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ABSTRACT 3 

Abstract 
The mould level behaviour in the stool caster of the DSP (Direct Sheet Plant) at Corus I1muiden is 
studied. For this purpose a mathematical description of the process is derived based on physical laws. 
This model is extended to include the effect of surface waves that can occur in the mould. The 
structure of this mathematical model is validated at a water model available at Corus. The same water 
model is used for further identification and parameters are estimated to create a dynamic mathematical 
model that describes the mould level behaviour sufficiently accurate. 

This non-linear model is approximated with a linear model suitable for control analysis and design. An 
analysis of the currently implemented mould level controller at the DSP caster is done with this new 
model, to explain why it becomes unstable at large mould widths. The effect of a different sensor 
position is considered. 

Not all periodical fluctuations that are found in the mould level can be explained with the model. 
Therefore data from measurements of several castings are used to search for causes of the periodical 
fluctuations. It is found that eccentric or damaged rolls directly beneath the mould can be the cause of 
mould level fluctuations. 

After specifying the control goals in terms of an a-norm and with the help of the linear model and 
knowledge of important disturbances, an a design technique is used to design alternative controllers. 
The considered controllers are LTI (Linear Time Invariant) controllers, but also LPV (Linear 
Parameter Varying) controllers. It is found that the resulting controllers perform better than the current 
controller for the given criterion. The a controllers are compared to the PID controller in simulations 
in Simulink for the non-linear mathematical model, and implemented in the water model. In both cases 
the behaviour is as predicted. 

The LPV controller is of special interest because its exact behaviour depends on the casting speed to 
make it optimal for each operating point of the process. Otherwise this would have been accomplished 
by a robust controller that is more conservative or by a series of optimal controllers for each set point, 
that have to be switched when a different operation point is chosen. 
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1. Introduction 
The process of making steel strip consists of several steps. First of all raw iron is produced in a blast 
furnace, mainly from iron ore and coke. By blowing oxygen, the raw iron is then refined to steel. This 
liquid steel is cast into a thick steel slab after which this product is rolled to a thinner strip. If 
necessary this strip is processed further until it has all the desired properties (thickness, strength, 
coating, etc.). 

The casting of steel can be done in several ways but at Corus in Umuiden so-called continuous casting 
is used. Liquid steel is cast into a mould from which a continuous (solid) steel strand emerges. 
Conventionally this strand is then cut into smaller slabs that are temporarily stored. As soon as they 
are needed these slabs will be reheated and rolled to thinner strip. 

Recently a Direct Sheet Plant (DSP) was taken into operation at Corus in Umuiden. This plant 
combines casting of steel and rolling. A major advantage is that immediately after the slabs are cast, 
they are transported through a furnace and rolled. This combination saves a lot of energy because the 
steel is still hot from the casting and thus needs less reheating. Another advantage is that the slabs are 
cast at one third of the thickness and thus need less reduction during the rolling process. All together, a 
DSP is already economic at a low production capacity. 

Furnace Rolling Section 

Figure 1-1: Schematic overview of the DSP plant. At the left is the casting process, from which a steel strand 
results that is cut, transported through afurnace and then finally rolled and coiled. 

1.1 Steel casting 
This study concerns the caster of the DSP, in which liquid steel is moulded to a continuous strand. 
Figure 1-2 shows this process schematically. Liquid steel is supplied by a large ladle from which it is 
poured in the tundish, which serves as a buffer. The vertical displacement of the stopper influences the 
steel flow from the tundish through the nozzle (Submerged Entry Nozzle or SEN) to the mould. 

C CRD&T 
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Mould 

liquid I I ~ 
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Figure 1-2: Schematic overview of the DSP caster, showing the flow of liquid steel from the ladle to the mould 
where it solidifies. 

The mould is a rectangular copper box without top and bottom. Heat is extracted from the steel at the 
four faces of the mould that are water-cooled. Due to the heat extraction the steel will solidify at the 
outside. Casting powder is continuously added to the mould. This powder floats on top of the steel to 
provide insulation so the steel will not solidify at the top. When it melts it moves between the steel and 
the copper mould for lubrication and heat transfer. The resulting solidified steel is extracted at the 
bottom ofthe mould as a continuous strand, but only the outside is solid, the core is still liquid . 

1.2 Motivation 
The steel level in the mould will fluctuate if there is a difference between the inflow of liquid steel and 
the amount of steel that is extracted at the bottom of the mould. The level must be kept to a certain 
reference level to prevent for example overflow of the mould. Small fluctuations are also not desirable 
because they could lead to inclusions of the casting powder in the shell of the strand. Such inclusions 
weaken the shell of the strand locally and can cause it to break open and spill the liquid core, after 
which the mess has to be cleaned. 

To keep the mould level at a reference height a controller is implemented that controls the height of 
the stopper based on the measured mould level. The current controller settings are not believed to be 
optimal; periodic fluctuations of the mould level are observed, in some cases the whole process 
becomes unstable and the cast has to be aborted. The goal of this study is related to this problem and 
two-fold: 

1. Analysis of the problem, and construction and validation of a model. 

A dynamic computer model is available (MA TLAB/Simulink). However, this model does not 
describe the occurring periodical fluctuations. The sources of disturbances are searched for 
and taken into account with the help of measurement data from past castings. And with 
experiments on a full-scale water model of the steel caster the dynamic computer model is 
improved. 

2. Analyse the performance of the current controller and determine how much it can be 
improved and how. 

With the understanding of the process obtained in the first step, the performance of the current 
control system can be analysed. Especially the ability to reject periodic disturbances must be 
studied and if possible improved upon. 

TU oven 
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1.3 Overview 
To start with, the casting process is modelled mathematically in chapter 2. Furthermore this chapter 
gives an analysis of possible sources of periodic fluctuations. In chapter 3 the mathematical model is 
validated with the use of the water model and values for unknown parameters are identified. 

The derived computer model is used in chapter 4 to explain what happens in the DSP caster and to 
design alternative controllers. In chapter 5 some controllers are used in simulation with the computer 
model and implemented in the water model to be evaluated. 

Finally, chapter 6 summarises the conclusions drawn from the derived model and experiments. 
Recommendations for future work can also be found there. 

1.4 Relevance of this study 
One of the worst things that can happen during a cast is a breakout. This means that the solid shell of 
the steel strand tears or breaks and the liquid core is spilled over the rolls in the cooling zone. This 
does not only result in immediate production losses but also losses because of a standstill of the DSP 
during the cleaning up. 

A possible cause of a weak shell is too much movement at the mould level. That can lead to inclusions 
of pieces of slag or sticking to the copper sides of the mould. Resonance of the mould level caused by 
the feedback of the control system is described in this work and solutions are proposed to prevent it. 
The concept is proven to work with computer simulations and experiments on the water modeL This 
means that the mould level is no longer an issue to worry about and attention can be turned to 
improving other aspects of the caster, resulting in higher production and thus more profits. 

C CRD&T 
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2. The DSP Caster 
As mentioned in the introduction, this study is about the behaviour and control of the steel level in the 
DSP Caster. In the next section the casting process is described mathematically, which results in a 
model of the process. 

For analysis and control of the process knowledge of the actuator and available sensors is necessary, 
so both are examined as well. To include the so-called surface waves that are observed, the previously 
derived model is extended and fmally causes of measurement noise and disturbances of the steel level 
are discussed. 

2.1 Modelling the steel flow 
Figure 2-1 shows a schematic of the casting process. Because the stopper in the tundish controls the 
flow into the mould, the stopper height influences the steel level. The relation between stopper height 
and steel level is derived from two physical laws: preservation of mass and the Bernoulli equations of 
incompressible fluid flows (Cuypers, 1996). 

Stopper -----1-+ 

Tundish 

v, 

Nozzle 
~ 

L2 
Meniscus xl 

l\n 

Mould 

Figure 2-1: Schematic presentation of steel flow from tundish to mould (flow into the tundish is of course 
from the ladle). 

Model based on pbysicallaws 
A mass flow (Pin [kg/s] enters from the ladles into the tundish and a mass flow (Pout leaves at the 
bottom in the shape of a steel strand. The speed of the strand is dictated by the velocity of the rolls and 
called Vg [mls], the speed through the nozzle is Vn [mls]. If there is a difference between in- and 
outflow then preservation of mass in the mould leads to a change in mould level, hm [m], as equation 
(2.1) shows. 

J dhm = J V -A V 
"'m dt "-'n n g g 

(2.1) 

Am [m2
] is the mould surface size, An [m2

] the size of the opening in the nozzle, and Ag [m2
] the cross

section of the strand (70 [mm] times strand width). The nominal mould thickness is 90 [mm] but the 
mould is not rectangular and larger at the top than at the bottom, Am can be seen as an average of the 
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area at the top of the mould (minus the space occupied by the SEN). Note that the speeds are scalars 
representing only the size of the speed, so they are always positive. With the assumption that the steel 
level in the tundish is constant, preservation of mass also leads to (with p [kg/m3

] the density of steel 
at the casting temperature): 

<Pin = pAnvn (2.2) 

And of course the preservation of mass in the nozzle leads to: 

Asvs = Anvn (2.3) 

Vs [mls] is the speed of the flow through the stopper opening and As [m2
] the size of this opening. The 

Bernoulli equation (Lamb, 1932) from point 1 to 2 leads to equation (2.4). 

PI + pg hi +t p(dht / 
dt 

P +P"uh +1.p(dhm)2 +1.Z p 2+1.Z P 2+ PL dvn 
2 b m 2 dt 2 n Vn 2 s Vs 2 dt (2.4) 

In equation (2.4), Zn and Zs represent the flow resistances of the nozzle and the stopper opening 
respectively, and g is the gravitational constant. Because the tundish level is assumed to be constant, 
the influences of changes in the tundish level, dhldt, can be neglected. Furthermore the air pressure at 
the mould and the tundish are equal (Pl=P2)' Equation (2.4) reduces to: 

I dhm 2 I 2 I 2 dvn 
g(ht-hm)=T( dt) +ZnTVn+ZsTVs+L2 dt (2.5) 

From the height of the stopper rod the hole size, As, can be calculated according to equation (2.6). The 
exact method for this calculation differs for each type of stopper rod. 

( 
hs hs2) 6 A = C ·-+C .- ·10-

s I C
3 

2 C/ (2.6) 

A linear dynamic approximation 
In the previous subsection a non-linear model was derived for the casting process. However, for the 
purpose of analysis and design of the mould level control system a linear dynamic model is preferred. 
The equations (2.1), (2.2), (2.3), (2.5) and (2.6) are non-linear differential equations, but a linear 
approximation can be made for fixed set-points for mould width, tundish level, and casting speed_ A 
linear model can be given by a second order state space description: 

. (All x=Ax+Bu = 
A21 

Au }+(Bl1 
A22 B21 

B12 lUI) 
B22 U2 (2.7) 

y=Cx=(CI C2 )X 

With y the output or mould level variations, Ul the stopper height variations, and U2 the casting speed 
(or outflow) variations. State Xl represents the mould level variations, whose time derivative depends 
on X2 and U2- State X2 represents the speed through the nozzle (vn). From equation (2.1) and (2.5) it 
follows (the capital letters are used for set-point values of the variables): 

rU7e tedlnlsche unlverSltelt emdhoven 
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o 
A= 

o 
B= Z A 2V 2 dA -2 

s n n s o 
2L2 dHs 

C = (1000 0) 

The C matrix does not depend on any parameter, but the A and B matrices do; An and B21 vary due to 
changes in Vn, A" and dA/ldHs. After simplifications the equations lead to: 

(2.8) 

In the last equation the dependence of B21 on the stopper gain is shown. Because this gain can vary for 
different types of stoppers and depends on casting speed and mould width as well, the derivation is not 
worked out any further. 

