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Abstract

This master’s thesis deals with the single-line control of pulverized coal flow

into a blast furnace. Towards this end a coal flow estimate based upon video

image analysis is used as a soft sensor. The pulverized coal injection has been

studied through identification experiments and subsequent data analysis.

Mathematical black-box models for the dynamics between the flow control

valve and the soft sensor output have been developed. A control structure

has been suggested, and the first steps towards controller implementation

have been completed. The objective is to minimize the variations of the coal

flow into the blast furnace. Problems associated with the implementation

of the scheme discussed and recommendations are done for further work on

used video image analysis for control purposes. All experiments have been

performed at blast furnace no.3 (lance 4) at SSAB Tunnpl̊at AB Lule̊a,

Sweden.
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Chapter 1

Introduction

The demand of steel is believed to grow at a 2% for the next ten years [1].

Improvements to contain emissions have been incorporated into the new

designs in the last decades and the steel production is being continually op-

timized. Ironmaking is the separation of iron from iron ore. It represents

the first step in steelmaking and is the most capital and energy-intensive

process in the production of steel. The blast furnace method is the most

commonly used process nowadays and it is in the near future being signifi-

cantly improved in terms of fuel rate, fuel source and productivity [1]. The

technological developments related to blast furnaces in the last years were in

the line of reducing its reliance on coke and its maintenance costs. This was

achieved by introducing coal and gas injection as fuel. Moreover, the aging

of the coke plants and environmental regulations have reduced the capacity

of cokemaking, so new alternatives to coke are being introduced. One of

this alternatives is pulverized coal, which is 40% cheaper than coke and has

a quicker impact on the reaction in the active zone of the furnace.

Continuous efforts are done to improve intermediate processes within the
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steelmaking process in order to optimize its efficiency, quality, environmental

impact and cost. Pulverized coal is used in the blast furnace number 3.

Latest and emerging blast furnace technologies include the injection of coal

and natural gas to displace coke, improved refractories and new control

technologies. If this control technologies are developed, the efficiency of the

process is increased and the costs are reduced [1]. One of the development

needs existing is to have a comprehensive model of the blast furnace and to

determine the factors limiting coal injection. A model is needed to enable a

good performance of the control system, making the control more reliable .

This master’s thesis represents a work in the control of a blast furnace, in

terms of improving the irregular pulverized coal supply to the furnace. This

control needs measurements from the current pulverized coal flow injected

and for that end image analysis of the plume is used. First the plant and the

injection process are explained. Then the soft-sensor and injection modelling

are discussed. Finally, suggestions for improvements are made.
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Chapter 2

The Plant and the Process

SSAB Tunnpl̊at AB produces iron in its blast furnaces, which is later re-

fined to different kinds of steels. The plant is highly automated, and during

operation human interaction is only needed for adjustments. The used coal

injection plant was designed and constructed by BMH Claudius Peters (Bab-

cock Materials Handling in Hamburg, Germany). Two injection vessels [2]

are used alternatively to ensure a continuous injection.

Injecting coal powder in the blast furnace at a high rate (around 190

kg/thm) makes the blast furnace very sensitive. The prime concern in fine

coal injection is therefore a constant coal mass flow to the blast furnace.

The incoming coal (size smaller than 150mm) is transported by horizon-

tal and vertical belt conveyors to the top of the raw coal storage bin, also

called raw coal silo. This silo works like a buffer and provides continuous

feeding of coal to the mill. In the mill the coal is ground, dried and then

classified. At this point the size of the coal is lower than 100µm. A hot gas

is blown through the mill in order to transport the ground coal powder to

the filter separator, located at the top of the plant. This separator filters

8



the coal powder from the transport gas before entering the fine coal silo.

The silo is connected to two injection vessels, which work alternatively to

avoid switch over stops (see Figure 2.1). The help of a transport gas such

as nitrogen is needed, in order to feed the coal powder through the injection

pipe to the distributor. In the distributor the flow of gas and coal particles

is distributed into 32 lances (also called tuyeres or injection pipes). This

distribution of the flow allows a better injection and combustion in the blast

furnace.

The most important parts of the plant, regarding control issues, are

the injection process, i.e. to the vessels, distributor the valves and the

injection pipes. This process can be divided into two vessel phases: low

or high pressure phase. The work cycle of a vessel consists in charging,

pressurizing, pressure holding, injection and depressurizing or ventilation.

