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Abstract- A method for detecting and isolating incipient 
leakages in the valves of a pulverized coal injection vessel 
for a blast furnace process is presented. Non-linear physi- 
cal gray-box models of the plant are developed. Values of 
the unknown parameters are estimated by identification. Ob- 
servers are constructed for these models and the residuals are 
used in a Generalized Likelihood Ratio test. The method is 
successfully tested with real leakages intentionally introduced 
in the plant. 

I. INTRODUCTION 

Fault detection and isolation is a potentially powerful tool 
for achieving security and effective maintenance in various 
types of processes. Applications in aviation and automotive 
technology are common (see for example [l], [2]), but there 
are also many examples of fault detection in general indus- 
trial processes, like electrical motors and hydraulic systems 
[3], [4]. See [5] for a survey of recent simulations and imple- 
mentations of fault detection systems. 

The basic terminology and techniques for fault detection 
can be found in the survey by Frank [6]. State estimation 
by observers is often used. A number of different techniques 
exist, for example Unknown Input Observers, Dedicated Ob- 
servers, Parity Space and Kalman Filter Methods. A survey 
on non-linear observers is given in [7]. 

The fundamental question in fault detection is whether the 
nominal non-faulty model should be accepted or rejected. 
This fact emphasizes the similarities to model validation. 
The detection of abrupt and incipient faults can thus be in- 
terpreted as local and global model validation, respectively. 

This article concerns detection of incipient faults (leak- 
ages) in the valves of a pressurized coal injection vessel for a 
blast furnace process. The blast furnace is used in iron mak- 
ing to reduce ore into hot metal. The reduction agent is coal, 
in the form of coke or coal powder, of which the latter is less 
expensive. Coal powder can also be easier used to control 

of coal powder is its flammability. The ability to self-ignite 
in contact with air makes it inconvenient to transport. Any 
storage and transport has to  take place under inert condi- 
tions and it has to be injected under pressure directly into 
the reaction core. For these reasons it is of interest to have 
a reliable coal powder injection plant A leakage in a valve 
could for example make it possible for air to enter the injec- 
tion vessel with possibly catastrophic consequences. In fact, 
one of the prime motivations for this work was a fire in one 
of the injection vessels at SSAB Tunnplbt in Luleb. 

the temperature of the blast furnace The prime drawback 
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A .  The plant 

An overview of an injection vessel is shown in Fig. 1. In 
addition to the sensors in the figure, there is also a weighing 
equipment that measures the total mass of the content in the 
injection vessel. The injection process is cyclic and can be 
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Fig. 1.  The injection vessel 

divided into the four phases shown in Table I. 

11. MODELING 
The notation used in the sequel is summarized in the ap- 

pendix. 

A .  Flow through Valves 
The flow through a valve is assumed to be the product of 

two factors. One, denoted as f in (l), is a function of the 
pressures on each side of the valve, and the other, k ,  is a 
time-varying factor that is, for a control valve, a function of 
the input signal. 

The pressure p l  is defined to be the pressure on the side that 
a positive-valued flow emerges from, while p z  is the pressure 
on the opposite side. 
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TABLE I 

Action 
Inlet valve is opened 

Inlet and ventila- 
tion valves are closed. 
Fluidization and pres- 
sure control valves 
axe opened 
Flow control and 
shutoff valves are 
opened 
Ventilation valve is 
opened. All other 

THE INJECTION CYCLE 

Effect 
The vessel is filled 
with coal powder 
The pressure rises 
to 950 kPa 

Coal powder is 
injected into the 
blast furnace 
The vessel is de- 
pressurized 

TABLE I1 
LEAKAGES 

Phase  
Charging 

Pressuri- 
zation 

Injection 

Ventilation 

valves are closed 

For a control valve, the factor k ( t )  in (1) is a function 
of the input signal U ,  i . e .  k (t)  = kg (U ( t ) )  where k is an 
unknown scaling factor and g ( U )  is called the characteristic 
function of the valve. In order to make the definition above 
unambiguous it is also stated that g (1) = 1. 

A.l Pressure Control Valve (PCV) 

The flow of nitrogen through the PCV can be expressed 
as q N , P  = k N , P f g a s ( p N , p ) g p ( u p )  where f g a s  is a function 
describing the pressure dependency of the flow of gas through 
a valve and g p  is the characteristic function of the PCV. 
Furthermore, p~ represents the pressure in the nitrogen net 
and u p  is the input signal to the PCV. 