The transfer function of the system is easily constructed as follows: 

(2.9) 

The input vector consists of hs [mm] and Vg [mls] and the output is the mould level, hm [mm]. For a 
nominal casting speed of 4.5 [mlmin], a mould width of 1250 [mm] and tundish height of 1 [m], the 
values are approximately: 

Because of the values of the A and B matrices, the factor Ans dominates in the denominator between 
approximately 0.01 and 10 [Hz]. In this frequency range (2.10) approximates the transfer from hs to 
hm: 

(2.10) 

The last expression is of course only valid if Ag is kept constant. It is possible that the mould width is 
changed during a cast, but that is neglected for simplicity because it happens very slowly. In fact an 
integrator, the constant factor AIAm, and the derivative of casting speed to stopper lift, determine the 
linear model of the system. The last factor is not constant, for several reasons: 

• The relation between stopper lift and flow (the stopper characteristic) is not linear (see for 
example equation (2.6». 

C CRD&T 
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• The relation between stopper lift and casting speed is derived from the stopper characteristic 
and the mould width, so this relation also varies per mould width and stopper type. 

• Due to wearing and clogging of the stopper the exact characteristic even varies during a cast, 
making the model time-variant. 

The stopper characteristic and the stopper gain (deviations of casting speed related to deviations in 
stopper lift) will be discussed in the next section. 

2.2 The stopper 
As can be derived from equations (2.1), (2.3), and (2.6), the height ofthe stopper influences the mould 
level. The height of the stopper itself is controlled by a slave control loop, which determines the 
dynamic behaviour of the stopper. The relation between stopper height and amount of flow from 
tundish to mould is called the stopper characteristic and is discussed after the dynamics of the slave 
loop. 

Dynamic behaviour of the stopper 
The stopper height is controlled in a slave loop, also called cascade control in (Middel and 
vDitzhuijzen, 2000), by a proportional controller (see Figure 2-2). A valve controls the amount of flow 
to the hydraulic cylinder that moves the stopper. The position therefore depends on the volume of the 
cylinder, which is proportional to the integral of the flow. So an integrator is included in the closed 
loop giving it zero steady state error. 

L)r=:r Hs!\!I1[mm) -

K..v 

tau_v + 1 

I 
Valve 
~

IOW K_c 
Im3l.j __ 

tau_c 

K_s 

tau_$ + 1 

Sensor 

Cylinder 

height 

~Ir "L) 
Saturation 

Hs[mm) 

Figure 2-2: Si1tUllink scheme of stopper control in closed loop. This shows the (proportional) feedback 
controller, valve and cylinder dynamics, and the sensor dynamics. 

If the stopper never saturates the slave loop is approximated by a second order low-pass filter with a 
bandwidth of 1.5 [Hz]. However, the transfer function of the valve can deviate from the one shown in 
Figure 2-2. This transfer is based on the relation between command value for the flow and the 
reSUlting flow. This value can deviate 10% from its average. Furthermore if the pressure over the valve 
is different from the prescribed 70 [bar] then this relation is different as well. Because of the closed 
loop this will not influence the steady state behaviour of the slave loop, but for frequencies near the 
bandwidth it will have influence. 

The stopper characteristic and gain 
The stopper characteristic is the relation between the stopper height and the flow from tundish to 
mould. In steady state this flow equals the total outflow and is thus proportional to the casting speed. 
The derivative of this stopper characteristic is an important parameter in the model, as equations (2.8) 
and (2.10) show. This derivative is called the "stopper gain". 

rU7e technlsche universlteit eindhoven 
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2.3 The sensors 
To measure the height of the steel in the mould two types of sensors are available. Both sensors only 
measure the steel level at one spot instead of the average level. This can have consequences for the 
mould level controller because it must not control the level at one spot, but the whole meniscus must 
be kept at a certain height. 

Radioactive sensor 
The original steel level sensor in the DSP is a sensor with a radioactive source. At one broad face of 
the mould a radioactive source (Cesium 137) is placed. This source sends radioactive particles through 
the steel to the opposite face. A detector is mounted there that counts the amount of particles arriving. 
Steel absorbs more radioactive particles than air, so by counting how many particles reach the opposite 
face the steel level can be detennined. Because the slag layer absorbs as well (albeit 60% less than 
steel) it is not possible to detennine the exact (average) level unless the thickness of the slag layer is 
known. 

If a radioactive particle hits the receiver, which is a so-called scintillation counter, a flash is the result. 
These flashes are counted and summed over a period of 25 [ms]. The sensor reading is subjected to 
statistical fluctuations in the number of counted pulses radiated by the radioactive source. The 
radiation source emits a fixed average amount of particles per second, but the exact number can 
deviate from that mean value. Apart from the fluctuations in the number of transmitted particles it is 
also possible that the scintillation counter misses pulses, because they are too weak or arrive together 
with another particle. Two particles arriving at the same time will be seen as one particle because they 
produce only one flash at the receiver. These effects cause the sensor to behave randomly with a mean 
equal to the steel level (because of calibration) and a standard deviation of 1.6 [nun] (Smart, 2001). 

Because this method of measurement is subject to a lot of statistical noise, a low pass filter is used to 
average the samples. This filter is implemented in such a way that the dynamics of the sensor can be 
approximated by a first order linear system with a time constant that is adjustable. Currently this 
constant is set to 0.30 [s]. This means that an impulse (infmitely fast rise and fall) of the level will be 
measured as the impulse response of a frrst-order system with a pure time-delay between 0 and 25 
[ms]. 

Eddycurrent sensor 
The second type of sensor has been used successfully at other casters but its employment at the DSP 
has given a lot of operational problems. 

The Eddycurrent sensor is based on the principles of eddy currents. A coil mounted above the mould 
induces a magnetic field. The liquid steel, which is not magnetic, acts like the secondary coil in a 
transfonner. Movements of the steel level will influence the coupling between the two 'coils'. By 
careful measurements of the electric changes at the sensor, fluctuations in the steel level can be 
recorded. 

The sensor noise of the Eddycurrent sensor is low compared to that of the Radioactive sensor. 
Furthennore it is not influenced by the presence of slag on the meniscus and can be positioned more 
freely, because it is not fixed to the mould as the Radioactive sensor. The Eddycurrent sensor is more 
vulnerable and has had a lot of operational problems. During this study it has not been operational. 
Therefore in the remainder of this report "sensor" will refer to the Radioactive sensor, unless noted 
otherwise. 

2.4 Surface waves 
The model for the mould level as derived in equations (2.1) to (2.6) does not explain the mould level 
behaviour entirely. The equations describe the behaviour of the average mould level, but not the local 
effects at each position of the meniscus. These local effects are important because the sensors 
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measure the mould level at only one position. Two factors cause local deviations of the measured 
mould level: 

• Deviations caused by local turbulence or variations in the slag layer. 

• Waves occurring at the surface, resulting in local peaks and valleys in this surface that do not 
influence the overall average level. 

The first factor can be regarded as noise that has to be neglected by the controller or sensor (see 
section 2.5). The second factor is structural and the actuator (the stopper) can initiate these surface 
waves. Because these waves need to be controlled they should be part of the model. Instead of only 
using the previously derived linear model, an additive effect of these surface waves is included. 

Surface waves in the mould 
Intuitively one can imagine that if the meniscus is disturbed at some point the steel or water level will 
locally be depressed and obtains a speed directed away from the depression. Doing so a moving 
surface wave arises that travels from its origin in all directions (compare throwing a stone in a lake). In 
the case of the mould the thickness (distance between the wide faces) is very small compared to the 
width and therefore it is assumed that waves mainly travel in the width. Figure 2-3 shows a surface 
wave in the resulting two-dimensional case. 

Disturbance 

+- -. 

Figure 2-3: Excitation of a sUrface wave with force acting directly on the sUrface of a liquid. 

If the width would be infinitely large then the wave would propagate (in two directions) and fmally die 
out. However, since the width is finite the wave will meet the narrow sides of the mould and reflect. 
Generally the waves coming from both sides will interfere and fmally damp each other's effect. But if 
the speed of the waves is such that they meet over the whole width with the same phase then they will 
not cancel each other, but cause resonance. In that case almost no energy is lost. In such a situation the 
waves are called "standing" surface waves because they do not travel from one side to the other but 
vibrate like strings. The frequency and wavelength of the waves only depend on the width and depth 
of the basin (mould). 

Figure 2-4 shows the shape of two of those standing surface waves, the level will vary between the 
solid and the dotted line. The waves are named after the number of nodes N (points that do not move). 
The figure only shows the standing surface waves with N=2 and N=4. Note that it is not possible to 
create waves with N odd by excitations in the middle of the mould. 

}~~ ~ ·1 ~ . 

L2

t 
-

i ·3 

~ 
·4, [

-]-Su!foce we,.. N:4 
- ~ Other ex1reme 

'
X Measurement positions 
---- Surface wsw N1I!2 
. - Other extreme 
X Meas urement pas itlons 

" , 
·5~ . 

-at !! t I 
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Distance from cent .... line .1 SEN Imm} 

Figure 2-4: Shape of sUrface waves at mould level plus position of sensors. 
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The frequency with which the waves will oscillate is easily calculated (for large depth compared to 
width) from equation (2.11) (Lamb, 1932). 

f=~ Ng 
47rW 

(2.11) 

W is the mould width, g the gravitational acceleration and N the wave number. Note that the 
frequency does not depend on the material (steel or water), but only on geometry of the mould. 
Standing surface waves do not have a lot of natural damping so it is easy to initiate and maintain them. 
The only damping that occurs (theoretically) is at the sides where they are reflected and by the 
viscosity of the fluid. If excitation is perfonned at the correct frequency the only energy that has to be 
supplied is the energy that is lost by these factors. 

Excitation at other frequencies than the resonance frequency causes the reflected waves to cancel each 
other. To compensate for these losses extra energy must be added. Therefore more energy has to be 
added than with the perfect standing waves to maintain a fixed amount of energy in the waves, which 
is a measure for their height. 

Dynamic model 
Rob Cuypers (Cuypers, 1996) already noticed the occurrence of standing waves in the water model. 
To model the resonance phenomena, he proposed to extend the existing model with an extra vessel 
parallel to the mould connected through a tube at the bottom, as shown in Figure 2-5. The 
communicating vessels that arise this way represent the middle of the mould in which the nozzle pours 
and the sides where the sensor is located. 

Figure 2-5: A model that has oscillating behaviour caused by the communicating vessels used by Rob 
Cuypers. The sensor does not measure the mould level at point 2, but in the right vessel in point 3. 

A linear approximation of this new model is obtained by mUltiplying the original model by a second 
order system. This second order system represents the behaviour of the communicating vessels and is 
used to model the surface wave. In Figure 2-6 this is shown with the extra transfer function GR(s). 
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Figure 2-6: Comparison of the structure of the model of Rob Cuypers to represent the sUrface wave (left) and 
the proposed modification (right). 

Because this linear model of Rob Cuypers cannot explain exactly what is observed in the water model 
and in the DSP caster, a modification is proposed. This modification assumes that the surface waves 
can be represented by a second order system, as Rob Cuypers and Terashima (Terashima, 2001) do as 
well. The big difference is that the surface wave is considered to be an additional effect, so instead of 
multiplying it with the rest of the model it is added to it; the series connection is replaced by a parallel 
connection (see Figure 2-6). Furthermore the effect of both an N=2 and N=4 surface wave are taken 
into account. That these modifications do indeed result in an improved model follows from 
identification at the water model in section 3.3. 

The summation of the original model and two second order filters is shown in equation (2.12). The 
band-pass filters represent the surface waves. The parameters are the natural frequency Ct.>n, damping , 
and gain K. Gwds) represents the N=2 wave and Gwds) the N=4 wave. 

G(s) = GM (s) + K1GW1 (s) + K 2GW2 (S) 

C 1 
GM(s)=-----

A ('t'lS + 1)(1:'2s + 1) 

G .( ) = 2'lon,s 
~ S 2 r 2 

S + 2':;) lOn,S + roni 

(2.12) 

The frequency follows from the mould width as in equation (2.11); the damping and gain are not 
known, but will be derived from measurements. 