Low pressure phase corresponds to the ventilation, whereas the remaining

stages represent the high pressure phase. A pressure vessel is depressurized,

charged and pressurized while the other is injecting pulverized coal into the

furnace (Figure 2.2). After the vessel is filled with coal powder, the inlet

valve and the ventilation valve are closed. When a vessel has finished the

injection phase, the other vessel starts injecting pulverized coal by opening

the flow control valve. After the injection the ventilation valve is open in

order to reduce the pressure at the vessel and to be prepared for the charging

phase. Normally the cycle time, depending on the adjustments is around

40 minutes, and the injection phase represents half of the time. This means

that the injected flow is not affected by the switching of the vessels and that

the injection is carried out with little interference from the coal feeding.

The coal flow is distributed to the 32 parallel lines. The distributor is a

mechanical device and the flow is separated. Every single line is equipped
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Figure 2.1: Mass evolution for (a) Vessel 1 and (b) Vessel 2
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Figure 2.2: Diagram of the injection to the blast furnace.

with a flow control valve. It is interesting to obtain the desired injection

distribution by means of controlling the injection of every single line. At

the lances ending, called nozzle, the two-phase flow is injected into the blast

furnace, and as a result a flame and a plume can be seen. The plume is the

shadow of the coal particles before its combustion and its shape is influenced

the two-phase jet. Peepholes are installed at every line.

2.1 Two-phase jet control

A closed loop control is desirable in order to obtain a high performance and

efficiency in the process. A steady injection to the furnace is the objective in

this case, achieving an optimal injection distribution of the flow at the blast

furnace. With this independent control of every lance, the working point of

the furnaces can be set.
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After the distributor there are some Coriolis Flow Meters which give

a measurement of the cumulative flow of gas and coal particles in a lance

before the injection into the furnace. The high cost of flow meters make very

difficult its installation in every of the 32 lances. Video computation is the

proposed solution. Video analysis of the pulverized coal plume injected into

the furnace can give valuable information for the control. Video equipment

is placed closed to the furnace and the scene is filmed through the peephole

in the lance.

Different analysis and expectations of the plume volume have been pro-

posed [3]. But as the plume changes in volume and shape, the most valuable

information is a relative measurement of the dynamics of the plume . It is

important to discuss the need of the volume estimation in terms of improving

significatively the estimates, computational time for the real-time control;

or if a 2D image analysis is accurate enough to perceive the dynamical be-

havior.
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Chapter 3

Soft Sensor for Flow

Measurements

The estimation of the flow is done by video image analysis from the plume,

so there is no physical sensor or intrusive measurement. The estimation is

then a so-called ”soft-sensor”, i.e. sensor which is instantiated in software

rather than hardware [5] . The sensor can be seen as an algorithm, which

performs all the steps of the preprocessing and video image analysis. The

flow is not affected by the measurements and the sensor should be cheaper

than the existing non-intrusive physical sensors due to its simplicity and the

lack of physical or mechanical parts. Moreover, the existing physical sensors

do not measure the flow at the injection point, they give information on the

flow through the pipes. The benefits of the desired soft-sensor are:

1. value at the injection point

2. accuracy and robustness (integrated in the environment)

3. simplicity and low price (minimal maintenance)
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3.1 Image Acquisition and Analysis

The image acquisition is the main issue the soft sensor structure. In this

section image capture and other facts within visual analysis are treated. The

quality in the feedback control of the flame is highly dependent on the coal

flow estimation. A good image will provide good estimates and consequently

more accurate models. The camera has to be located close to the peepholes

of the lance. High temperatures and low distance to the furnace are always

present in all the experiments, making it more difficult for recording. The

main problem was overheating but as the experiments were not very long

the electronics were not affected. In order to protect the equipment in the

experiment’s setup, the camera was in contact with a metallic surface. A

permanent system should include more protection for the direct radiation

and also ventilation to cool down the physical parts, for example forced

ventilation (compressed air).

