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Abstract: This paper deals with design and implementation of a combined model-
based control and gas leakage detection system applied to the pulverized coal injection
plant at SSAB Tunnplat AB in Lulea, Sweden. The structure and functions of the
in-house control and process monitoring system SafePCI are described. SafePCI is
experimentally tested and has successfully completed two weeks test operation. The
evaluation of the test operation indicate that combined model-based control and gas
leakage detection is a major improvement for control systems in the process industry.
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1. INTRODUCTION

On-line fault detection algorithms require high
computational performance, and were, until re-
cently, rather expensive to implement . Nowadays,
personal computers reach a performance level and
low price that the implementation of model-based
control strategies combined with on-line fault de-
tection functions becomes financially attractive
for process industry.

1.1 Process redesign

The process industry often faces the fact that
older plants do not meet the demands for in-
creased production capacity, making improve-
ments necessary either by a new plant purchase
or a major reconstruction of the existing plant
structure. To avoid high capital investment in
equipment and simultaneously gain higher per-
formance, a control system upgrade seems to be
a reasonable course of action. Such an upgrade
is not very expensive and, usually, gives good
results. However, the existing equipment has to
operate in a harder working mode which might
lead to a higher fault risk. Typically, control valves

become subject to an excessive wear after an im-
proved control law is enforced. The resulting leak-
ages in the control valves can cause economical
losses and hazards for operational staff. Therefore
fault detection and monitoring become necessary.
Introducing on-line fault detection in a control
system also enables the operators to plan and pre-
pare maintenance stops in advance. Hence, there
will be less and shorter maintenance stops.

The Center for Process and System Automa-
tion (ProSA) at Lulea University of Technology
has established a network comprising four major
Swedish process industry companies: AssiDomén,
Boliden, LKAB, and SSAB Tunnplat AB. As a
pilot project demonstrating benefits of combined
model-based control and fault detection, the exist-
ing control system of a Pulverized Coal Injection
(PCI) plant is upgraded.

Since coal is 40% cheaper than coke, injecting
pulverized coal instead of using coke is economi-
cally beneficial. According to (American Iron and
Steel Institute 1998), the share of pulverized coal
compared with coke as fuel will rise from 36% to
50% by the year 2015. Improving the performance
of an existing PCI plant by upgrading the control



INJECTION
VESSELS

BLAST
FURNACE

Fig. 1. Coal injection plant (injection vessels,
distributor and blast furnace).

system consequently leads to the above described
scenario. In the case of SSAB Tunnplat AB, the
PCI plant has been put into operation in 1984 and
now has reached its performance limits. Using a
tighter control for the pulverized coal flow to the
blast furnace will offer the possibility to maximize
the pulverized coal injection rate. A gas leakage
detection system assists to prevent hazardous sit-
uations, like fire in an injection vessel, and to
economize plant operation by preventing excessive
nitrogen consumption. The overall expected result
is an increase of the plant availability.

1.2 Process description

A coal injection plant is a highly automated plant,
where incoming raw coal is stored, ground, dried
and finally injected into the blast furnace. During
operation, human interaction is only needed for
set point adjustments. Fig. 1 shows the structure
of the plant, where only the injection vessels,
distributor and the blast furnace are depicted.
While one vessel is de-pressurized, charged and
pressurized the other vessel is injecting pulverized
coal. Thus a continuous pulverized coal flow is
achieved. The control of the injection process is
complicated due to the two phase nature of the
injected flow (gas plus particles). In Table 1, the
process phases of an injection vessel working cycle
(Fig. 2) are summarized.

Table 1. Process phases

[ Phase | Name [ Description |
Charein The pressureless vessel is
arging filled with coal powder
B Pressurization The injection vessel is set
under pressure
c Pressure Standby until the other
holding vessel has finished injection
L. The coal powder is injected
D Injection into the blast furnace
s De-pressurizing and
B Ventilation ventilation of the vessel

2. SafePCI - PROCESS CONTROL AND
MONITORING SYSTEM

SafePCI is an in-house developed combined hard-
ware and software package. It consists of two
parts: PClguard, the gas leakage detection and
monitoring software, and PClcontrol, the data
acquisition and control software. PCIguard has
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Fig. 2. Pressure and weight evolution during a
working cycle.

been designed so that it can be run in a stand-
alone mode, enabling off-line leakage detection
with logged data sets.