2.5 Noise and disturbances 
The control goal is to maintain a steady average steel level. This means that if the average level 
deviates from the set point the stopper height must be adjusted to compensate for this disturbance. 
Section 2.4 shows that the measured height is not necessarily the average level because of surface 
waves that can occur. These deviations will not be considered in this section; the origin of several 
periodic disturbances is searched for. Possible sources are: 

• Measurement errors 

• Variations in the outflow 

• Variations in the inflow 

Measurement errors 
In section 2.5 it was noted that the Radioactive sensor is subject to statistical noise. Because this noise 
is random it will give a flat frequency spectrum and will not result in any periodic disturbances higher 
than the noise level. 

The level measurement is also disturbed by the mould oscillation. The mould oscillates as a whole 
(including the Radioactive sensor) to help lubrication by the casting powder and prevent the steel to 
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stick to the mould. This frequency is relatively high and depends on the casting speed, it is somewhere 
between 4 and 6 [Hz]. The intention is that only the mould oscillates and not the steel because of its 
inertia and the lubrication. Assuming this to be the case the sensor will still measure the oscillation 
because the steel level does not oscillate, but the sensor itself does. Under this assumption these 
oscillations may and are ignored. 

Variation in inflow 
Clogging and wearing of the stopper could cause variations in the inflow. Clogging and wearing result 
in a change of the stopper tip but the integrating action of the controller compensates for this steady
state effect. This is not really a disturbance, but a variation of the process, which could possibly lead to 
instability and less performance. 

The control system that controls the stopper height actually controls the position of the piston only, not 
of the stopper itself. The movements of the stopper tip are not measured, so it is not exactly known 
how the stopper itself moves. It might for example move a little in the horizontal plane, which can 
cause variations in flow. It is also not impossible that the combination of stopper weight and upward 
pressure acts as a mass-spring system and cause an oscillation. But so far no evidence has been found 
that the stopper moves periodically in a way that is not prescribed by the piston it is connected to. 

Variations in outflow 
Bulging and eccentricities of rolls, or damaged (flat) rolls, can cause variations in the outflow. It has 
been shown at other casters that rolls can be damaged and influence the mould level (vdPlas, 1992). 
Resonance can also occur because different control systems (e.g. those of mould level and position of 
segment 0) interfere with each other. 

Influence of roll segments on mould level 
As pointed out above, measurement errors will not cause periodical disturbances; neither will 
variations in the inflow. Variations in the outflow have their source beneath the mould where rolls pull 
the partly solidified slab from the mould. 

The first pair of rolls that the slab encounters is a pair of foot rolls; they are located directly beneath 
the mould and not driven. The next rolls are the rolls of segment 0, which are also not driven. The 
space between both sides of segment 0 can be controlled; it can be set from 90 to 70 [mm], which is 
done shortly after the start of the cast (i.e. liquid core reduction). 

After segment 0 come segments 1 to 6. Each segment consists of 8 or 9 pairs of rolls on each side. One 
side is fixed and the other is pushed against spacers to maintain a distance of 70 [mm] between the two 
segment sides. The distance is fixed by the spacers and maintained by a predefmed pressure; no 
control is possible. At the start of the cast the distance is 90 [mm] and the pressure low, then the 
pressure is increased to reduce the slab thickness to 70 [mm], and this distance is held fixed during the 
rest of the cast. 

The first 5 roll pairs in segment 0 and the foot rolls are tapered: they have a smaller diameter at the 
inside than at the outside. This must be done because the mould itself is wider in the middle (funnel) 
and this effect must be reduced gradually to prevent cracks. For the other segments the diameter of 
rolls differs per segment. Each of these segments also has rolls that are driven (to pull the slab from 
the mould and control the speed). 

From the construction ofthe rolls and segments, three possible sources for outflow disturbances can be 
distinguished: 

• Eccentricity of rolls 

• Bulging between rolls 

• The position controller for liquid core reduction in segment 0 
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These disturbances are now discussed separately. 

Eccentricity of rolls 
If rolls in the different segments are eccentric they will influence the outflow. One effect is that they 
lead to variations in the speed of the slab, which directly influences the outflow of the whole slab. The 
other effect is that they squeeze the slab and thereby influence the outflow ofliquid steel. In both cases 
the frequency of the disturbance they cause is easily calculated from the diameter of the rolls and the 
casting speed. 

Bulging 
Bulging is the phenomenon that the slab bulges (the skin bends) between two succeeding rolls as 
illustrated in Figure 2-7. If this is a constant amount it does not cause variations in outflow, because it 
is a steady state situation, but if it becomes unsteady it does influence the outflow. 

Bulging 

; \ 

~ 
',.. ,..' 

Roll pitch 

Figure 2-7: Bulging between roNs. 

Varying thickness of the skin might cause unsteady bulging. In that case the bulging will be less at 
parts with a thick skin and more at thinner skins, introducing a pumping effect of the liquid core that is 
visible at the mould level. If bulging is caused by one locally thicker piece of skin it will disturb the 
outflow only when it passes a roll, after it has passed all the rolls the effect is gone. This will cause a 
periodical disturbance ofa few periods (at most equal to the number of rolls). 

If unsteady periodical bulging occurs for a long time then the period will depend on the distance 
between the rolls and the casting speed. 

Liquid core reduction in segment 0 
The required thickness of the steel slabs is 70 [mm]. Because of the size of the nozzle the mould itself 
has a thickness of 90 [mm]; therefore a reduction has to take place. When the strand leaves the bottom 
of the mould the skin is still very thin and easily deformed. By gradually decreasing the space between 
the rolls the thickness is reduced to 70 [mm] (see Figure 2-8). Effectively the liquid steel inside is 
"pushed upwards", that is why this process is known as Liquid Core Reduction (LCR). 

This liquid core reduction is performed in the fIrst roll segment beneath the mould, segment O. The top 
of segment 0 is fIxed but the bottom is position controlled by hydraulics. The controller (PI) has a 
hysteresis or dead band of 0.075 [mm]. This hysteresis in the feedback loop is responsible for a small 
oscillation in the position. 
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Figure 2-8: Reduction of slab thickness from 90 to 70 {mmJ in segment 0 (liquid core reduction). &x is the 
variation that causes variations in volume (indicated by grey area). 

If segment 0 moves with 0.1 [mm] over the total length of 1.75 [m] then it is easily calculated (see also 
Figure 2-8) what the effect at the meniscus would be: 

(2.13) 

This means that a deviation of 0.1 [mm] over 1.75 meter of segment 0 will be converted to a 
disturbance of the mould level of 1 [mm]. This would be the effect in the uncontrolled case, but with 
the current Pro controller this disturbance would not be attenuated at frequencies above 0.2 [Hz]. 
Therefore the effect might be visible in the mould level. Of course not all material is "pushed back" to 
the mould, some of it may go downwards or is "absorbed" in the deformation at the narrow sides. 
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3. Model validation and identification 
In the previous chapter the (linear) dynamic model has been discussed. From that discussion it follows 
that not all parameters can be derived theoretically and measurements are necessary to obtain values 
for these parameters (identification). These measurements will also show if the proposed structure is a 
good representation of reality (validation). 

It is not possible to do open loop tests on the real DSP caster; this would endanger production too 
much. But a real-size model of the caster is available that uses water instead of liquid steel. The water 
is removed at the bottom of the mould by a pump to simulate the extraction of the slab. To validate the 
model structure (which includes the surface waves) open loop and closed loop tests on the water 
model are performed. 

The behaviour of the stopper is calculated from (closed loop) data of the real caster. And fmally the 
sources of (periodical) disturbances in the mould level are investigated using the same data. 

3.1 Comparison between water model and DSP 
Of course the water model is not the same as the DSP caster and deviates from the real caster at a few 
points. 

First, water is used instead of liquid steel. But because water and liquid steel have approximately the 
same Reynolds number the flow behaviour of the water model and the DSP caster is comparable 
(Cuypers, 1996) to the extend that it is safe to assume that this difference has no effect. Equation (2.5) 
confirms this because the density of the liquid does not appear in it anymore. 

Second, in the water model a different sensor and a different stopper drive are used. The sensor is a 
polystyrene ball floating at the water surface. It is connected with a lightweight beam of which the 
angle is measured; the measured angle is then converted to the corresponding height of the ball. It is 
assumed that this sensor is much faster than the one in the DSP. 

Third, the mechanism that drives the stopper height also differs from the DSP. The real stopper is 
driven by a hydraulic system, controlled with a slave controller. The bandwidth is approximately 1 to 
2 [Hz]. The stopper in the water model is driven by an electrical motor and has a much faster response. 
To test its response a sine is applied to the stopper reference with a frequency of 1.0 and 5.0 [Hz] and 
amplitude of 1.0 [mm]. The reference is followed without phase shift and only a slight attenuation 
(0.13 [dB]). This is much more than the DSP stopper can achieve and is considered to be very fast. 

To duplicate the DSP situation as well as possible, the sensor signal must be filtered to introduce phase 
shift and attenuation of the signal in the same way the Radioactive sensor would do. The dynamic 
behaviour of the stopper is derived from a model of the hydraulics and the (slave) controller of the 
stopper height. To simulate this behaviour a filter is added that behaves the same way the controlled 
stopper would have. These adjustments are only active in closed loop experiments, not in open loop. 
The filters are given by: 

1 
G RadioActive = t + 1 au.s 

G = K(s+a) 
Stopper (s + b 1) (s + b2) (s + b3) 

(3.1) 
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3.2 Stopper behaviour 
Output disturbances and sensor noise in the DSP caster make it possible to identifY the dynamic 
behaviour of the slave loop of the stopper. The disturbances act as reference changes on the stopper 
lift. The relation between the stopper height reference (output of the controller) and the measured 
stopper lift is used to identifY a transfer of this slave loop. The relation between the actual stopper lift 
and the resulting steel flow (stopper characteristic) is determined after that. 

Dynamic behaviour 
The sample rate of ordinary measurement data is too low for the identification. Measurements with a 
higher sample rate and including both the stopper lift feedback and reference signal are used to 
identifY the transfer. It is assumed that a linear model can approximate the real process as shown in 
Figure 2-2 of section 2.2. 

The function oe from the MATLAB Identification Toolbox is used to approximate a linear dynamic 
output error model* from a dataset. Another dataset from the same casting is then used to verifY this 
estimate. Identification of the transfer is possible because of sensor noise and disturbances of the 
mould level; they are used as excitations at the reference of the slave loop. Figure 3-1 shows four 
transfer function estimates generated with the function tfe, based on the spectra of the input and 
output. For the datasets lA and 2A the estimated output error model is shown as well. The datasets IB 
and 2B are used to verifY the model, which in both cases turns out positive. Also shown in Figure 3-1 
is the theoretical transfer function of the closed loop. 

The identified transfers deviate from the theoretical one. Low frequent the differences are not very 
large, they all have (almost) unity gain. The main deviation is in the exact bandwidth. The reason of 
the deviation can be that the valve behaves differently. The valve has a tolerance of 10% and its gain 
depends on the supplied hydraulic pressure. Furthermore there are several stopper mechanism (with 
the same specifications) so the measurements could have been taken for different ones. Note that this 
model error occurs around the frequencies of the surface waves, so it is highly possible that the exact 
stopper transfer influences the stability of the controlled system. 

• An output error model with input u(t) and output y(t) is of the form y(t)=H(s)*u(t)+n(t), in which H(s) is the transfer and 
n(t) is noise. 
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Figure 3-1: Frequency response of closed loop stopper system (datasets 1A and 1B from sequence 1803, 2A 
and 2B from sequence 1909). Shown are the transfers estimated with a periodogram method and the 
identified models. The theoretical curve is shown for comparison. 

Stopper characteristic 
The stopper tip changes shape during a cast because of wearing and clogging. Evidence of wearing 
and clogging of the stopper tip can be found by inspection after a cast. Wearing is also observed 
during a cast because the stopper height gradually decreases. This is caused by the integrating action 
of the controller that keeps the opening of the stopper such that the steel flow into the mould equals 
the outflow and if the stopper becomes smaller it has to be moved downwards. 

During a cast the casting speed is changed several times. The relation between flow and casting speed 
is one-to-one if the mould width does not change. Therefore at times that the casting speed is increased 
or decreased the deviation in speed divided by the change in stopper height approximates the stopper 
gain, as equation (3.2) shows. 