The camera used in the experiments was a Panasonic’s WV-CP464 series

color digital camera, which has a Interline Transfer CCD image sensor of

1/3-inch and 753 horizontal pixels per 582 vertical pixels. The temperature

ranges from −10−50◦C, so some protection is required to prevent overheat-

ing. (Measured temperature of 52◦C during experiments were above this

range)

Different set of lenses were tried. For the first experiment the default

40mm optics were used. The result was rather clear image but quite small,

so we tried to improve this aspect for the following experiments in order

to derive a more accurate model from the plant (better expectation implies

better estimation). A bigger image consists of more pixels and the magni-

fication of the plume implies more differences in the value from subsequent
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video frame. The effect will be the same as keeping the image size and in-

creasing its resolution. In the second experiment different lenses were tried,

from a range of 50 to 300mm. The image in the second image experiment

was less clear that the one from the first experiments. Other lenses were

tried and provided bigger and clearer images. Changing some defaults pa-

rameters of the camera (ELC and sensitivity) result in improvements in

the image quality. The distance between the peep-hole and the plume is

3.3m, and the size of the hole is less than 0.5cm. Because of this physical

constraints, together with overheating and vibrations in the furnace room,

filming the plume resulted in most of the experiments to be an arduous

work.

3.2 Estimation of the Flow

The reason for filming the plume and the flame is to obtain a measurement

of the injected pulverized coal flow. Assuming the shape of the plume not

changing very much, see Figure 3.1(a), several algorithms or estimation

methods are discussed [3] and can be used. The simplest way of estimating

is to measure the area of the plume in the images in pixel units. On the

other hand a volume estimation by revolution of the 2D image on an axis

can also be done. As the objective is to measure the changes in the plume,

around a certain value, the area estimation gives this information and the

level changes can be observed. So volume expectation would mean more

calculations and the value of the information would not be more useful than

the area. This means that the area estimation provides the information of

increases and decreases in the plume size, and consequently information of

changes in level if the behavior of the plume in other directions is steady.
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Figure 3.1: Images of the plume
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Figure 3.2: Image obtained in the second experiment at the furnace

The problem is that a 2D image is being analyzed for estimating the 3D

behavior of the injected two-phase jet. The volume estimation does not

solve this problem, because does not consider other directions of the plume,

. Another image from a different angle is needed for that purpose, but it

is physically impossible to place a second camera and record from another

angle the plume.

As the image was not as desired (Figure 3.2) further models and con-

trollers could not be developed until this problem was solved. Light in the

room was a big disturbance, being the final image very light or having a lack

of contrast; the result are difficulties in building the mask. Gaining expe-

rience and knowledge from the previous tests, better images were obtained

and the image algorithms worked.

Algorithms written in Matlab code and previous work in the area were

used [10] for the image acquisition and plume estimation.
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Figure 3.3: Mask built for the first experiment.

We recorded the image sequence on a standard VHS tape and then an-

alyzed the recording. For this end the video was connected to a computer

which captured frames every second. The sample time was set to one sec-

ond. The process response to changes in the input is slow (upper bound) and

faster sampling is not needed. The calculations for the sensor and feedback

control (lower bound)can be done within this period.

In every frame we can distinguish three zones (see Figure 3.4): the lance

ending, the plume and the flame. The lance ending should form part of

the plume as is a physical part of the furnace and does not change in every

image. The plume is the coal particle cloud and is the zone of our interest;

and the flame is the surrounding burning area, which is green color for the

human-eye. As we are interested in the plume, the rest of the image has no

interest for the sensor measurements. The effect of the static background is

removed by applying a mask. (Figure 3.3) to the image.

The binary mask (D) is created to focus the analysis in the area of inter-
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Figure 3.4: Zones of the image

est of the scene. D is formed by accumulated differences between subsequent

video frames (F ) during a few minutes. D =
∑ |F (τ) − F (τ − 1)|. The pro-

cedure is shown in Figure 3.8. The steps of this procedure are shown in

Figures 3.5 and 3.6. In Figure 3.7 a typical two-peak histogram of the

plume is shown. The darker pixels belong to the plume zone of the picture,

after having removed the background with the mask, whereas the brighter

pixels are the flame and combustion zone.

The numerical value (cv) is assigned to every frame, and is stored in the

Matlab’s workspace as a vector. The resulting vector is later used as the

output from the process in the Identification process.
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(a) (b)

(c) (d)

Figure 3.5: Steps in the image analysis: (a), (b) and (c) are images of the

Background generation procedure. (d) Built mask
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Figure 3.6: (a)and (b) Mean line adjusting for the selection of the estimation

region. (c) and (d) Estimation frames
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Figure 3.7: Histogram of the plume

22



Figure 3.8: Process for mask creation
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Chapter 4

Modelling

In order to have a better control of the injection process, a model of the plant

is needed. Due to the complexity of the plant a physical model was not easy

to obtain from the physical laws, first principles or previous knowledge.

