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Abstract
This paper deals with gas-leakage detection and isola-

tion in a �ne coal injection vessel for a blast furnace pro-
cess. Functions describing the expected time-domain be-
haviour of di�erent leakages are developed, thus reducing
the leakage isolation problem to pattern recognition. In
order to lower the computational burden while preserving
the essential dynamic behaviour of a leakage, a truncated
Laguerre series representation is used. The Generalized
Likelihood Ratio method is employed to compare the La-
guerre spectrum of the residual with the Laguerre spectra
of the prede�ned typical leakage functions. Tests of the
developed algorithm have been successfully performed at
SSAB Tunnpl�at, Lule�a.

1. Introduction
Pattern recognition is a general problem in e.g. signal

processing, identi�cation and fault detection, of which the
latter is the topic of this article. Being able to single out
the most probable cause of a non-zero residual by com-
paring it with a number of possible fault signatures is the
core of fault isolation. It is then desirable to represent the
essential dynamics of a signal compactly while removing
irrelevant behaviour and noise. One way of doing this is
to employ an orthonormal functional basis. This paper is
an example of the use of Laguerre functions.

The application considered is a pulverized coal injec-
tion plant for a blast furnace process. Coal powder is very
inammable and can self-ignite in contact with air. This
motivates the development of a leakage detection system
which can identify a faulty valve and thus facilitate main-
tenance and prevent accidents. E�cient maintenance is
very important since a continuous coal powder produc-
tion is crucial to blast furnace operation. A sudden loss
of coal injection capacity may lead to chilled hearth, a
condition that can have serious consequences for the blast
furnace. High performance pressure and ow control of
the coal injection plant is reported in [1].

The basic terminology and techniques for fault detec-
tion can be found in the survey by Frank [2]. State es-
timation by linear and nonlinear observers is often used.
Regarding linear systems, a number of di�erent techniques
exists, for example Unknown Input Observers, Dedicated
Observers, Parity Space and Kalman Filter Methods. A
survey on non-linear observers can be found in [3]. Fault

detection in non-linear systems is for example treated in
[4] and [5].

Faults can be divided in two groups: abrupt and in-
cipient faults. Incipient faults are often treated by identi-
�cation techniques [2], though, in this paper, an observer-
based method is utilised, mostly due to the availability of
reasonably good process models.

The paper's outline is as follows. First, a brief de-
scription of the coal injection plant is given. Then, a
Hammerstein physical model and an observer-based gas
leakage detection technique is presented. The residual
of the observer is sensitive to particular types of faults
in worn-out valves and is compared to the expected be-
haviour of a number of leakages. The residual and the
leakage functions are represented by means of their cor-
responding Laguerre spectra. Finally, the results of real
time experiments performed at SSAB Tunnpl�at, Lule�a are
reported.

2. Process description
Fig. 1 shows the principal structure of a coal injection

vessel.

Figure 1: Schematic drawing of an injection vessel

One vessel is depressurized, charged and pressurized
while the other vessel is injecting coal powder. In this
manner, continuous coal powder ow into the blast fur-
nace is achieved.

In Table 1, the nomenclature used in the sequel to



Table 1: Process phases
Phase Description

Charging The pressure-less vessel is �lled with
coal powder

Pressurization The injection vessel is set under
pressure

Pressure hold-
ing

Standby until the other vessel has
�nished injection

Injection The coal powder is injected into the
blast furnace

Ventilation Depressurization and ventilation of
the vessel

Table 2: Leakages
Leakage Possible

consequence
Notation

To the atmosphere Loss of nitrogen A
From the nitrogen
net

Over-pressurized
vessel

N

To/from the injec-
tion pipe

Fire I

No Leakage - ;

refer to di�erent process phases is summarized.
In order to be able to distinguish leakages in di�erent

valves, a process model for the pressurization and injec-
tion phases as well as a model for the ventilation phase are
developed [6]. These models are based on physical princi-
ples and therefore nonlinear. The plant dynamics can be
represented by

x(n+ 1) = Ax(n) +Bg(u(n)) (1)

y(n) = h(x(n))

where A and B are matrices containing identi�ed values
and the function g is a non-linear transformation of the

input signals. The state vector x =
�
mC mN

�T
rep-

resents the masses of coal and nitrogen in the vessel and

the output vector y =
�
m p

�T
is a nonlinear trans-

formation of x. The transformation, which is physically
motivated, is uniquely invertible and thus mC and mN

can be considered measurable.

