e.=T75[V].).

For the above three cases, the fault is assumed to be
occurred at t=>5[sec], while time reference was ch-
osen to be the time when transient responses of the pro-
cess is settled down, Simulation results are given in Fig.1,
2, 3. And the simulations are performed in the noisy en-
vironment where input, measurment noises are as-
sumed to have zero mean and variance of 0000225, 8,
3521 and 0.00004096, respectively.

Fig.1 shows the filter outputs when 20[%] var-
iation of armature resistance is occurred at t=5[sec]
due to brush fault, Fig.2 shows the estimates of V, and
V, when 20[%] variation of Biscous Friction is oc-
curred due to the abrupt Load change and / or shaft
support fault. And the filter outputs for 5[%] var-
iation of field current that may occur when field ci-
rcuit is in abnormal operationg condition are shown in
Fig.3.

The details of the threshold selection and of the isol-

ation method are not described in here for brevity, since

it is not the main purpose of this study, However, the
fault can be easily detected by simple threshold test
and the isolation of the faults can also be performed
by the logical operation of the informations provided by
the filter and / or measuring instrument.

Tt is worth to note that V{(x)may be generated even in
the normal operating condition by the tolerable para-
meter perturbation and / or additional input,output noise,
Therefore, threshold values must be carefully se-
lected by considering the system characteristics such
as tolerable bounds of parameter perturbation and ef-

fects of noise on the filter etc.

6. Conclusion,

A Detection Filter(DF) that can be used for di-
rect genration of the process fault variables is pro-
posed by introducing the method of mathematical mo-
delling of unknown but probable fault variables. And
with the Detection Filter, simple Threshould Test is su-
fficient for the Process Fault Detection(PFD) and Di-
agnosis since outputs of the filter are the fault var-
iable itself, while state estimator based Fault De-
tection schemes require very complicated decision fu-
nction and logic, Due to the structural simplicity and
trivial computational burden, the PFD scheme with the
proposed filter may be practically implemented in real
time fashion.

In addition, various types of fault, for example, jump,
ramp, exponent and some nonlinearties etc, can be es-
timated by constructing appropriate fault models. Fi-
nally , the Detection Filter is applied for the fault de-

tection of armature controlled DC Motor System.

S, Y ——-

References

1) A, S. Willsky, “A survey of design methods for fa-
ilure detection in dynamic systems”, Automatica,
Vol. 12, pp.601-661, 1976,

2) R. Isermann, “Process Fault Detection Based on
Modelling and Estimation Method-A Survey”, Au-
tomatica Vol. 20, No, 4, pp.387-404, 1984,

3) A.S. Willsky and H. L. Johnes, “A Generalizad Li-
kelihood Ratio Approach to the Detection and Es-

timation of Jumps in Linear Systems”, IEEE Trans.



A Process Fault Detection Filter Design by Fault Vector Modelling Approach and an Application

Automat. contr, AC-21, pp.108-112, Feb. 1976

4) B. Friedland and S.Grabousky, “Estimating sudden
changes of Biases in Linear Dynamic Systems”,
IEEE Trans. Automat, contr, AC-27, No.1, pp.237-
240, 1982,

5) J. E. White and J. L. Speyer, “Detection Filter De-
sign by Eigensystem Assignment, “Proc ACC, pp.156-
163, 1985,

6) J. E. Fortmann and D Williamson, “Design of low-

order observers for linear feedback control laws”,

(436)

IEEE Trans. Automat, contr, AC-17, No.3, pp.301-
308, 1972,

7) P. Murdoch, “Design of Degenerate Observers”,
IEEE Trans., Automat, contr, AC-17, pp,441-442,
1974,

8) L.F, Paw, “Failure Diagnosis and Performance Mon-
itoring”, Marcel. Dekker, 1981,

9) J.0'Reilly, “Minimal-order observer for linear multi-
variable systems with unmeasurable disturbances”,
INT. J. Contr, Vol. 28, No. 5 pp.743-751, 1978,