(3.2) 

Because it is only a small time interval in which the stopper height difference is determined, wearing 
does not influence the measurement. Although it is not possible to determine the stopper characteristic 
itself, it is possible to measure its derivative ifa change in for example casting speed takes place. 

The factor L1V g'L1hs has been determined for several casting sequences for the water model as well as 
for the DSP caster. An average of 0.65 was found, with a minimum value of 0.40 and a maximum 1.0. 
It was also found that the gain is around 0.4 at the start of the cast and becomes larger as time 
progresses. The model of Chris Treadgold also predicts this value of 0.4. So clogging and/or wearing 
of the stopper tip and nozzle can result in an increase of the gain. 

3.3 Validation and identification at the water model 
Both open and closed loop tests (with the PID settings of the DSP caster) are done at the water model. 
The open loop experiments are used to verifY the structure of the model and to derive values for the 
parameters such as the gain of the surface waves and also their damping factor. Table A-I lists the 
conditions of each experiment. 
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Open loop experiments 
The open loop tests (mould level controller turned off) consist of experiments at different mould 
widths (1500, 1250, and 1000 [mrn]) and varying sensor positions. First the stopper is excited with 
different frequencies and the effect at the mould level is measured. Additionally excitation with square 
pulses is done. 

Experimental Bode plots 
To construct experimental Bode plots (magnitude and phase) of the transfer between stopper lift and 
mould level the stopper is moved sinusoidal for 1 or 2 minutes with a certain amplitude, the mould 
level variations are recorded and from these two signals amplification and phase shift can be 
constructed. Of course this way it is not possible to distinguish between +/- 3600 phase, but if it 
assumed that no sudden changes of more than 1800 take place (which seems realistic) a smooth phase 
trajectory can be calculated. 

From the measurements, it follows that a linear approximation is allowed: excitation with a certain 
frequency at the stopper does not lead to other frequencies in the mould level. Furthermore decreasing 
the stopper amplitude by a factor 2 has the same effect on the mould level. These are necessary 
conditions for a linear system and those were satisfied. Only at the resonance frequencies of the 
surface waves and high stopper amplitude the mould level also shows higher harmonics. These can be 
caused by the sensor or be really present (because of for example saturation), but will be ignored in the 
model. 
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Figure 3-2: An oscillation at in this case 0.2 {Hz}. At 40 {s} the oscillation is turned off and gradually damps 
(,ris 40 {s} in this case). The red lines show the" envelope". 

Experiment 18 is done for the frequencies 1.1 and 1.45 [Hz], which are the resonance frequencies. By 
turning the oscillation on and off during the measurement the natural damping of these waves can be 
determined. When the oscillation is turned off the amplitude of the waves diminishes exponentially 
with e -t/T, as shown in Figure 3-2. To estimate 'l'the point at which the oscillation starts to decrease and 
when it is half its amplitude are measured. Equation (3.3) shows how to calculate 1': 

e-II / T 

e-I, / T = 2 
t -tl 2_ 

--7 r = In(2) (3.3) 

From this it follows that 'l'is around 8 [s] for the N=2 wave and around 6.5 [s] for the N=4 wave. For 
the damping factor S of equation (2.12) this gives values of 0.0 18 and 0.017 respectively. 

Different mould widths 
To simulate mould width changes the sensor can be moved from the middle to the narrow side at a 
mould width of 1500 [mm]. However this takes only the position of the sensor into account and not 
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the changes in behaviour of the surface waves. To identify those effects also for smaller mould widths, 
open loop tests were done for 1250 and 1000 [mm] mould width. The sensor was fixed at 320 [mm] 
for these experiments. 

( 1500 ) ( 1500 ) 

Figure 3-3: Extra walls decrease the mould width, but without blocking at the top fluid can move between the 
two sides and the main mould. 

First experiments C and D were carried out (see Appendix A.l). To get a more accurate validation 
experiments 21 to 27 followed. During C and D the sides of the mould were "open" (see Figure 3-3), 
allowing for an oscillation to occur caused by the principle of communicating vessels. During 
experiments 21 to 27 the sides were closed to reduce this effect, but still some leakage results in 
measurable influence. 

Only experiments at lower frequencies suffer from this leakage effect. This can be noticed during the 
experiments: no movement of the water is observed in the sides for higher frequencies (above 1 [Hz]), 
at least not comparable in size to the waves in the rest of the mould. Looking at the Bode plots 
(experiment D 1 opposed to experiments 21-26) this effect reveals itself in the different phase and 
amplitude behaviour. For very low frequencies (0.2 [Hz]) the gain of the system approximates that of a 
width of 1500 [mm), because the sides need to be filled as well. If the lid is better closed (experiment 
21) the gain of 1000 [mm] is approximated better. These communicating vessels probably cause the 
differences around 0.5 and 0.9 [Hz]. 

Slow dynamics 
The model based on the physics of the flow between the tundish and the mould predicts a first order 
system instead of a pure integrator (see section 2.1). The coupling between tundish and mould causes 
this; a higher inflow (stopper lift) results in a higher mould level, which in tum would lead to a lower 
inflow because of the increase of pressure. Figure 3-4 illustrates the difference between a first order 
system and an integrator if the stopper is temporary lifted a few millimetres extra; the integrator would 
keep its new level forever, but the first order system will return to its previous level. 
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Figure 3-4: Response of an integrator and aftrst order system to a certain excitation. 
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Therefore if a pulse as in Figure 3-4 excites the stopper, the level will first rise but then fall back to the 
previous steady state value. From the time it takes to return to its value (in relation to how high the 
stopper was lifted and for how long) the slow dynamics can be approximated. 

With the MA TLAB identification toolbox an output error model was constructed from experiment 7 
with the function oe. From this a time constant of approximately 60 [s] is found. The theory of 
Boterman and Cuypers (see also equation (2.9)) predicts a high dependence of this time constant on 
casting speed and stopper characteristics, so this value must be used carefully, which means that a 
control system should not depend on it too much. 

Closed loop experiments 
For closed loop experiments use is made of the current PID controller as implemented in the DSP. 
Furthermore, the filters for the sensor and actuator are used, the controller is discussed in more detail 
in section 4.1. The controller gain at which the system becomes unstable is searched for and compared 
to the predicted behaviour from the open loop model as derived in equation (2.12). 

Mould width 1500 [mmJ 
Experiments 6, 19 and AS are done in closed loop, with a controller active. During 6 and AS actual 
DSP settings for the controller are used. But only experiment AS uses the DSP filters of equation (3.1) 
and is also used to test the effect of a notch-filter and the effect of reducing the D-action of the 
controller. This closed loop experiment can be used to verify the open loop model. The total controller 
gain is increased until the water level becomes unstable (at a controller gain of 1.6) and the frequency 
it starts to oscillate at is measured (1.29 [Hz D. 
Root locus and Nyquist diagram inspections can be used to check whether the computer model 
predicts this behaviour as well. The linear model predicts that a gain of 2.3 is needed to reach 
instability and an oscillation frequency of 8.S [rad/s] = 1.3S [Hz]. 

The difference between the predicted and determined gain and frequency can be explained by the fact 
that at frequencies between the N=2 and N=4 wave the linear model has a lower gain than measured. 
The result is that in reality less controller gain is needed to reach instability because the process 
provides more amplification than the linear model. 

Mould width of 1 000 [mmJ 
Experiments D2, 22, and 27 are used to check whether the open loop model is accurate enough to 
predict closed loop behaviour. 

With a mould width of 1000 [mm] a frequency of 1.22 [Hz] is encountered in closed loop, the gain 
necessary to reach instability depends on the casting speed, around 2.4 for S.O [mlmin] and 2.6 for 6.0 
[mlmin]. The exact frequency also differs between different casting speeds, but not much. The 
difference in needed gain can be explained by the different (steady state) stopper lift, which causes a 
different stopper gain (lower for higher lifts). This frequency is predicted by the model at a gain of 2.S 
for both cases, so this matches. 

Standing surface waves in the DSP caster 
Based on observations of the meniscus and frequency analysis it was previously concluded (Frinking 
et ai, 2001) that at mould widths of 1400 [mm] surface waves occur and increase in size. From Table 
3-1 it can be seen that in the DSP caster instabilities can occur at larger mould widths. For 1400 [mm] 
the parameters of the PID controller have been adjusted from sequence 1909 to 10% below nominal. 
As can be seen in the table, this did not prevent oscillations from happening. 

With the same controller settings as the DSP caster, the water model is not unstable. Increasing the 
total gain of the controller however results rapidly in the same behaviour. Whether a time delay would 
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also cause this has not been tested, but is nevertheless expected because it follows from simulations 
and model analysis. 

Table 3-1: Observedfrequency due to surface waves in the DSP caster for several widths. 

Sequence Width [mm] Observed frequency [Hz] Remarks 
1834 1400 1.13 High fluctuations at start of cast 
1857 1400 1.09 High fluctuations at start of cast 
1909 1400 1.23 PID settings -10%, after 2 hours small 

fluctuations 
1938 1400 1.20 High fluctuations at start, results In 

breakout. (PID settings -10%) 
2079 1299/1433 1.26 
2109 1299/1376 1.27/ 1.35 
2116 1386/1433 1.20/1.27 

In both the water model and the DSP caster the observed frequencies are not the same as the resonance 
frequency of a standing wave as predicted in equation (2.11). This can be explained partly because the 
SEN disturbs the geometry of the mould leading to another resonance frequency. The other reason is 
that in closed loop (with PID controller) the resonance is not necessarily at the same frequency as 
where the open loop has the highest peak. This means that if in closed loop resonance occurs the 
meniscus does not show standing surface waves, but travelling surface waves. 

Conclusions 
From both the open loop and closed loop experiments it is concluded that the proposed linear model in 
equation (2.12) describes the observed phenomena in the water model. The properties of the model 
are: 

• It is possible to cause standing surface waves with 2 or 4 nodes by movements of the stopper 
in open loop. Both have to be and are part of the model that describes the dynamic behaviour 
of the mould level. The odd waves (N=1 and N=3) cannot be excited because of the 
symmetrical outflow of the SEN. However, an N=l wave can occur but must be caused by 
another external influence and is uncontrollable, therefore it can be regarded as noise. 

• The resonance frequencies that are used in the model depend on the mould width and can be 
approximated by equation (2.11), but deviate from it as the open loop measurements show. 

• The gains KJ and K2 in equation (2.12) depend on the position of the sensor. This includes the 
sign of the gains, so the sensor position is an important parameter in the analysis of the 
process and in the controller design. 

For the closed loop the conclusions are that depending on the mould width and the sensor position the 
controlled process is stable or unstable. It is also predicted that if it becomes unstable the oscillation 
frequency is between the frequencies of the standing surface waves, which results in a travelling wave 
on the mould surface. Experiments with the PID controller confmn this. 

Translation from the findings at the water model to the DSP caster can be done with some 
considerations: 

• At the DSP caster a pure time delay is present in the control software and sensor (estimated to 
be at most 50 [ms]), this influence the closed loop oscillation frequency. 

• The stopper dynamics (slave loop) can deviate from the theoretical behaviour as shown in 
section 3.2, this can also influence the stability of the DSP caster. Differences in stability are 
explained by different dynamic stopper characteristics. 
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4. Mould level control 
To maintain a steady mould level a feedback controller is implemented in the DSP control software. 
Feedforward will only be used to compensate for large changes in casting speed and tundish level, not 
for disturbances occurring in steady state. The reason for this is that the disturbances are not known or 
measurable at their source, so their effect cannot be compensated for with feedforward. 

The next section explains the current controller implementation and what problems it causes and why. 
After that new feedback controllers are designed to optimise the mould level control. Finally the 
insights provided by this optimisation are used to improve the current mould level control while 
changing as little as possible of its structure. 

4.1 The current implementation 
: --------------------------------B~lg-~g -c~~p~~s~ti~~-: 
I frequency I 

estimator 

notch filter f.--'--~ 

Figure 4-1: The current implementation of the mould level controller, containing the bulging compensation 
parallel with the PID controller. 