A.2 Flow Control Valve (FCV) 

Through the FCV there is a flow of both nitrogen and 
coal powder, i . e .  a two component flow. To simplify the 
model, the two flows are assumed to be independent, and the 
coal powder is regarded as a liquid. More accurate models 
are available [8], but since the flow of coal powder is con- 
trolled and to be held constant, the accuracy of the physical 
model is not of crucial importance. Thus, the flow of coal 
powder is q c , F  = k , F f i i q  ( p , p ~ )  gF(UF) where fiiq is a func- 
tion describing the pressure-dependency of the flow of liquid 
through a valve and g F  is the Characteristic function of the 
FCV. Moreover, p~ is the pressure in the injection pipe and 
U F  is the control signal for the FCV. The nitrogen flow is 
QN,F = kN,Ffga,a ( P l P Z )  SF(UF) 

A.3 Ventilation Valve (VV) 

In order to obtain a smooth flow in the ventilation valve, 
it is controlled by a hydraulic feedback. Since this control 
signal is not measured, the VV has to be modelled as a closed 

The flow through the VV goes to the fine coal silo, which 
can be considered to have infinite volume. This means that 
the pressure in the fine coal silo is constant. The flow through 
the VV is thus a function of the pressure in the injection 
vessel only, i . e .  qN,V = f N , V  ( p ) .  The function f N , v  ( p )  is 

loop. 

simply taken to be a polynomial of order J ,  i.e. f N , V  ( p )  = 
E,"=, bpi. 

[ Leakage I Notation 
To the atmosphere 
From the nitrogen net 
To/from the injection pipe 
No Leakage 

A.4 Leakages 

Three different leakages are considered (Table 11). The 

set of leakages is defined as C fi {d,N,Z,0}. A leakage 
can be looked upon as the flow through a valve with an 
unknown control signal. The nitrogen leakage flow can thus 
be represented by 

qe = k e f e  (.) e E L (2) 

where Ice is an unknown time-varying factor and fe (.) is a 
function of the pressures on each side of the leakage. The 
trivial leakage function for the event of no leakage is fn = 0. 
The other leakage functions ( f a ,  f N  and f i )  are developed 
from fgas by making certain assumptions on the pressures in 
the vessel, nitrogen net and injection pipe. 

B. Output t r a n s f o r m a t i o n  

The pressure and total mass ( p  and m) of the vessel 
can be calculated from the masses of coal and nitrogen 
(mc and m ~ )  using basic physical principles including the 
ideal gas law. With the definitions y [ m p I T  and 

x = [ mc m N  1' the transformation can be expressed as 
A 

Index C in the equation above refers to pure coal and 
not coal powder. The reason for this is that the nitrogen 
is assumed to fill out the space between the coal particles. 
Since h (x) is invertible, the coal and nitrogen masses can be 
considered measurable. The inverse transformation is given 
below. I mRNTpC-pVpC 

x = h-1 (y) = R$p%&P [ RN%C -P 

Upon entering the vessel, the nitrogen passes through the 
coal powder. Since nitrogen has much lower heat capacity 
than coal powder it is assumed to be momentarily heated to 
the temperature of the coal powder (60 - 70°C). Therefore 
T is given the constant value of 338 K .  

C. E n t i r e  s y s t e m  

The basis for the equations in this subsection is the as- 

and nitrogen mass in the vessel is the sum of the material 
flows into the vessel. 

C. 1 Pressurization and injection 

During the pressurization and injection phases the mate- 
rial transport takes place through the PCV and the FCV. 

sumption of mass conservation. The change in coal mass 
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Therefore, the change in the coal and nitrogen masses of the 
vessel can be expressed as 

mc = -'?C,F (3) 
m N  = -qN,F + q N r , P  (4) 

where the q's denote the mass flows of coal (index C) and 
nitrogen (index N )  through the FCV (index F )  and the PCV 
(index P). 