2.1 System functions

The following system functions are available in
SafePCI:

e Control. Both coal injection vessel are con-
trolled during pressurization, pressure hold-
ing and injection.

o Gas leakage detection. Directly after each
phase, all logged data is analyzed. Leak-
ages during pressurization, injection and de-
pressurization can be detected and isolated.

e Monitoring. A simple algorithm monitors all
system activities. Malfunctions in the con-
trol, data acquisition and communication are
reported to the operator or automatically
lead to counter measures.

o Simulator. Instead of running the leakage
detection system versus the plant, it is pos-
sible to switch into the simulator mode and
simulate plant dynamics. Leakages in control
valves in combination with different control
strategies can be simulated.

2.2 System structure

The system structure can be separated in two
parts: hardware and software. The hardware con-
sists of two computers:

e Computer 1 builds up the link to the exist-
ing control system via the data acquisition
device, logs data and controls the injection
process. A serial connection via a RS-232
port is used to transmit the logged data to
Computer 2.

o Computer 2 writes the incoming data to hard
disk and performs monitoring and leakage
detection. All resulting messages are sent as
facsimile transmissions via a modem. The
modem is connected to the computer using
a RS-232 port.
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Fig. 3. System structure, hardware and software

Following the hardware structure, the system soft-
ware can also be divided into two parts: PCI-
control and PClIguard. PClIcontrol offers three
operation modes: real-time, simulation and play-
back mode. Switching the mode does not effect
PCIguard since the transmitted data has mode
independent characteristics.

PClIcontrol is a revised version of the software
RegSim®©, (Gustafsson 1995). Communication ca-
pability and a driver for the data acquisition
device have been added. In PClguard, not all
activities are necessarily real-time, but some of
them are event driven. If there are no events
like received data, timeouts, messages or operator
input through the command-line, the software is
running in the stand-by mode. All tasks on this
computer run in a time-sharing environment with
priorities assigned to each task. The operator has
the possibility to change priorities and enable or
disable tasks. A special off-line mode makes the
software able to run in a stand alone version, as
described above.

Fig. 3 depicts the system structure and summa-
rizes the data flow in SafePCI.

3. PROCESS MODELING

In order to distinguish between leakages in differ-
ent valves and control the plant, models describing
the process dynamics, including both pressuriza-
tion and injection, are developed.

First, a non-linear physical model for a simplified
vessel structure (Fig. 4) is deriven, for the purpose
of gas leakage detection. The non-linear model is
then linearized around a working point, yielding a
linearized physical model. Finally, a linear model
is identified from logged process data, to be used
for controller design.

3.1 Non-linear model

The non-linear model is based on physical princi-
ples and is given by
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Fig. 4. Schematic drawing of an injection vessel
&= Az + Bu (1)
y = h(z)

where A and B are constant real matrices ob-

tained by identification. The input vector u is
defined by

fiiq (P, 1) 9F (uF)
fgas (p:pI) gr (U'F)
fgas (pN:p) gp (UP)

>

where gr and gp are the characteristic functions
of the FCV and PCV (see Fig. 4), respectively and
fiiq and fgas are functions describing the flow of
liquid and gas, respectively, over a pressure drop.

The state vector z = [mc mN]T represents the
masses of coal and nitrogen in the vessel and

T .
the output vector y = [m p]" is related to =
via the uniquely invertible transformation h(z),

(Johansson and Medvedev 1998).

3.2 Linear models

As mentioned before, the non-linear model is lin-
earized around a working point. The models va-
lidity is restricted to the injection phase, see also
(Johansson and Medvedev 1998). The develop-
ment of the identified linear model is discussed
in (Fischer and Medvedev 1998). Using the lin-
earized model, the identified linear model can be
validated and the physical nature of the coeffi-
cients in the identified model can be revealed.

4. SYSTEM DESIGN

The algorithms comprising the system design of
SafePCI pertain to following three areas: con-
trol, fault detection and isolation, and monitoring.
Apart from the monitoring, the adopted solutions
are based on the results of former work.