The mould level control consists of a PID controller with some additions to compensate for bulging 
and the surface wave. Figure 4-1 shows the structure of the controller. The measured mould level 
deviation is fed back to the controller (hm). The controller calculates a stopper height (hs ref) and passes 
that to the (slave) controller of the stopper rod position. 

To prevent the controller from acting on the presence of a surface wave, a notch filter is included, this 
filter attenuates the N= I resonance frequency of the mould. From trials it was found that in certain 
cases this keeps the mould level from oscillating. 

The bulging compensation is designed to suppress the most disturbing periodical fluctuations in the 
mould level. But, because there is not much confidence in its capabilities, the bulging compensation in 
the DSP control software has been set to only 8% of its original value. An analysis of the bulging 
compensation and its problems is given after the next subsection about the PID controller. 

The PID controller 
The coefficients of the PID controller are not fixed: They depend on the mould width. The parameters 
are normalized for a mould width of 1250 [mm], for other widths the whole controller is multiplied by 
width/1250. The resulting transfer function of the PID controller is given by equation (4.l), with Kp, 

KJ, and KD respectively the proportional, integral, and differential coefficients. Note also that the 
differential action is not "pure" but weakened by a first order low-pass filter. 

c (S)=:Widfh(K +KI+ KDS) 
PID 1250 P s T.s + 1 

(4.1) 
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So for small widths the PID coefficients are smaller than for large widths. This adjustment 
compensates for the gain of the mould, which is inversely proportional to the mould width. Equation 
(2.10) shows that this is only partially true: The gain also depends on the stopper gain, which 
decreases for larger widths (if casting speed is kept constant). 

Currently resonance occurs if the mould width is large (1400 [mm] or more). The open loop gain of 
the system (including also the dynamics of sensor, stopper and controller) is high between the 
frequencies of the N=2 and N=4 standing waves. And it is between those two frequencies that the 
phase goes from 0 to -300 degrees. The point where -180 degrees of phase lag is reached is therefore 
always at a frequency where the gain is high. From the Bode criterion it follows that if the gain of the 
system (open loop combination of process and controller) is larger than 1 at the same point that the 
phase crosses -180 degrees the closed loop will be unstable. Instead of a Bode plot, a so-called 
Nyquist diagram can be used, which plots the complex value of the transfer function (magnitude and 
phase) for all frequencies. Roughly speaking the encirclement of the -1 point in a Nyquist diagram 
indicates an unstable closed loop. 

The left graph in Figure 4-2 compares the Nyquist diagrams of three situations: a mould width of 1500 
[mm] with the sensor in area C (320 [mm]), the sensor in area B (460 [mm]) and a mould width of 
1000 [mm] with the sensor in area B (320 [mm]). The transfer of the PID controller has been taken 
without adjusting the parameters. This means that for a mould width of 1500 [mm] the closed loop will 
only be stable if the point -0.8 is not encircled and for 1000 [mm] if the point -1.25 is not encircled. 

Positioning the sensor at 460 [mm] gives an only slightly stable closed loop. Placing it at 320 [mm] 
gives a better stability, but remember from the water model that the amplification of the process 
between the N=2 and N=4 wave is higher than the linear model predicts, so the gain is higher. 
Together with a small time delay of 50 [ms] that closed loop is also only just stable. (A higher gain 
results in larger "bulges" in the Nyquist diagram. And a time delay causes extra phase shift, which 
causes the lower "bulge" to rotate in the direction of the -0.8 point.) 

For a mould width of 1000 [mm] the situation is different, a higher gain makes it less stable but a time 
delay compensates slightly in this case; the "bulge" moves away from the -1.25 point. This is a 
positive side effect of the additional time delay, which introduces extra phase shift. 

From this analysis it follows that the PID controller (with adjusted parameters) is stable for a mould 
width of 1000 [mm]. For 1500 [mm] a sensor position of 460 [mm] will almost certainly lead to an 
unstable closed loop. The current sensor position of 320 [mm] seems to be more stable for the linear 
model, but taking model errors (of the mould and of the stopper) in consideration it is on the edge of 
stability. 
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Figure 4-2: Nyquist diagrams of the open loop transfers from stopper reference to (measured) mould level, 
with the Radioactive sensor (left) and without (right) for several situations. 

Faster sensor 
If the sensor is not as slow as the Radioactive sensor but much faster (the Eddycurrent sensor) it will 
not introduce any low frequent dynamical effects. Most important is that it will not attenuate for 
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higher frequencies, something the slower Radioactive does. Without this attenuation the closed loop 
system with the current PID controller will be unstable in both area Band C for all mould widths. This 
is also visible in the Nyquist diagram of Figure 4-2 (right graph). If the sensor is not infmitely fast, but 
still faster than the Radioactive sensor the closed loop can be stable, but that has to be checked for 
each sensor characteristic separately. 

Bulging compensation 
Currently bulging compensation is implemented in the control system by a combination of frequency 
estimation and a band-pass filter with a derivation (see Figure 4-1). The frequency estimator estimates 
the frequency of the largest periodical fluctuation in the mould level. The band-pass filter is adjusted 
to the estimated frequency. The derivative of the band-pass filtered signal is added to the control 
signal, this to counteract the integrating action of the mould system (see equation (2.10)). 

The band-pass filter and derivative 
The band-pass filter and derivative are placed parallel to the actual PID controller. To see what the 
effect of its presence is on the controller and closed loop system, both the notch filter and frequency 
estimator are neglected. The total control action then equals: 

(4.2) 

In equation (4.2) B(s) is the transfer of the band-pass filter and CPJo(s) of the PID controller. The gain 
KBc can be used to adjust the influence of the band-pass filter. The band-pass filter in combination 
with the differentiation is implemented as follows: 

(4.3) 

Bode Diagrams 
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Figure 4-3: Bode plot of band-pass filter in series with derivation, PID controller, and the sum of both. 

Figure 4-3 shows a Bode plot of this filter, sB(s), with wc=O.3 [Hz]=1.9 [radls], KBc=I, and S=O.l. This 
plot shows that low frequencies have a phase-shift of 180 degrees and higher frequencies (after wc) 
have no phase-shift. Figure 4-3 also shows the transfer of the PID controller and the sum of both. 
Because the PID controller has a much larger amplitude than the band-pass filter, the transfer equals 
that of the PID controller at most frequencies, only around the centre frequency of the band-pass filter 
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the total control action is affected. As expected a peak occurs at the centre frequency, this will cause 
extra control action around that point. Maybe not expected is the valley just before the peak: this 
deteriorates the control action. Also note the change in phase characteristics after the addition of the 
band-pass filter, this is indeed around +90 degrees phase shift to compensate for the integration of the 
process at the centre frequency. 

Because of the peak at the centre frequency, it is expected that extra control action will be achieved at 
that frequency, which results in a decrease of mould level fluctuation caused by bulging. Figure 4-4 
shows the closed loop transfers from output disturbances to mould level, S and from noise to mould 
level, T, with several gains for the band-pass filter. 
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Figure 4-4: Effect of band-pass filter with gain 0 (blue), 0.1 (red), and 1 (green) on sensitivity (left) and 
complementary sensitivity (right). 

The figures clearly show that the wanted effect is achieved for the centre frequency, but that 
amplification results at other frequencies. That was more or less expected because of the "waterbed" 
effect and the "Bode integral" that predict that an improvement at one frequency range must result in 
deterioration somewhere else. It also shows that a higher gain KBC results in better reduction, but also 
in more deterioration at other frequencies or even instability. 

The dif/erentiator 
The derivation is added to compensate for the integrating effect of the mould process. Removing the 
differentiation reduces the phase shift with 90 degrees. The phase of the process (mould, stopper and 
sensor) is between -90 to -200 for frequencies up to 1 [Hz]. Without the derivation the high gain 
would therefore lead to instability. But in order to get a good rejection, the gain must be high. With the 
differentiation the gain of the band-pass filter can also be lower than without the differentiator. To see 
that consider the sensitivity S (transfer from output disturbances to mould level): 

1 1/ P III ple-J¢p 
S = 1 + PC = 1 / P + C = "-11-/ P-"'I-e --J¢-P -+""---1 C---'-Ie-}¢'--C (4.4) 

The best reduction is achieved if the denominator is high . The phase of the process ¢p is around -100 
degrees, so a controller with the opposite phase of + 1 00 would lead to the most effective addition of 
the two vectors. A phase of 90 degrees is therefore more effective than a phase of 0 degrees, in the 
latter case the gain must be much higher to achieve the same reduction, which in its turn can lead to 
instability . 
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Frequency estimator 
A model of the frequency estimator was built in Simulink and tested (see the note in Appendix C). It is 
able to fmd one sinusoidal signal without problems. Addition of noise or another sinusoid (for 
example another periodical disturbance) distorts the detection. The estimator will then start to switch 
between several values. 

The centre frequency of the band-pass filter is (slowly) adjusted to the estimated frequency and will 
therefore remove the detected disturbance from the mould level. However, as soon as it succeeds in 
doing so, the frequency estimator will no longer 'see' the previously detected periodical disturbance in 
the mould level. It will therefore lock on another frequency and adjust the band-pass filter again. After 
which, of course, the story repeats itself. 

Conclusions 
• Although the bulging compensation using a band-pass filter is able to reject the unwanted 

periodical mould level fluctuations, it also introduces unwanted amplification of other 
disturbances (for example bulging) at other frequencies. Furthermore the gain KBC is crucial, 
choosing it too high results in instability of the closed loop, but too low results in less effect. 

• The frequency estimator based on counting zero crossings turns out to be unreliable in the 
simulation of a real situation, where more than one periodic signal is present. 

The notch-filter 
From experience it was found that standing surface waves sometimes distort the mould level. It was 
concluded that these waves are caused by the feedback of the controller and are part of the process. To 
prevent those surface waves from occurring a notch filter is placed before the controller. The 
frequency of this filter is equal to that of an N=1 standing surface wave, because that one has been 
observed, but only with a specific SEN, an Advent nozzle with 3 outlets. The SEN that is used in the 
water model and most of the time in the DSP caster as well is an LFT (Large Fish Tail) design, with 
only two outlets. This LFT cannot excite the N=l wave, while the 3-outlet type nozzle can, which 
follows from fluid flow dynamics (Honeyands, 1994). 

With the LFT SEN the N=1 wave has not been found to occur, but at large mould widths an N=2 wave 
has been observed. This resonance at large widths (1400 [mm] or more) has also been solved with the 
implementation of a notch filter, but this time at the (averagely) observed frequency of 1.15 [Hz]. This 
notch filter does indeed improve stability at large mould widths, as has been shown in the water model 
as well as in the DSP caster (Reinstra, Middel, 200 I). 

4.2 Alternatives to PID 
To find out if the mould level control can be improved, the following control goals are defined to 
quantity the performance of a controller: 

• The controller must stabilise the closed loop system for all situations. Varying parameters are 
the mould width (from 1000 to 1500 [mm]), the casting speed and the stopper characteristic or 
gain. 

• The controller has to suppress mould level disturbances. Special attention goes to periodic 
fluctuations of the mould level caused by eccentric rolls beneath the mould. The frequency of 
these disturbances can be calculated from the casting speed. 

• In principle fast tracking of the mould level reference is not necessary because it does not 
change, but disturbances must be compensated as fast and well as possible, which is almost 
the same demand. 
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• Furthennore the controller must be easy to implement and an implementation must be found 
such that it can be turned off at all times and returns to the current situation with the PID 
controller. 

The problem of periodical mould level fluctuations is common among steel casters and literature about 
it is available. Even more literature can be found regarding rejection or suppression of periodic 
disturbances in general. 

Literature survey 
A few articles discuss the problem of maintaining a steady steel level in the mould of steel casters 
(Manayathara, 1996; Kitada, 1995; Kurokawa, 1993; Murakami, 2000; Barron, 1998). Two methods 
are suggested in the articles. Either lL control design (Kitada, 1995; Kurokawa, 1993; Murakami, 
2000) or (adaptive) repetitive control, discussed by Manayathara. Apart from infonnation found in the 
articles, a lot of literature and knowledge is available on both types of control and both will be 
discussed shortly. 