3. Fault detection
The faults considered are three di�erent leakages (Ta-

ble 2).

3.1. Leakage model

The set of leakages is denoted L 4
= fA;N ; I; ;g. A

leakage can be interpreted as the ow through a valve with
an unknown control signal. The nitrogen leakage ow can
thus be represented by

q` = k`f` (�) ` 2 L (2)

where k` is an unknown time-varying factor and f` (�) is a
function of the pressures on each side of the leakage. The

trivial leakage function for the event of `No Leakage' is
f; = 0. The other leakage functions (fA, fN and fI) are
developed from physical equations.

3.2. Leakage detection
The leakage ow is modeled as an extra term added

to the right hand side of (1). The purpose of the fault de-
tection algorithm is thus to calculate this term. However,
the presence of noise makes it necessary to utilise feedback
(i.e. observers) in order to obtain �ltered estimates of the
leakage ow. The nonlinear models developed in the mod-
eling section are of the Hammerstein type and thus linear
�ltering can be used.

A linear observer for the system (1) is given by

x̂(n+ 1) = Ax̂(n) +Bg(u(n)) +K�(n)

where

�(n)
4
=
�
�C(n) �N(n)

�T 4
= x(n)� x̂(n)

= h�1(y(n))� x̂(n)

Since the state variables are decoupled (i.e. A is diago-
nal), it is assumed that a diagonal observer gain matrix
is su�cient. With the de�nitions above, it can be shown
that the residual �N is the net leakage qL, �ltered through
a �rst order �lter, thus �N (n) = H (q) qL(n) where q is the
forward shift operator. If the net leakage is assumed to be
slowly varying in time, the residual divided by the static
gain of the �lter above is a good approximation of the net
leakage whose measurements are corrupted by noise.

q̂L(n) =
1

H(1)
�N(n) (3)

4. Leakage isolation
The calculated leakage is assumed to be the sum of a

scaled leakage function and a disturbance, i.e. q̂L (n) =
k`f` (n) + e (n) where ` 2 L and the term e (n) is station-
ary zero-mean white Gaussian noise with variance �2, i.e.
e (n) 2 N (0; �)

Actually, e (n) is not Gaussian (probably due to un-
modelled non-linearities), but this fact does not have any
major inuence. When the transient behavior is excluded
from the data, the residual is fairly near normal distribu-
tion, but the results are virtually the same.

The factor k` in (2) is a measure of the size of the hole
through which the leakage ow takes place. This means
that k` varies slowly in time when describing incipient
leakages. If it is assumed to be constant during a reason-
ably long period of time (for example a process cycle), it
can be estimated using the Generalized Likelihood Ratio.

4.1. Leakage hypothesis testing
Four hypotheses (H;, HA, HN and HI) are formed

in agreement with the leakage events. The three leak-
age hypotheses are tested one by one against H; using
the Generalized Likelihood Ratio (GLR). If H; is rejected
in more than one of these tests, the hypothesis with the



highest GLR is accepted. The likelihood functions for the
hypotheses can be expressed as

P` (q̂L) =
NY
n=1

1

�
'

�
q̂L (n)� k`f` (n)

�

�

where ' is the scalar normal distribution density function
with zero mean and unit variance. The GLR for each
leakage hypothesis is

�` (q̂L) =

sup
k`>0

P` (q̂L)

P; (q̂L)

The restriction on k` comes from the fact that a negative
k` would imply a leakage ow from a lower pressure to a
higher. It can be shown that under the conditions above,
the leakage likelihood function, P` (q̂L), is maximized by

k̂` = arg sup
k`>0

P` (q̂L) = max

�
0;
hq̂L; f`i
hf`; f`i

�

where h�; �i denotes scalar product in RN , i.e.

hf1; f2i =
N�1X
n=0

f1(n)f2(n)

where N is the time interval of the logged data set. The
logarithmic GLR can then be expressed as

ln (�` (q̂L)) =

(
hq̂L;f`i

2

2�2hf`;f`i
hq̂L; f`i > 0

0 Otherwise
(4)

A threshold value, �, for �` must be set. If �` ex-
ceeds this value then the null hypothesis, H; , is rejected.
The threshold is generally calculated using the probabil-
ity of rejecting the null hypothesis when it is true, i.e.