It was decided to experiment and to find a mathematical model easy to

manipulate.

System Identification allows you to build mathematical models of a dy-

namic system based on measured data [8]. Done essentially by adjusting

parameters within a given model until its output coincides as well as possi-

ble with the measured output. Once the parameters are adjusted there are

validation tests to know if the model is good enough: take a close look at the

model’s output compared to the measured one on a data set that was not

used for the fit (Validation Data). The residuals should not be correlated

with the system’s input (or to other information). The most common mod-

els are expressed in difference equations or the equivalent representations of

linear state-space model or transfer functions . Its important to remember

that any estimated model has only picked up a simple reflection from reality.
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Often this is sufficient for decision making or for control purposes.

4.1 Basic Steps of System Identification

The System Identification problem is to estimate a model of a system based

on observed input-output data. The goal is to describe a system, expressed

as a difference equation, or equivalent transfer function or state-space ma-

trixes. The iterative procedure followed was the following [9]:

1. Design an experiment and collect input-output data from the process

2. Examine the data. Remove trends, select useful portions of the original

data, apply filtering to enhance important frequency ranges.

3. Select and define a model structure (a set of candidates), different

system descriptions, within which a model is to be found.

4. Compute the best model in the model structure according to the input-

output data and a given criterion of fit

5. Examine the obtained model’s properties

6. If the model is good enough, stop. If not, try again step 3, with another

model set, other estimation methods (step 4) or work further on the

input-output data (Steps 1and 2)

Matlabs System Identification Toolbox contains all the common tech-

niques to adjust parameters in all kinds of linear models. It also allows you

to examine the model’s properties and to check if they are good. The limi-

tation is that only linear models can be used. Many non-linear models that
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work around a set point can be linearized to time invariant models or they

can be considered linear for a bounded range of values.

The plant has many processes running at the same time, and many

signals might be disturbing the measurements or might have an influence on

the plume’s shape. This has to be taken into account when deciding which

signals are suitable for the process identification. Therefore an examination

of the data is needed to erase trends and undesirable disturbances.

The alternative switch of the vessels (cycles of approximately 40 minutes,

see Figure 2.1) provides a continuous injection. As a result, the pulverized

coal flow is not affected by the state of the vessels and is treated as a non-

periodical signal. The resulting model should show the changes of the flow

(plume’s volume) when changing the opening of the valve.

4.2 Identification using the Coriolis Flow Meter

Four of the lances in furnace number 3 of SSAB Lule̊aTunnpl̊at have pul-

verized coal flow equipment. These instruments will be referred to Coriolis

flow meters. The values from this sensors can be logged in the control room,

and the data can later be used for analysis and used for suiting the models.

For every experiment performed in a lance, the corresponding flow measure-

ments are recorded. This can be an important information for identifying a

model. Once a good model is fitted, the Coriolis meters should be installed

in every lance or single pipe. The high cost of this system is a great dis-

advantage. Furthermore, the gas and particles flow is measured in the pipe

and not in the nozzle of the lance, so the measurement can differ from the

real value, but the idea is that there should not be big differences.
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Figure 4.1: Scheme of the flow control valve in a single line

4.3 Actuator

The actuator to interact with the plant is a flow control valve, which is

controlled by current intensity. Every single line (Figure 4.1) has its own

actuator and the line flow is modified. When the valve is opened a nitrogen

flow through the valve is caused and the pressure in the merge is increased.

The pulverized coal and gas flow is reduced. The valve opening point sets a

pressure at the merge point, which modifies the coal flow. The gain of the

actuator is negative, because and opening of the valve means a decrease on

the flow. The valve has a limited opening and can not increase the flow once

it is close.

4.4 Static Experiments

A model should be representative of all the modes of the system, so the

experiments were performed with different input signals. The response of

the plant to slow variations or steps of high length is studied in this sec-
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tion. The valve opening was kept to a certain value for around two minutes

(Figure 4.9) and the changes of the flow are analyzed. This will confirm

how significant the variations of the plume are, in the stationary, once the

transient response is over. Tho flow and the correlation of valve signal with

the flow are shown in Figures 4.10 and 4.11.