4.1 Control

The primary control goals depend on the process
phase.
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Fig. 5. Block diagram of the MIMO-LQG con-
troller with feed forward

e Pressurization. The pressure has to rise from
atmospheric level to the pressure set point for
the injection phase. The pressure evolution is
described by a ramp, which is the reference
signal for the control loop. The controller
accuracy is not an issue at this phase.

e Pressure holding. Since the injection ves-
sels are not completely tight, a controller is
needed to hold the pressure at set point level
during the stand-by.

e Injection. As the primary control goal is to
hold the pulverized coal flow to the blast
furnace constant, the pressure stability is
given less attention. Nevertheless, the goals
are to hold the pressure in the vessel at set-
point level and the mass of the injection
vessel has to follow a ramp described by the
set-point value for the pulverized coal flow.

The controller design is based on the results
presented in (Birk and Medvedev 1997). The
main difference is not in the controller structure
itself, but in the usage of the control scheme.
Instead of controlling only one injection vessel,
both injection vessels are controlled. Furthermore,
the controller is also used during pressurization
and pressure holding. Since the controller has been
developed basing on the model of one injection
vessel, it has to be validated with data from the
second injection vessel before being used for both
ones. The tests are applied in the same way as
presented in (Birk and Medvedev 1997), and have
proven that the controller can be used without
modification. Effectively a MIMO-LQG controller
with feed forward is used, see Fig. 5.

To accomplish the control goals during pressur-
ization and pressure holding, a common controller
or two separate controllers can be used for these
phases. Since the performance requirements for
the pressurization phase are lax, it can be shown
that the above controller can be used without
modification.

4.2 Fault detection and isolation

Three different types of leakages are considered

(Table 2). The set of leakages is denoted L =
{A,N,Z,0}. A leakage can be interpreted as the
flow through a valve with an unknown control

signal. The nitrogen leakage flow can thus be
represented by

q=kefe() el (2)
where k¢ 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 fp = 0. The other leakage

functions (f4, far and f7) are developed from the
non-linear physical model.

Table 2. Leakages

Leakage Possible conse- | Notation
quence

To the atmosphere | Loss of nitrogen A

From the nitrogen | Over-pressurized N

net vessel

To/from the injec- | Fire T

tion pipe

No Leakage - [

A linear observer for (1) is designed and it is
shown that the observer residual is an approxima-
tion of the leakage flow g1, scaled by a constant.

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

Four hypotheses (Hg, Ha, Hy and Hz) are
formed in agreement with the leakage events. The
three leakage hypotheses are tested one by one
against Hp using the Generalized Likelihood Ratio
(GLR). If Hp is rejected in more than one of
these tests, the hypothesis with the highest GLR
is accepted. The GLR for each leakage hypothesis
is
sup P (qr)

Ao (qr) = %

where Py is the likelihood function for hypothesis
He. The restriction on k; comes from the fact
that a negative ky; would imply a leakage flow
from a lower pressure to a higher. To complete the
fault detection scheme, a threshold for A, (gy) is
chosen. When this threshold is exceeded, the null
hypothesis is rejected and a leakage has occurred.

See also (Johansson and Medvedev 1998) for more
details on the leakage detection scheme.

4.3 Monitoring

The monitoring algorithms are a part of PCIguard
and have two purposes:

(1) Detection of control system malfunctions
(2) Evaluation of injection phases

SafePCI is a supplement to the existing control
system and is therefore not included in the se-
curity routines of the latter. Therefore, SafePCI



needs its own monitoring functions. The following
control system malfunctions have to be detected
and reacted to:

Measurement equipment failures
Crash of the PClcontrol computer
Controller wind-up
Communication malfunction

In all the above cases an alarm message is sent
to the operational staff with the diagnosis and
a suggested solution to the problem. If the mal-
function influences the control, the counter mea-
sure is an automatic switch-back to the existing
control system. To guarantee such a switch-back,
both computers have to send a special formatted
signal to the existing control system. PClcontrol
continuously sends a square wave of a specified
frequency and PClguard delivers a specified DC
voltage value. If the existing control system does
not received one of the signals, it will automati-
cally switch back.