Barron (Barron, 1998) discusses a way to identify changing parameters caused by clogging in the 
nozzle. He assumes that all disturbances are caused by that phenomenon, which is not the case. There 
is always some disturbance and the presence of noise introduced by for example the sensor; that is 
why it is doubtful that his method will work. 

Bodson (Bodson, 1997; Bodson, 1999) discusses a completely different method. His method is also 
able to reject a periodical disturbance and functions like a phase-locked loop. If a lot of noise and 
disturbances are present the method could cause instability due to an incorrect estimate of the 
frequency, which is unacceptable. It is believed that this method is more useful in signal processing 
applications than for control in steel casters. 

(Adaptive) repetitive control 
Repetitive control is a method to suppress periodical disturbances in a feedback control system. One of 
the features is that it is independent of the shape of the periodic disturbance, as long as the period is 
known. It memorizes the shape of a period of the error that is fed back to the controller and tries to 
prevent this pattern from happening again by compensating inversely through the controller and 
actuator. Finally the memory contains an estimate of the periodic disturbance and it uses the current 
controller to compensate for this estimate very effectively. Although in principle a repetitive controller 
can be implemented as an add-on to the existing controller, to improve the perfonnance of a repetitive 
controller it should be designed in combination with the rest of the controller (Tomizuka, 1989; Ben 
Amara, 1999; DeRoover, 2000). 

Typical examples of applications are control systems for CD players, to eliminate disturbances caused 
by the eccentricity of CDs. In a case like that the period is accurately known because it is directly 
related to the rotational speed of the CD. If the frequency is not known, an estimator can be added to 
provide the frequency (Manayathara, 1996; Tsao, 2000; Steinbuch, 1996; Bittanti, 1997). Then the 
controller can be tuned (adapted) to the estimated frequency. If the period of the disturbance varies, 
adaptation can be perfonned continuously, provided that the period varies relatively slowly. A 
problem might arise when the controller is very effective and rejects the disturbance from the output. 
Because the mould level no longer contains the periodical disturbance, the frequency estimator will no 
longer be able to identify the correct period from the measurements and will provide an incorrect 
estimate. If the repetitive controller is in turn adapted to that estimate, the disturbance is no longer 
suppressed. Fortunately there are solutions for this problem (Tsao, 2000). 

The Hoc design method 
An lL design as mould level controller is studied in detail for several reasons: 
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1. This method has been successfully applied to other mould level control systems in steel 
casters (Kitada, 1995; Kurokawa, 1993; Murakami, 2000). 

2. The design goals are mainly specified in the frequency domain and an accurate model is 
available with knowledge of its error bounds. 

3. The lL-nonn can be easily used in combination with so-called parameter depending models; 
the advantages of this will be discussed shortly at the end of this subsection. 

For an lL design the process model is augmented with weighting filters and exogenous inputs and 
outputs. There are two types of weighting filters: input and output filters. The output filters add a 
weight to each output specified in the frequency domain. The input filters are designed to represent the 
maximal amplitude of each input signal (disturbance) at each frequency. Together the weighting filters 
detennine the weighting of the transfer from each input to each output per frequency. The algorithm 
for controller synthesis minimises all transfers, thus concentrating most effort at the transfers and 
frequencies with high weighting. So by choosing the weighting filters the effect of disturbances on the 
output (mould level) can be controlled. 
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Figure 4-5: Augmented plant with input and output weighting filters andfeedback controller (K(s)). 

Figure 4-5 shows the augmented plant. The transfer functions H{s), P{s) and F{s) represent the 
stopper, plant model and sensor respectively. Madd is the (unknown but bounded) additive model 
error, M mul the multiplicative model error. The filters Vn{s), Vd{s), Whs(s) , and Whm(s) are (L TI) 
weighting filters. The signal d{t) represents output disturbances, n{t) sensor noise, hit) the stopper 
height and hm{t) the mould level. It is hm{t) that has to be kept as small as possible because that is the 
deviation of the reference level; therefore the weighting filter Whm(s) is typically large for the entire 
frequency range. The stopper height hs{t) is also considered because the stopper cannot move infinitely 
fast. The weighting Whs prevents this by putting large weight on high frequencies. 

The lL design goal is to fmd a controller K{s) that stabilises the closed loop and minimises the lL
nonn of M{s), with M{s) the closed loop fonned by G{s) and K{s) as in (4.5) and (4.6). 
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(4.5) 

(4.6) 

(4.7) 

From equations (4.6) and (4.7) it follows that if the lL-norm of M is smaller or equal to a certain y 
then: 
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(4.8) 

The weighting filters are designed such that they place the wanted bounds on the sensitivity functions. 
Designing the weighting filters is an iterative process because of the dependencies between the 
sensitivity functions. Sand T for example must always add up to 1. The inequalities (4.8) have to 
allow that. Typically the target value for yis 1. This makes the analysis (and synthesis) easy, but is of 
course not necessary. 

Model uncertainty 
For robust stability it is necessary that the additive and multiplicative model errors are smaller than the 
inverses of respectively the control sensitivity multiplied with the stopper transfer and complementary 
sensitivity, thus: 

IMaddl < I~I 
IMmu,1 < I~I 

(4.9) 

After controller synthesis the inequalities 4.9 can be used to estimate the upper bounds of the allowed 
model error. Another useful application is to make use of the fact that R and T have an upper bound 
determined by the weighting filters, therefore l/R and liT have a lower bound (the inverse). If it is 
guaranteed that the model errors are below these bounds then they will also be below l/R or liT 
respectively, as equation (4.10) shows. 
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(4.10) 

For the a design method a model of the process and weighting filters is used to design a stabilising 
controller that has a certain (demanded) performance in the frequency domain. However the exact 
model depends on the mould width. To find a controller that nevertheless stabilises for all parameter 
variations, the maximum model error (additive or multiplicative) is incorporated in the weighting 
filters. This is called robust stability design, because the resulting controller is robust for model errors. 
Apart from parameter variations, deviations between model and process that were not modelled can 
also be taken into account as long as they are specified in the frequency domain. 

Hoc analysis and synthesis algorithms 
The goal of controller design with a synthesis is to find a controller K(s) that stabilises the closed 
loop, M(s), and results in an a-norm of M(s) smaller than r The optimal controller is the controller 
that satisfies the conditions for the smallest y, being Yopt . So the minimal y for which there exists a 
controller that stabilises the plant has to be found. 

The test for existence of a stabilising controller K(s) that achieves IIM(s)ll~ < r is equivalent to 

solving two so-called Ricatti equations (Damen, 1999). In fact for any given value of ya Ricatti 
algorithm can determine whether there exists a stabilising controller that achieves that norm. If such a 
controller exists then that controller can also be calculated. 

In MA TLAB a Ricatti algorithm is implemented for the design of an a controller in the function 
hinfric, as its arguments it takes the augmented plant and a user specified tolerance for the minimal 
value of r The function returns Yopt and the corresponding controller. 

There exists another way to test whether a controller exists that internally stabilises M(s) and achieves 
an a-norm smaller than r In contrast to the Ricatti algorithm, it is not based on solving equalities but 
inequalities, so called Linear Matrix Inequalities (LMls). The search for an optimal solution is now 
equivalent to testing for a certain ywhether the Linear Matrix Inequalities are feasible or not (Scherer 
and Weiland, 2000). 

The algorithm to do that is implemented in MA TLAB in the function hinflmi, which is part of the 
LMI-Toolbox. Another function hinfgs does approximately the same, but instead of linear time 
invariant systems it can handle certain types of parameter dependent or non-linear plants and it fmds a 
parameter dependent controller as well. This is the biggest advantage of the LMl algorithm compared 
to the Ricatti algorithm and the reason that the LMI algorithm is considered here. 

Generally, the Ricatti based algorithm is much faster than the LMI algorithm; it requires fewer steps to 
find the optimal gain and the steps themselves are also executed faster. But because for the design of 
parameter dependent controllers an LMI algorithm must be used, the LMI algorithm is also used for 
the LTI controllers, for comparison. 

LPV Systems 
The design of a (robust) controller for all parameter variations and additional model errors results in a 
conservative design: robustness is traded for performance. Two ofthe parameters in the model, casting 
speed and mould width, are known but this knowledge is not used. With the help of LMls a parameter 
dependent controller can be designed, if an LPV (Linear Parameter Varying) model is available. An 
LPV model is a special class of parameter dependent models whose description in state space is linear 
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in one or more parameters. An LPV system with parameter a can be described in state space as shown 
in equation (4.11). 

x=(Ao +aAI)x+(Bo +aBI)u 

y = (Co +aC1)x+(Do +aDI)u 
(4.11) 

If a does not change then equation (4.11) is a state space description of an ordinary linear time 
invariant (LTI) system. If a changes during time then the system becomes time variant, or non-linear. 
It is possible that there exists an LPV controller that depends on the same (known) parameter as the 
system of equation 4.11. The problem of checking whether such a controller exists can be transformed 
to an LMI feasibility problem, which can be solved. If such a controller exists it is also possible to 
calculate one. 

To design an LPV controller the model must be converted to a description like (4.11). The model itself 
has one parameter that is relevant: the mould width. Another parameter, the casting speed, determines 
which frequencies will distort the mould level. These frequencies can be used in an LPV weighting 
filter to put extra effort for rejecting them. Both are discussed now. 

The mould width as parameter 
The mould width, W, influences the frequency of the surface waves and the gain of both the mould and 
these waves. Assume that the frequency and gain of both surface waves are given by equation (4.12). 

(2g 
II =~4;w 

c1 
KI = CI cos(2n -) 

W 

f4g 
12 =~4;w 

c2 
K2 = C2cos(4n-) 

W 

(4.12) 

The values for fj and h follow from equation (2.11). The gain of a surface wave is assumed to behave 
sinusoidal with the position of the sensor relative to that of the wave, as illustrated in Figure 2-4. The 
exact values of the factor in front of the cosine are estimated from the identification experiments 
performed at the water model (see section 3.2). From those same experiments it foHows that equation 
(2.11) does not predict the frequency entirely correct, but that is neglected. 

The parameters in equation (4.12) are not linear in W, the mould width. Instead of approximating a 
linear relationship with W, the frequency fj is used as parameter. The advantage is that bothfj andh 
are linear in that parameter. Although KJ does not depend linearly on fj the approximation is better 
than with W. Instead of fj itself a parameter a is introduced with a range of [-1, 1], calculated from the 
mould width as in equation (4.13). 

a =~(~2g _1_-C2)=~+C4 
c1 4n JW JW 

(4.13) 

If a is zero then the mould width is 1210 [mm]. 

It is not possible to find a linear approximation for K2 in terms of a. To be able to design an LPV 
controller anyway, K2 can be taken as an extra (independent) parameter with its own range. Another 
possibility is to assume that K2 does not change and take the worst-case value, making the design 
robust for changes in K2. In the latter approach the worst-case value is assumed to be -15. Equation 
(4.14) summarizes the parameters of the surface waves as a function of the parameter a: 
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1; = c1 +c2.a 12 = dl +d2.a 

Kl = c3 + c4.a K2 = d3 
(4.14) 

The mould gain also changes due to mould width changes (see equation (2.10)). This gam IS 

proportional to the inverse ofthe mould width, W. A linear approximation in a becomes: 

_1 =( ~)2 =(a+c4)2 =_1_2 (a+c4)2 "",_1_2 (2.c4.a+(c4)2) 
W....;W c3 (c3) (c3) ( 4.15) 
1 

-""'cS+c6.a 
W 

This dependency on the mould width is a static gain of the model: it changes the entire transfer 
function. However, during controller synthesis this leads sometimes to problems, therefore the gain 
was not entered in the C-matrix but in the A-matrix such that it only influences the integrating part of 
the transfer (which holds roughly from 0.01 to 50 [radls]). 