Also a valve signal increasing the amplitude of the steps was sent, in-

creasing a 10 percent every one or two minutes. In the static experiments

the variables were more correlated. This may point out that the plume re-

sponse is slow compared to the input. Fast changes in the valve opening not

affect the plume and the effect can disappear along the pipe. The valve is

close to the distributor, at the beginning of the lance, so some effects of fast

openings and closings may not be seen by the plume.

The computer is connected to the valve by a buffer amplifier and the

voltage signal (0 − 10V )is converted to current.

4.5 Dynamic Experiments

This experiment is realized seeking a mathematical model of the plant, that

is between injection flow and valve opening and other values like pressures,

etc. What was seen is that the valve opening seemed to be the main factor

that caused effect on the flow. The high variations of the output signal at

different frequencies made the analysis difficult. Airflow interference and

internal blast furnace flow steam cause changes, but not as significant as the

valve opening.

A PRBS signal, which was created in Matlab was sent to the valve

through a AD/DA card. We tried different kinds or variations of this signal.

1. Every second second, with a random amplitude between 0-40% (figure
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Figure 4.2: sent PRBS signals, valve opening. (a) Experiment Sequence, (b)

type 1.
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Figure 4.3: sent PRBS signals, valve opening. (a) type 2, (b) type 3.
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4.5)

2. Every third second, with a random amplitude between 0-60% (figure

4.5)

3. Random length (max 15 sec), random amplitude

All the data from different points of the process was logged in the Alcont

computer, and obtained for analysis as Microsoft Excel Datasheet. The

extracted data was carefully analyzed later and some models were estimated

from these data. In order to estimate the models in a simple and quick way,

Matlab’s Identification Toolbox was used. The first step was to analyze

the data by plotting it and if needed eliminating trends and filtering the

high-frequency noise. This is also a possibility offered by the toolbox and

other existing commands in Matlab. Some additional m-files were written

to acquire the images and calculate a value for the plume, and also for

importing the measured values from Alcont into the Matlab’s Workspace.

The use of this toolbox provides easily different candidate models to suit

the experimental data.

The variables measured and available for the experiment are showed in

Table 4.1.

The synchronization signal was created to have a connection between

the video signal and the time of the experiment. As the Video recorder,

the input generator (AD/DA Card) and Alcont were in different rooms, a

synchronization was needed. Otherwise it would have been impossible to

compare the evolution of the measured variables, the input and the video

output. This synchronization was used to prepare the data before being

introduced in the computer for the identification, in order that they refer to

the same time during the experiment.
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Nitrogen pressure from the net (kPa)

Coal flow in the lance (kg/s)

Pressure nitrogen in the injection (kPa)

Pressure difference lance (kPa)

Pressure Blast Furnace 22.9m (kPa)

Weight Vessel 1 (kg)

Weight Vessel 2 (kg)

Airflow to blast furnace -

Airflow after outblow to blast furnace -

Air pressure after outblow to blast furnace (kPa)

Valve opening (0-100%

Synchronization Signal and lance number (4-12-20-28)

Table 4.1: Signals logged in during the experiments

The data obtained from the experiment in SSAB, was analyzed in the

Matlab environment. The use of the Ident Toolbox helped in this task.

The output signal from the experiment was the video sequence. This

video image was sent to the computer through an AD/DA card and then

analyzed. The methodology consisted in building a mask, selecting the main

flow line and then estimating the area. This allowed having a numerical

value to use for the identification procedure. As it is not possible to get a

exact value of the flow from the image, an estimation is needed. Both area

and volume estimation were considered, but as the important feature of the

signal was going to be the changes of level and shape, the area estimation was

chosen due to its simplicity and computational consumption. An image was

captured every second and between images all the calculations and results
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Figure 4.4: Valve opening generated with PRBS

have to be recorded in variables. After this process of capturing data, the

variables must be in the workspace in order to be useful for identification and

graphical analysis. The sample time chosen, one second, was long enough

to provide the results and to accomplish all the calculations.

Once the data is ready in a vector in the Matlab’s workspace, just with

a simple plot, it appears that an undesired high frequency noise is present,

and this will probably affect negatively when fitting a model, increasing its

order trying to adjust to the fast undesired variations. As it was stated

before, many disturbances from the process are affecting our measurements.

To prevent this difficulty, filtering the data is highly recommended. The

idfilt Matlab function allows this filtering.