P [�` (q̂L) > �]
4
= �, where P is the probability operator.

The probability � is called the level of the test and is usu-
ally set to a value in the range of 0:1% 6 � 6 5%. In the
case of the pressurization and injection system, however,
the severity of the modelling errors causes the stationar-
ity and zero-mean assumptions on the disturbance e (n) to
fall. This makes it necessary to use very low levels of the
test to prevent a high rate of false alarms. For this reason,
no fault probability is chosen but instead the threshold �
is chosen on the basis of experimental data.

4.2. Laguerre analysis
In order to decrease the extensive calculations implied

by the GLR method, the analysis is carried out in the La-
guerre domain. Laguerre coe�cients (i.e. Laguerre spec-
trum) of a signal present a parsimonious way of describing
its dynamic properties, when the signal exhibits a well-
damped behaviour.

The discrete time Laguerre functions in z-domain are
[7]

Lk (z) =
z
p
1� a2

z � a

�
1� az

z � a

�k
k � 0; � 1 < a < 1

and constitute an orthonormal basis in H2 (Dc) where Dc

is the complement of the unit disc in the complex plane.
Orthonormality is understood in the sense of the usual
inner product in l2(R+) which is, for two real functions
v and w represented by their corresponding z-transforms
V (z) and W (z), de�ned as

hv; wi = 1

2�|

I
�

V (z)W (z)
dz

z

where the contour � represents the unit circle and de-
notes complex conjugate. The time-domain discrete La-
guerre functions can be obtained via inverse z-transform,
thus lk (n) = Z �1 fLk (z)g. The Laguerre coe�cients of
a function f are equal to fk = hf; lki. Then the Laguerre
spectrum of f is de�ned as the set of fk; k = 0; : : : ;1.

It is straightforward to show that the scalar product
of two functions f and g is equal to the scalar product of
the Laguerre coe�cients of these functions, i.e.

hf; gi =
X
k�0

fkgk (5)

Thus, approximate values of leakage size and logarithmic
GLR can be obtained by replacing the scalar products by
the scalar products of the truncated Laguerre series of the
leakage functions.

hf; gi '
K�1X
k=0

fkgk

In order to obtain fast convergence of the Laguerre series
of a function f , the parameter a should be chosen so that
1=a is close to the dominating time constant of f [7]. The
leakage functions f` are �nite in time, and therefore 1=a is
chosen to be of the same order of magnitude as the time
interval of the logged data set.

The quality of the approximations depends greatly on
the number of Laguerre coe�cients K. In this particu-
lar case, three coe�cients su�ce to get good results (see
section 6).

Note that since the leakage functions look similar from
one process cycle to another, the Laguerre-coe�cients of
these function can be calculated in advance, thus reducing
the computational burden on the fault isolation system.

4.3. Modi�ed Laguerre spectrum
Laguerre spectrum analysis is best suited for smoothly

decaying signals. Since the �nite-time leakage functions do
not have this property, it is possible that a biased version
of them could be approximated better by their truncated
Laguerre spectrum. De�ne the biased �nite-time signal f
as

�f(n)
4
=

�
f(n)�mf 0 � n � N
0 Otherwise

where mf is an arbitrary number, for example the mean
value or the �nal value of the �nite-time function f(n). It
can be shown that the scalar product of two functions f



and g can be expressed in the Laguerre coe�cients of �f
and �g as

hf; gi '
K�1X
k=0

�fk�gk+mg

K�1X
k=0

�fksk+mf

K�1X
k=0

�gksk+Nmfmg

where equality holds when K ! 1. The constant sk
is the sum of Laguerre function number k over the time
interval of f , thus

sk
4
=

N�1X
n=0

lk(n)