The resulting LPV state-space representation is shown in equation (4.16). The fIrst two rows and 
columns of the A, B, and C matrices are the same as in section 2.1, the states X3 to X6 describe the 
surface waves. In section 2.1 AJ2 is proportional to the inverse of the mould width, soAl2 in (4 .16) is at 
a mould width of 1210 [mm]. The value of MJ2 is equal to Al j O.83*O.167. The values for .1(01, .1~, 

and i1K1 follow from equation (4.14). 

hm 
0 AI2 0 0 0 0 hm 0 

vn A2] A22 0 0 0 0 vn B21 

X3 0 0 _.£. -..L-w 0 0 X3 .£. 

= T[ T[ I 
+ T[ 

s + 0 0 I 0 0 0 0 x4 -:r + WI x4 [ 

X5 0 0 0 0 _2 -..L-w X5 2 
T2 T2 2 T2 

X6 0 0 0 0 ; 2 + OJ2 0 X6 0 

0 M]2 0 0 0 0 hm 

0 0 0 0 0 0 Vn 

0 0 0 -.1wI 0 0 X3 
+a 

0 0 .1 WI 0 0 0 X4 

0 0 0 0 0 -.1w2 X5 

0 0 0 0 .1w2 0 X6 

hm hm 

Vn Vn 

hm = (1000 0 KI 0 K2 0 
X3 

+a(O 0 MI 0 0 0 
X3 

X4 X4 (4.16) 
X5 X5 

X6 X6 
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The casting speed as parameter 
Apart from the mould width, the casting speed is also a parameter of the model that is both variable 
and known. In contrast to the mould width, the casting speed can change relatively often and fast. 
Therefore an LPV design is also studied for variations in casting speed. 

At the start of a cast the casting speed is increased quickly to around 3 [mlmin] and during casting 
speeds up to 6 [mlmin] are possible. The disturbance frequencies caused by roll eccentricity are 
proportionally related to the casting speed. Their nominal frequency is therefore derived from the 
nominal casting speed and their variations from the variations in casting speed, being 4.5 and ±1.5 
[mlmin] respectively. The disturbances are modelled as extra weighting in the filter Vd: band-pass 
filters are placed parallel to the current filter to reflect the extra weighting. Equation (4.17) describes 
such an LPV band-pass filter whose frequency depends on the casting speed: 

{x=(-~W" -;" }+(2~:" y+/f;:~" -~w" }+/f~~w" y 
y = (K O)x 

(4.17) 

eon is the frequency [rad/s] at a casting speed of 4.5 [mlmin] and .1eon is the variation in frequency for a 
difference of 1 [mlmin]. So fJ is the variation in casting speed, ranging from -1.5 to 1.5. The designed 
controller will therefore also depend on the variations in casting speed. Furthermore ~ is the damping 
and K the gain of the weighting. These parameters determine how much weighting is put at these 
disturbance frequencies. 

4.3 Controller synthesis 
A model of the process is available, so the controller design can be performed with help of this model. 
The linear approximation, which includes the surface waves, is used. However, this linear 
approximation is only valid for a fixed mould width and casting speed. The controller(s) must cover 
all situations. There are roughly three possible methods to achieve this: 

• Design separate controllers for all operating points. 

• Design one controller that is robust for changes in the parameters. 

• Design one controller that depends on the same parameters as the model (and the process). 

The first solution of designing separate controllers results in a lot of controllers (one for each situation) 
and is not very practical for implementation. Both the second and third solution do not have that 
problem. However, it is expected that separate controllers will give better performance, so they are 
considered as well to compare the other results. In the rest of this report these controllers will be 
referred to as fixed set-point (FSP) controllers, for obvious reasons. 

For the third design method it is necessary to describe the process in the form of an LPV system. The 
expected advantage is that only one (parameter dependent) controller is designed, which is not as 
conservative as a robust controller because it uses knowledge of the actual parameter value. 

The model depends mainly on the mould width as parameter. The casting speed has some influence on 
the mould model, but not very much and is neglected. Instead, the casting speed influences the 
weighting filters, it determines which frequencies extra weighting is put on. The effects of both 
parameters are considered separately at first, after that both parameters are combined to one controller 
design. 
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Controllers for varying mould width 
As mentioned before three types of controllers are considered, being FSP controllers, a robust 
controller and an LPV controller. The weighting filters are shown in Figure 4-6 as well as the bounds 
they enforce on the sensitivity functions. 

The robust controller has to be stabilising for all mould widths. To achieve that, the weighting filter 
W hs is adjusted so that together with Vd it results in an upper bound for the additive model error. The 
model of the mould without surface waves is used as nominal model in that case. And the models with 
surface waves are considered to be the perturbations. 

The LPV design is performed without changes to the weighting filters, but with the plant model as in 
equations (4.11) together with (4.14) and (4.15). For the FSP controllers the same model is used, but is 
evaluated at three points for the parameter a, being -1, 0, and 1 (coinciding with mould widths of 
1500, 1210, and 1000 [mm]). 

,., ~--- '" - w - 'E - I - , - , 

-
.,,, 

"~o'-;--, -.....':----:"!---:"!---:-,. -~---"---:'. 
F~...-cy (JadIMe) 

Figure 4-6: Magnitude as a junction of the frequency for the weighting filters (left) and the bounds they 
impose on the sensitivity junctions Sand T (right). 

In Table 4-1 the results of the controller synthesis are shown, the minimal y found in each situation 
and the resulting I-L performance when checked with the function nonninf. For this evaluation ofI-L 
performance the augmented plant at three mould widths is used. For the FSP controllers this 
evaluation should equal Yop" For the robust controller this can differ because during synthesis the 
augmented plant was different. For the LPV controller this differs because another criterion is used 
during synthesis (quadratic RMS performance, which allows for infinitely fast changes in mould 
width). 

Table 4-1: Minimal achievable y for each H~ controller design, for both the LMI and Ricatti (if available) 
solutions. Also shown are the resulting H ~-norms for three mould widths. 

Controller 

1.64 1.65 

1.98 2.26 

*) ropt gives bad perfonnance; a rof 1.61 resolves this (target set to 1.65). 

**) An unstable controller results; a rof 1.67 and 1.71 resolves this (target set to 1.7). 

***) An unstable controller results; a rof361 resolves this (target set to 370). 

2.27 
84 157 
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To compare the perfonnance of the controllers, the singular values of each controller in closed loop 
are shown in Figure 4-8. The maximum singular value of the closed loop augmented plant should be 
equal to the calculated IL-nonns of Table 4-1. It can also be seen why an lL-nonn of6 (=15 [dB]) is 
more representing for the PID controller than 84, because the high frequencies are not considered very 
important anymore. 

The robust controller achieves less perfonnance than the FSP controllers. This is logical because it has 
to be more conservative: it uses less knowledge of the system and has to be robust; this is traded for 
perfonnance. Furthennore YaPl is not equal to 1, so the controller is less robust than designed for. The 
singular values show that especially in the range below 1 [Hz] the perfonnance is less than that of the 
FSP controllers. 
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Figure 4-7: Bode plots of an LMI and Ricatti based Figure 4-8: Singular values of closed loops (augmented 
controller for the same width (1210 fmmJ). plant with controller) for different types of controllers 

(mould width = 1110 fmmJ). 

The LPV controller has very low perfonnance, especially at high and low frequencies. Reducing the 
parameter space of the LPV model of the mould influences the optimal lL-perfonnance of the LPV 
controller. The smaller the range, the better the perfonnance will be. Reducing the parameter space to 
half results roughly in a two times smaller value for the optimal r This can be explained with the 
models of the mould at different widths: The gain changes and allowing for fast changes in this gain 
makes control difficult. The LMI algorithm is not able to design a controller that can guarantee high 
perfonnance for this process. 

Additionally an LPV controller with two dependencies was designed. In that case the fixed value of K2 
in equation (4.14) is replaced by an extra (independent) parameter. The LPV controller design results 
in an optimal yof 458, much higher than the other controllers. Evaluation at three mould widths and 3 
possible values for the new parameter (9 points) leads to a maximum lL-nonn of 158. This is not 
worse or better than the LPV controller with only one parameter. 

Removing the Vn filter from the augmented plant improves the FSP designs (YoPl = 1.3), the robust and 
LPV design do not result in better perfonnance. 

Robustness analysis 
The PID, robust lL and LPV controllers have to be stable for all mould widths. In the MA TLAB LMI 
Toolbox a few functions are available to test stability and perfonnance robustness for LFT (Linear 
Fractional Transfonned, see explanation further on) and LPV -systems: mustab, and quads tab. The Il
function tests robustness for time invariant uncertainties, the other function detennines quadratic 
stability (Scherer and Weiland, 2000). Quadratic stability takes into account that the parameter can 
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change infmitely fast, which is not required for mould width variations, because the mould width is 
only adjusted very slowly. 

For analysis of stability to mould width changes the function mustab is used. It is of course not of 
much use to test the FSP controllers, because they are not designed to be stable for the whole range of 
the parameter. In Table 4-2 the robust stability margins are shown. For all controllers this margin is 
larger than 1, which means that they are all stable for mould width variations in the considered range 
(except of course the FSP controllers). 

Table 4-2: Robust stability margins for different controllers with respect to the mould width (parameter oJ, 
and with respect to process gain (parameter A). 

Controller Robust stability a (mustab) Robust stability for A (mustab) at 1210 [mm] 

PID 3.0 margin=0.7 (Mmui < 1 +0.7, A < 2.7) 
Robust 5.3 margin=0.58 (M mul < 1 +0.084, A < 2.08) 
FSPl210 (0.14) margin= 1.12 (M mul < 1 + l.l2, A < 3.12) 
LPV 1210 5.4 margin=1.24 (Mmui < 1+ 1.24, A < 3.24) 

It is not only interesting to know whether the controllers are stable for variations in mould width 
(obviously they are, even the PID controller for the considered model), but also for changes in the total 
gain of the process. Because for example the non-linear stopper characteristic can cause the stopper 
gain to vary. 

Figure 4-9 shows how to transform from a pure multiplication of the transfer function, A, to an LFT 
description suitable for j..l-analysis. Letting the parameter M mult vary between 0 and 2, results in a 
value for A between 1 and 3. Table 4-2 also shows the result of this analysis. The margin denoted in 
the table is the relative amount that M mult can vary around its mean value of 1 . 

.... --------------
I 

w(t)~ ___ --+----, 

u(t) (t) u(t) (t) 

Figure 4-9: Transforming from pure gain (1+ L1P nwlJ to an LFT description. 

From Nyquist diagrams (see Figure 4-10) it is "easily" derived that FSPwo is stable for gains up to 
110.32 = 3.12. For the robust controller this is from 0 to 2.08. For the PID controller this is 0 to 2.7. 
For the LPV controller evaluated at this mould width from 0 to 3.22 is stable. These numbers do 
indeed match the ones found with mustab in Table 4-2. 
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Figure 4-10: Nyquist diagram/or a mould width 0/1210 [mm] in combination with several controllers. 

In the chapter about identification at the water model it was noticed that the linear model does not 
describe the process perfectly. Stability robustness of a closed loop can be guaranteed if the magnitude 
of the additive model error is smaller than that of the inverse control sensitivity, R. Figure 4-11 shows 
this for the considered controllers. It must be noted that crossing this upper bound does not necessarily 
lead to instability, but not crossing it guarantees stability. 

For 1500 [mm] mould width it is known that the linear model deviates between the peaks of the N=2 
and N=4 wave with a factor 2 from its modelled value, so the additive error approximates 15 [dB]. 
From Table 4-2 the PID controller seems to be stable for gains up to 2.7. But that was concluded for 
the linear model, which deviates from reality. Around the surface wave frequencies the PID controller 
is robust for additive errors up to 17 [dB] (see Figure 4-11), 2 [dB] more than the possible deviation. 
This 2 [dB] can therefore be seen as a new gain-margin of 1.25 instead of the previously found 2.7. 
This 2 [dB] is about the possible deviation of the stopper dynamics as derived in section 3.2. 