A fifth order Band-Stop filter is used, and the cut-off frequency that is

used is between 0.3 and 0.4 of the Nyquist Frequency (See Figures 4.6, 4.7
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Figure 4.5: Estimated and filtered flow from video data
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Figure 4.6: Estimated plume values, before filtering
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Figure 4.7: Estimated plume values, with a 0.4 cut-off frequency
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Figure 4.8: Estimated plume values, with a 0.3 cut-off frequency
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Figure 4.9: Input valve signal for the static experiment

and 4.8). The best models were obtained when working with a rather small

number of samples, also due to the noise and high frequency variations, being

difficult or inexact fitting models with data sets bigger than 200 samples.

The correlation of our estimated variable (Figure 4.13) is very poor com-

pared to the one obtained for the real flow measurement (Figure 4.12). Flow

measurement from the Coriolis flow meter and the flow expectation from the

soft sensor should be more correlated. Despite this low correlation, which

was around 0.3 or 0.4 value, the data was used for the identification iterative

procedure. The other available variables have also been analyzed and the

correlation plots can be seen (Figures 4.14 to 4.19). Some of the variables

are correlated and the model estimation was tried with different combina-

tions of input variables. Only good results were found with a single input

(valve opening) and single output (flow estimates) model.

The best results obtained were third and fourth order models, expressed

in ARX and state-space representation. The transfer function and state
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Figure 4.10: Measured pulverized coal flow with the Coriolis Flow Meter
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Figure 4.11: Cross-correlation between valve signal and Coriolis measure-

ment
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Figure 4.12: Cross-correlation estimates of valve opening and coriolis mea-

surements for whole experiment (static and dynamic test)
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Figure 4.13: Cross-correlation estimates of valve opening and estimated

plume values (for Identification Experiment 1)
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Figure 4.14: Cross-correlation between valve opening and nitrogen pressure

at the injection tube
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Figure 4.15: Cross-correlation between valve opening and pressure difference

at the lance
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Figure 4.16: Cross-correlation between Coriolis measurements and flow es-

timates
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Figure 4.17: Cross-correlation flow estimates vs pressure furnace +22.9m
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Figure 4.18: Cross-correlation coriolis vs presinjtube
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Figure 4.19: Cross-correlation flow estimates vs nitrogen pressure at the

injection

41



space matrixes for the model are the following (Eq 4.1 and 4.2):

Gp(z) =
10−3(0.2572z2 − 0.6581z + 0.9153)

z4 − 3.2462z3 + 4.4878z2 − 3.1420z + 0.9372
. (4.1)

F =




3.2462 −4.4878 3.1420 −0.9372

1 0 0 0

0 1 0 0

0 0 1 0




, G =




1

0

0

0




,

H =
(

0 −0.2573 −0.6581 0.9153
)

, J = 0. (4.2)

The output of this model is shown in Figure 4.20, compared with a real

output from the plant, and the validation in Figure 4.21. Also the pole

and zero location of this model are shown in Figure 4.22. The poles are

unsteady and are located very similarly to a pure oscillator. This situation

makes the control difficult to reach. Designing a controller for stabilizing

the system implies large gains for the control signal to the valve, which can

not be provided. This results in saturation of the actuator.

4.6 Limitations of Control

As the actuator on the plant is the valve, we can only have a positive opening,

limitation that implies we are only able to decrease the existing flow value

with some constraints. A limit can be reached when the reference command

is much higher than the real flow, and saturation will take place. The valve

opening has a limit and this implies a bound for the control signal.
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Figure 4.20: Measured and simuleted model output

43



−20 −15 −10 −5 0 5 10 15 20
−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

        

Autocorrelation of residuals for output 1

−20 −15 −10 −5 0 5 10 15 20
−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

Samples

Cross corr for input 1and output 1 resids

Figure 4.21: Cross-correlation and autocorrelation for the ARX430 Model
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Figure 4.22: Pole and zero locations for the identified model
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Chapter 5

Controller Design

The objective is to keep the pulverized coal constant, around a fixed value

introduced by the reference input or set point. In order to accomplish this

goal the desired flow is compared to the actual estimation value. It is needed

to compare both the desired and estimated flow in the same units, like flow

units (kg/s) or ”image” units (pixels). To obtain a good closed-loop re-

sponse a controller is needed. Different controllers have been analyzed in-

cluding PID and space-state and estimator controllers. As the model was

very difficult to control, because of the large gains needed for the actuator

a controller could not be designed and validated through tests. A control

structure is suggested in this chapter, but the results were not satisfactory

due to the poor estimation of the plume. There is a low correlation between

the estimates and the valve input or the pipe flow measurement of the Cori-

olis flow meter. The control law was programmed but the experiments were

not carried out. A better estimation of the two-phase jet is needed in order

to fit a better model and the real jet should be reflected in the estimates.