Furthermore, every injection phase is automati-
cally evaluated. The evaluation results are accu-
mulated until a sufficiently high number of in-
jection phases is completed. Then the results are
transmitted to the operational staff in a facsimile
message. The evaluation tables contain informa-
tion on:

Standard deviations in mass and pressure
Maximum deviations in mass and pressure
Controller saturation rate

Mean values of mass and pressure residuals

The injection vessels are represented separately in
the table, facilitating comparisons between vessels
and trend analyses.

5. EXPERIMENTS AND TEST OPERATION

The operation period has been set to two weeks
and should be continuous. Therefore, a thorough
preparation period with experiments precedes the
test operation.

5.1 Experiments

Before starting with the test operation, the con-
trollers have to be validated during an experimen-
tal run, where the injection vessels are controlled
under surveillance for one day. Furthermore, the
malfunction scenarios that would not jeapordize
plant operation are tested on the plant, whilst the
more dangerous faults are simulated. The follow-
ing tests have been performed on the plant:

e Set point changes

e Control of pressurization and pressure hold-
ing

o Switching from one injection vessel to the
other

e Process phase independent start-up
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Fig. 6. Pressure deviation for both vessels with
the model-based control strategy (Example).

e Measurement equipment malfunction
e Crash of PClIcontrol computer

e Crash of both computers

¢ Communication malfunction

The leakage detection algorithms are tested in
simulation mode, where leakages with a given size
can be introduced. There, the following tests have
been performed:

e Gas leakage to the atmosphere

Gas leakage from the nitrogen net

Gas leakage to the injection pipe

Several leakages at a time

Controller performance under existing leak-
age

All single gas leakages are detected. Only if several
leakages appear at the same time, fault detec-
tion can not be assured. Regarding the controller
performance, the new control strategy tolerates
larger leakages and therefore can provide a stable
coal flow to the blast furnace notwithstanding gas
leakage in the plant.

5.2 Test operation

During two weeks, SafePCI had been connected to
the coal injection plant and replaced the existing
control system throughout nearly 400 injection
phases. Fig. 6 and Fig. 7 show pressure and mass
deviations, acquired during an injection phase for
both vessels. For comparison, Fig. 8 shows the
mass and pressure deviation during an injection
phase when the injection process is controlled by
the existing control system.

In order to compare the existing control strategy
with the model-based control strategy, the follow-
ing performance measures are applied:

e Standard deviation

e Maximum deviation

e Standard deviation of 1%, 27¢ and the last
third of an injection phase

e Maximum deviation of 1%, 2"% and the last
third of an injection phase
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existing control strategy (Example).

The performance measures are evaluated for the
mass and pressure signals during the injection
phase and are classified according to which injec-
tion vessel has injected. Fig. 9 shows a compari-
son between the existing and model-based control
strategy with respect to standard deviation of the
mass. Obviously, the model-based control strategy
drastically improves the control performance. The
mean values of the performance measures evalu-
ated over all available injection phases are given
in Table 3. Notably, although the pressure stabi-
lization has a low priority and in fact is used to
facilitate coal flow stabilization, the stabilization
of the pressure has been improved, too.

Table 3. Improvements

| Measure | Pressure | Mass |

Standard deviation 45.6% 82.5%
Maximum deviation 20.2% 79.8%

Concerning the leakage detection, no leakage has
been detected during the test operation and an
examination of the plant showed that no visible
leakages occurred. Hence, no false alarm has been
generated, what is a positive result. Putting this
together with the results from the experiments,
the gas leakage detection is proven to work well.
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Fig. 9. Standard deviation of the mass for the
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6. CONCLUSIONS

The design and the implementation of a com-
bined control and gas leakage detection system
are discussed. Experiments and two weeks long
test operation have been carried out at the actual
plant. The positive effects expected from simu-
lation and short term experiments are confirmed
by the test operation results. Introducing model-
based control strategies combined with on-line
fault detection function improves not only the
control performance, but as well facilitates plant
maintenance and security. More advanced fault-
tolerant control strategies can take advantage of
the on-line fault detection functions, so that con-
trol performance in the presence of malfunction
can be maximized. Hence, the pulverized coal flow
to the blast furnace can be maximized, and the
costs for iron production be reduced.
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