The scalar product can also be expressed in the Laguerre
coe�cients of the original functions f and g as

hf; gi '
K�1X
k=0

fkgk +mfmg

 
N �

K�1X
k=0

s2k

!
(6)

Note that it can be shown that lim
K!1

PK�1

k=0 s2k = N and

thus (6) approaches (5) as K !1.
Since both the Laguerre coe�cients of the leakage

functions and also the sums of the Laguerre functions sk
can be pre-computed, (6) gives a computationally e�cient
way of approximating the scalar products of (4), provided
that the number of Laguerre coe�cients is small.

5. Implementation
Leakage detection is a part of SafePCI, a PC-based

system for control and monitoring of a pulverized coal
injection plant. Since model-based control and leakage
detection result in rather complex mathematical compu-
tations, the two tasks are divided and implemented in sep-
arate computers. An obvious advantage of this solution is
an increased reliability. Fig. 2 shows the principal struc-
ture of SafePCI.

The system hardware is connected to the coal injec-
tion plant via bu�er ampli�ers. Altogether 40 signals are
sampled and 4 actuators manipulated.

The leakage detection system is implemented as a
computer program named PCIguard. PCIguard has the
following features:

� On-line gas leakage detection

� Sampling and storing of all necessary signals for con-
trol and leakage detection.

� On-line plotting of measured signals

� Messaging in case of detected leakages, by sending
facsimile transmissions to the responsible personal.

� Elementary process supervision in case of signals loss
etc.

6. Experiments
The experiments have been performed at SSAB Tunn-

pl�at, Lule�a. Di�erent leakages were arti�cially created
during a period of six process cycles.

Figure 2: Hardware structure, data ow and used compo-
nents

The logarithmic GLR, ln (�` (q̂L)) ; was calculated
with (4) using (6) as an approximation of the scalar prod-
ucts. The approximation was done with K = 3 and the
mean of the signals as the bias. The resulting logarithmic
GLR for each leakage type and each cycle is shown as dia-
grams in Fig. 3 and Fig. 4. The dashed line in Fig. 4 shows
the threshold for GLR when � = 1% while the two dashed
lines in Fig. 3 mark an interval for the threshold. Note
that the hypothesis of leakage from the nitrogen net is
absent in Fig. 3. The reason for this is that the pressure
control valve, which connects the nitrogen net with the
vessel, is open during pressurization and injection. There
can, for obvious reasons, not be a leakage through an open
valve.

A Leakage to the atmosphere was created during pres-
surization and injection for the �rst two process cycles.
Thus, the right conclusions are drawn if the threshold for
the logarithmic GLR is placed between the two dashed
lines of Fig. 3. For the ventilation phase, leakage to the
atmosphere was created during the �rst two process cycles
and leakage from the nitrogen net during cycles 2-4. Fig. 4
shows that with level 1%, the right conclusions are drawn
for all process cycles except the second one, where there
were two simultaneous leakages that nearly cancelled each
other.

Fig. 5 shows a comparison of the results from pres-
surization and injection during the �rst process cycle
(with leakage from the atmosphere) obtained with di�er-
ent numbers of Laguerre coe�cients. Note that �rst three
coe�cients are su�cient to separate the two leakage hy-
potheses. In Fig. 6 an example of a leakage function with
di�erent Laguerre approximations is shown. Although the
�t is signi�cantly improved when the mean is removed,
still no curve is a very good approximation. Evidently,
in this case, the time-domain appearance is of limited im-
portance compared to the Laguerre-domain.



Figure 3: The logarithm of the GLR for each leakage type
and each experiment during pressurization and in-
jection

Figure 4: The logarithm of the GLR for each leakage type
and each experiment during ventilation

7. Conclusions
Modelling and gas leakage detection in a pressurized

system are discussed. It is shown that by use of model-
based methods, leakages can be detected and isolated with
high accuracy. Furthermore, representing signals by their
Laguerre coe�cients is a means of reducing necessary cal-
culations, without signi�cantly a�ecting the accuracy of
the results.
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