Once the controller parameters are found, the results should be validated
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Figure 5.1: Block Structure for the control loop

in simulation and in the furnace at SSAB Tunnpl̊at. Also the effect of dis-

turbances and sensitivity analysis should be done before testing the control

structure.

The criterium used for the controller design was the placement of the

closed-loop poles in a stable location. The method of design was state-space

with state estimator. A high order controller results from this design and a

lower order controller (PID type) could not be found. The identified plant

model is a high order model and placing the poles was very difficult and was

possible with this order.

A controller structure was simulated with Matlab’s Simulink and the

results were analyzed. The control signal was very fast and was oscillating

very much. This would mean a very fast opening an closing of the valve.

As we know the plant response is quite slow (from the information of our

tests and such fast inputs would not affect significatively the output. Conse-

quently, the control would not be reached. Also the controller was simulated

with disturbance rejection and the results were the same. As the simulation

results and the correlation between real and expected flow was very weak, it

was decided not to try the controller at the plant until a better estimation

and model were found.
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Different improvements in the image filming and closer study to the

process variables were carried out, but the improvements were not significant

enough. Interference with the airflow and turbulence at the furnace seemed

to alter the behavior of the plume. The plume at blast furnace number 3

has a faster movement than other plumes from other furnaces, as can be

seen in recorded tapes from previous work at experimental furnaces. An

overview of the possible causes of the measurements problem is done in the

next chapter.
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Chapter 6

Problems and suggestions.

6.1 Image Acquisition

In order to get a better estimation of the injected flow a better image is

required. An optimal setting of the cameras should be found, giving more

relevance to focusing and light sensitivity.

6.2 Calibration of the soft sensor

As the estimated flow value from the plume depends on the size of the

image, the calibration or the adjustment of parameters for both the model

and controller should be done for every camera position. That means that

a different placement of the camera would represent an image with different

characteristics (size and angle of the 2D plume’s projection) and therefore

the estimated values will differ from the ones of other experiments. This is

a big limitation, because the controller and the model must be obtained in

the same experiment, with the same image characteristics. The other option

is to readjust the model’s parameters during the experiments. The error
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obtained because of the camera position, focusing and different conditions

has to be evaluated and the importance of a fixed installation will be proven.

For a fixed position the parameters of the plant may be varying and

therefore the control technique should change, introducing adaptive control

[11]. The controller itself may have adjustable parameters. Depending on

the parameter adjusting mechanism the control can be non-linear.

6.3 Air Flow Interference

The unburned coal particles characterize the plume, but the analyzed image

is a projection of the plume. Changes in directions which are not in the

scene can not be evaluated. Furthermore, the movement of the plume is

affected by the air flow into the furnace. The pressure distribution or the

injected flow should be closely studied and decide whether to include this

interference in the modelling or not. The pressure distribution close to the

plume would give the information of this movements which are not caused by

the two-phase jet. The effect of blast furnace flows in the may be also a great

source of disturbances. The estimations were done with the assumption that

the air flow or the internal flows are not affecting significatively the plume.
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Chapter 7

Conclusions

The estimation from the two-phase jet was not accurate enough for fitting

a reliable model. This is due to the turbulent behavior of the injection

plume. This made the plume to move faster than other plumes from ex-

perimental blast furnaces or other furnaces in which the image estimation

was applied. As there are constructive differences in blast furnace number 3

that made the measurements more difficult, the image analysis results were

not satisfactory. Further modelling and more variables of the plume should

be studied to follow the line of research and improve the soft sensor. The

filming conditions should be improve; the physical distance to the plume

and the peephole characteristics, make improvements difficult or almost im-

possible. Without a reliable measurement the proposed closed-loop control

structure is impossible to achieve. The image obtained from the plume was

significantly improved after all the experiments, but the estimations could

not be correlated with the flow values. As a personal opinion the image soft

sensor should be installed in blast furnaces that present an easy-to-film and

nitid plume.
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