With the following definition 

( 5 )  

1 f l iq (P, PT) S F ( U F )  
112 [:::I 5 [ fgas (P9Pl) S F ( U F )  

U N , P  fgas (PN,P)  g P ( u P )  

the system (3) and (4 )  can be written as 

5 = Az + Bu 
where 

In principle, the variables ac and aN should be equal to 
zero, but in order to obtain extra degrees of freedom, they 
are considered to be unknown. When identifying, the param- 
eter a N  always takes a small negative value, which probably 
suggests inherent leakage in the vessel. The other param- 
eter, a c  takes on a small positive value, z.e. an unstable 
mode. However, since this instability is very small and not 
physically motivated, it does not present any problem. 

Fig. 2 and Fig. 3 show a simulation of the entire non-linear 
system with input signals U F  and u p  and output signals p 
and m. 

Simulated pressure 

Measured pressure - - - - - - - - . 

'0 200 400 600 800 1000 1200 1400 1600 
Time (s) 

Fig. 2. Simulation of the pressure in the vessel during pressurization 
and injection 

C 2 Ventilation 

During the ventilation phase, the only material flow is the 
nitrogen flow through the ventilation valve. Therefore 

mc = 0 (7) 
m N  = -4N,V = - f N , V  ( P )  ( 8 )  

The nitrogen flow can be accurately described by a first order 
polynomial. This means that ( 8 )  can be written as 

rizN = -k 0 - k1c (mc) " (9) 
a where c (mc)  = R ~ T p c / ( V p c  - mc). The coefficients ko 

and IC1 have been produced by least squares identification. 
Fig. 4 shows a simulation of the pressure during ventilation. 
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Fig. 3. Simulation of the mass in the vessel during pressurization and 
injection 
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Fig. 4. Simulation of the pressure in the vessel during ventilation 

111. FAULT DETECTION 

The leakage flow is modeled as an extra term added to 
the right hand side of (4) and (8) .  The purpose of the fault 
detection 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 filtered estimates of the 
leakage flow. The nonlinear models developed in the pre- 
vious section are of the Hammerstein type and thus linear 
observers can be used. 

A .  Pressurzzataon and anjectaon 

When leakage is taken into account, equation (4) has to be 
extended with the term q L ,  that represents the net leakage 
of nitrogen into the vessel, thus 7 i z ~  = -QN F + 9 N . p  + q L  
A linear observer for the system ( 5 )  is given by 

P= A? -k Bu i- K E  

where 

Since in this system the state variables are decoupled (i.e. 
A is diagonal), it is assumed that a diagonal observer gain 
matrix is sufficient. There is however a dependence between 
the state variables via the input- and output transformations 
and therefore the full-order observer is used. With the defi- 
nitions above, it can be shown that the residual E N  is the net 
leakage q ~ ,  filtered through a first order filter. This filter is 
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given by 

where p is the differentiation operator. If the net leakage is 
assumed to be slowly varying in time, the residual divided 
by the static gain of the filter above is a good approximation 
of the net leakage corrupted by white noise. 

1 
q L ( t )  = - Hp (0)  E N  ( t )  

B. Ventilation 
The net leakage q L  is introduced in the ventilation system 

in a manner similar to the leakage in the pressurization and 
injection system i.e. T ~ N  = -qN,V  + q L .  An observer for the 
ventilation phase is given by 

&N= -/CO - kic  (mc) &N + K N E N  

The residual E N  is then the net leakage filtered through a 
first order filter. 

As before, the residual is divided by the static gain of the 
filter. 

IV. ISOLATION OF LEAKAGES 

The development of the models and the observers in the 
previous sections is performed in continuous time to facilitate 
physical interpretation. However, since the systems are of the 
Hammerstein type, it is a straightforward task to discretize 
the observers. In the following, all signals are assumed to be 
discrete, which is indicated by the new time-variable n. 

The calculated leakage is assumed to be the sum of a scaled 
leakage function and a disturbance, i.e. q~ (n) = kefe (n) + 
e (n) where e E L and the term e ( n )  is stationary zero-mean 
white Gaussian noise with variance u2, i.e. e (n) E N (0 ,  a) 

Actually, e ( n )  is not Gaussian (probably due to unmod- 
elled nonlinearities), but this fact does not have any major 
influence on the results. When the transient behavior is ex- 
cluded from the data, the residual is fairly near normal dis- 
tribution, but the results are virtually the same. 

The factor kg in (2) is a measure for the size of the hole 
through which the leakage flow takes place. This means that 
ke varies slowly in time when considering incipient leakages. 
If it is assumed to be constant during a reasonably long pe- 
riod of time (for example a process cycle), it can be estimated 
using the Generalized Likelihood Ratio. 

A. Leakage hypothesis testing 
Four hypotheses (‘Ha, ‘HA, ‘HN and ‘Hz) are formed in 

agreement with the leakage events. The three leakage hy- 
potheses are tested one by one against I-& using the Gen- 
eralized Likelihood Ratio (GLR). If H0 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 

where 

The GLR for each leakage hypothesis is 

The restriction on ke comes from the fact that a negative ke 
would imply a leakage flow from a lower pressure to a higher. 

It can be shown that under the conditions above, the leak- 
age likelihood function, Pe ( q ~ ) ,  is maximized by 

where Ce 5 x:=lq~ (n)fe(n) The logarithmic GLR can 
then be expressed as 

Ce > 0 C; 
20’ C:==, f:(n) In (he ( q ~ ) )  = 

( 0  Otherwise 

A threshold value, A, for Ae must be set. If Ai  exceeds this 
value then the null hypothesis, 3 t 0  , is rejected. The thresh- 
old is generally calculated using the probability of rejecting 
the null hypothesis when it is true, i.e. P[Ae ( q ~ )  > X] = cy 

where P i s  the probability operator. The probability cy is 
called the level of the test and is usually set to a value in the 
range of 0, 1% < CY < 5%. In the case of the pressurization 
and injection system, however, the severity of the modelling 
errors causes the stationarity and zero-mean conditions on 
the disturbance e (n) to fall. This makes it necessary to use 
very low levels to prevent a high rate of false alarms. For 
this reason, no test level is chosen but instead the threshold 
X is chosen on the basis of experimental data (Section V). 

a 

v. PRACTICAL RESULTS 

In order to validate the methods developed in this paper, 
experiments on the plant were carried out. Different leakages 
were artificially created during a period of six process cycles. 
The relevant signals were logged with a sampling time of 1 s 
and the net leakage was then calculated using (10) and (11). 

The logarithmic GLR, In (At (GL)) , for each leakage type 
and each cycle is shown as diagrams in Fig. 5 and Fig. 6 .  The 
dashed line in Fig. 6 shows the threshold for GLR when cy = 
1% while the two dashed lines in Fig. 5 marks an interval for 
the threshold. Note that the hypothesis of leakage from the 
nitrogen net is absent in Fig. 5. 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. 

Table I11 shows the conclusions that are drawn for the 
pressurization and injection phases when the threshold for 
the GLR is placed anywhere between the dashed lines of 
Fig. 5. Table IV shows the conclusions for the ventilation 
phase with level 1%. Included in the tables are also the real 
leakages. It can be seen that the right conclusions are drawn 
in all cases but one. In this case there were two simulta- 
neous leakages (Atmosphere and Nitrogen net) that nearly 
cancelled each other. 
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TABLE I11 
THE LEAKAGES DURING PRESSURIZATION AND INJECTION 

I Cycle I Conclusion I Real Leakage 
Atmosphere Atmosphere 

Atmosphere 
No leakage 
No leakage 
No leakage 

No leakage No leakage 

TABLE IV 
THE LEAKAGES DURING VENTILATION 

I Cycle I Conclusion 
Atmosphere 

Real Leakage 
Atmosphere 
Atmosphere and ni- 
trogen net 
Nitrogen net 
Nitrogen net 
No leakage 
No leakage 

VI. CONCLUSIONS 
It has been shown that model based fault detection is a 

possible way of detecting leakages in the valves of a pres- 
surized system. A grey-box model for an injection vessel is 
developed and a method for detecting and isolating leakages 
is suggested. Experiments with leakages in different valves 
of the plant showed the effectiveness of the method. 
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APPENDIX 
I. NOMENCLATURE 

Meaning 
Parameters of the pressurizing and injec- 
tion process 
Parameters of the ventilation process 
Parameters of the pressurizing and injec- 
tion process 
Leakage parameters 
Total mass in the vessel 
Masses of coal and nitrogen in the vessel 
Pressure in the vessel 
Pressure of the atmosphere, injection pipe 
and nitrogen net 
Mass flow of coal through the FCV 
Real and approximated leakage flow 
Mass flow of nitrogen through the FCV, 
PCV and VV 
Gas constant for nitrogen 
Density of coal 
Temperature in the vessel 
Control signal for the FCV and the PCV 
Volume of the vessel 
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