From Figure 4-11 the robust controller looks robust for large changes around the surface wave 
frequencies, but is less robust for model errors at lower frequencies. The FSP controller has the same 
weakness as the PID controller between the N=2 and N=4 peaks, which is not strange because it was 
designed with the linear model in mind. 
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1/R - Additive Model Error 
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Figure 4-11: Upper bound on model error according to H _ robust stability analysis. 

Conclusions 
From the different designs it can be concluded that it is not possible to construct an LPV controller for 
varying mould width. At least not one that achieves the required performance demands. Both a robust 
and different controllers per mould width are possible to design using the MA TLAB LMI a design 
tools. 

Comparison of the new controllers with the PID controller shows that the FSP controllers are not 
robust for changes in mould width. This is an expected result and the only way to use them is by 
calculating one for each operating point and switch between them, which is undesirable. The robust 
controller is robust for mould width changes and also for changes in the over-all gain. Looking at the 
a-norm of the PID and the robust controller shows that the robust controller has better (a) 
performance. 

At first sight the PID controller is found to be the most robust for changes in over-all gain, but after a 
better look at possible model errors, it is found that it can be unstable in the real process if the gain is 
increased with only 25% for a mould width of 1500 [mm]. 

Control for varying casting speed 
As was done with the mould width, several approaches are considered for varying casting speed: FSP 
controllers (fixed set point, for a fixed casting speed), a robust controller and a parameter dependent 
controller. The process model is considered at 1210 [mm] only. The effect of eccentricities is 
modelled as part of Vd that now becomes an LPV filter (see Figure 4-12). For the FSP controllers this 
weighting filter is evaluated at 3, 4.5 and 6 Em/min]. For the robust case a filter for Vd is designed that 
is at each frequency equal to or larger than the magnitude of Vd at any casting speed, as Figure 4-12 
shows. 
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Singular Values 
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Figure 4-12: Magnitude as a function of the frequency for the different types of filters used for V d1 evaluated 
for a casting speed of 4.5 1m/mini. 

After synthesis the resulting controllers are compared with each other. Because in this case only the 
casting speed is a relevant parameter, the mould width is kept constant at its average (a = 0, W = 1210 
[mm]). In Table 4-3 the results are listed. 

Table 4-3: Minimal achievable 'Y for each H« controller design, for both the LMI and Ricatti (if available) 
solutions. Also shown are the resulting H«-norms for three casting speeds. (K=20, ,=0.01 for the band-pass 
filters in filter V do) 

Controller 'Yo1l1 II.c (3) II.c (4.5) 
Ricatti LMI Ricatti LMI RICATTI LMI 

PID .1 . - .... 84.0 (18) 84.0 (18) ""- ~ - -
FSP3.0 1.74 1.74 ' 1.74 1.76 

FSP4.5 1.78 1.78 I 1.78 -
FSP60 1.81 1.81" I 

Robust 3.25 11 .2 '" 4.14 8.07 3.35 
LPV 30.6 2.63 

-
*) Manually set to 1.8 (results in 1.76) to get better performance (numerical problem). 

**) Manually set to 1.85 (results in 1.84) to get better performance (numerical problem). 

***) Unstable closed loop if set to Yap" manually y=12 leads to 11.7 and solves it. 

1.78 

6.35 

2.63 

II.c (6) 
Ricatti LMI 

84.0 (18) 

.. .. 
- . 0 

. 1.81 1.82 

3.35 6.35 
27.4 - . 

There is not much difference between the Ricatti and the LMI based controllers, except for the robust 
controller design. For that problem the Ricatti algorithm succeeds in a better optimisation than the 
LMI algorithm. 
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Bode Diagrams 
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Figure 4-13: Bode plots of two FSP controllers and the corresponding LPV controllers. 

Figure 4-13 shows the Bode plots of two FSP controllers and the LPV controller evaluated for the 
same situations. The evaluated LPV controllers are not the same as the nominal (fixed) controllers. 
The strange thing is however that the main deviation is not at the "problem" frequencies; it is only the 
low frequency range that leads to a higher I-L-gain. 

It was already noticed in the previous subsection that removing the filter Vn from the augmented plant 
does not result in very different performance demands, but has a good effect on the sensitivity 
function, S. Furthermore splitting the input filter Vd in two filters, Vd and Vd,ecc, results in a much lower 
YoPI for the design of the LPV controller. In that case the filter Vd is as before: it does not contain the 
additional weighting at eccentricity frequencies and Vd,ecc consists of only those band-pass filters. 

Table 4-4 lists the results obtained with these two adjustments of the augmented plant. For the FSP 
controllers the optimal y decreases slightly and for the LPV controller the value decreases to almost 
the same level. The I-L-norm is a little higher, but because one controller is designed for the whole 
range of situations it has a huge advantage for implementation. For the robust controller the same trick 
is used, the extra weighting that was originally in the filter Vd is moved to a separate filter with a 
separate input. The effect is that the LMI based algorithm now converges to the same value as the 
Ricatti algorithm and a little performance is gained. 

Table 4-4: Minimal achievable 'Y for each H ~ controller design, for both the LMI and Ricatti (if available) 
solutions. TIre resulting H ..-norms for three casting speeds are also shown. The filter V n has been removed 
and V d is split in two separate filters. 

Controller Yopt IL (3) IL (4.5) IL (6) 
Ricatti LMI Ricatti LMI RICATTI LMI Ricatti LMI 

FSP30 1.38 1.39 1.38 1.38 

FSP4.5 1.42 1.43 1.42 1.42 

FSP6.o 1.46 1.47 1.46 1.46 
Robust 2.70 2.69 2.70 2.69 2.70 2.69 2.70 2.69 
LPV 1.82 1.50 1.52 1.67 
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Figure 4-14: Bode plots of controllers designed without V n filter and with two separate V d filters, the LPV 
controller is evaluated at two set points. 

Also from Figure 4-14 it can be seen that the LPV controllers do now approach the FSP controllers 
very well, their (frequency domain) behaviour is almost the same. The reason that the optimal gain is 
lower than in the previous design has several reasons. First of all the sensor noise filter is removed 
from the augmented plant. Secondly the gain at the eccentricity frequencies is lowered from 20 to 10 
in the weighting filter. 

Conclusions 
With the casting speed as a parameter in the weighting filter it is possible to design an LPV controller 
that suppresses mould level disturbances with a specific frequency depending on the casting speed. 
This is shown for a fixed value of the mould width. The performance is only little lower than that of 
the FSP controllers if the sensor noise input filter is removed and the filter for output disturbances is 
split in two parts, of which one only represents a model of the periodical disturbances. 

The designed controllers have a lower IL-norm than the PID controller, which is mainly caused by the 
extra weighting that is put on the disturbing frequencies, the PID controller will not suppress them 
very well and thus has a high IL-norm. 

Combination of designs 
From the previous analyses it can be concluded that designing an IL controller for each situation 
separately gives the best results. This is not surprising because in that case all available information is 
used. The two other alternatives are a robust controller or an LPV controller, but both perform less. 

For mould width changes the LPV controller has a very poor performance compared to the robust 
controller. For the disturbance rejection, the LPV controller for the casting speed is good in rejecting 
the disturbances whose frequency is linked to the casting speed. From these results it is suspected that 
a good combination is a design that is robust for varying mould width and LPV for the casting speed. 
The robustness for mould width also has the advantage that if the model of the surface waves is not 
correct, this method allows for some deviation. 

Design of the controller 
As suggested a controller is designed on the basis of an augmented plant, whose filters depend linearly 
(LPV) on the casting speed and will be robustly stable for all mould widths. The output filter Whs 
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contains the robustness demands. Two filters represent input disturbances, Vd and Vd.ecc . For 
comparison three fixed controllers are designed for fixed casting speeds. The input weighting that 
represents sensor noise, Vn, is not used, because its effects on the noise rejection are not considered to 
be important. The results of the syntheses are shown in Table 4-5. 

Table 4-5: Results of H« controller synthesis for three FSP controllers and an LPV controller. The closed 
loop H «-norm of all controllers is evaluated with normin! at three casting speeds. 

Controller root lL (3) lL 4.5} II lL (6) 
Ricatti LMI Ricatti LMI Ricatti LMI I Ricatti LMI 

FSP30(~=0.01) 1.65 l.67 1.65 1.66 

FSP 45 (~=O.O 1) 1.70 1.71 
~ ~ 1.70 1.70 

FSP6.o (~=0.01) 1.74 l.75" . 1.74 l.80 

LPV (~=0.01) -"-, 2.44 l.91 l.90 2.02 

LPV (~=0.02) 2.51 2.01 1.96 2.08 

LPV (~=0.04) 2.61 2.14 2.03 2.10 
*) Yapt leads to unstable closed loop; set1mg target to 1.8 solves thiS. 

In closed loop the new controllers lead to small "ripples" that damp only slowly after a step 
disturbance is given, these "ripples" have a period that coincides with that of the eccentricity 
frequencies. Both increasing the gain K and the damping ~ of the weighting filter Vd.ecc results in better 
damping of those "ripples" in the closed loop. But because increasing the gain leads to a higher Yap!> it 
is more advantageous to increase the damping factor ~. The other advantage of increasing this 
damping factor is that the resulting controller will attenuate a broader range of frequencies. 

Comparison of the controllers 
The controllers and the current PID controller are compared in Figure 4-15 to Figure 4-16. The ftrst 
figure shows the Bode plots of the controllers themselves. The dip in magnitude at the resonance 
frequencies of the mould is the most noticeable difference with the PID controller. This dip makes 
sure that the closed loop will not result in resonance at a surface wave frequency. The new controllers 
also have extra amplification at frequencies caused by roll eccentricities and have a higher over-all 
gain. 

Figure 4-17 and Figure 4-16 show the effect on respectively the sensitivity and complementary 
sensitivity. It can be seen that the new controllers have the wanted effect of reduction of eccentricity 
caused disturbances and have good rejection at low frequencies. The output disturbance rejection (S) 
in the range from 2 to 5 [rad/s1 (0.3 to 0.9 [Hz]) is less than of the PID controller, the same for the 
complementary sensitivity (noise rejection). 

The controllers that have been designed with an increased damping factor are found to have better 
disturbance reduction (S) for the eccentric roll disturbances. The peak value is the same but the 
tolerance for the exact frequency is larger. Furthennore this extra reduction is paid for at other areas, 
such as sensor noise sensitivity and robustness. 
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Bode Diagrams 
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Figure 4-15: Bode plots of resulting controllers, only the extremes are shown (LPV evaluated at those 
extremes). 
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Figure 4-16: Sensitivity (S, influence of output disturbances) 
transfer of the closed loop with each controller. 

Robustness analysis 

T - Complementary Sensitivity 

· to 

- lO 

-,. 

.,. 

.,. 

~; , ~. ,~ 10' \P' j 
Frequency (ra&,sec) 

Figure 4-17: Complementary Sensitivity (T, influenc 
noise on mould level) transfer of the closed loop with 
controller. 

Figure 4-18 shows the robustness margins for stability and also the process amplitude itself as a 
function of the frequency. From equation (4.10) it follows that IlIRI should be larger than the additive 
model error to guarantee stability robustness. The two model errors shown in Figure 4-18 are 
calculated by subtracting the model with surface waves for mould widths of 1500 and 1000 [mm] from 
the nominal model (without surface waves) and includes the theoretical stopper dynamics. 

For the PID controller this margin is not very large at the resonance peaks of the surface waves, the 
new controllers have a much higher margin. However, for the new controllers this margin is smaller in 
the frequency range before the waves. The figure also shows that if the damping factor ~ is increased 
that the controller becomes less robust, this is traded for gain of performance. 
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Figure 4-18: Amplitude of the mould transfer and the maximum allowed additive error for each controller 
(LPV evaluated at those extremes). 

The robustness for different mould widths and the stopper gain can be evaluated in the same way as 
was done with the controllers that were designed for varying mould width. Again the function mustab 
is used for all controllers. Table 4-6 shows the results of this robustness analysis, as can be seen all 
controllers are stable for mould width changes, the margin is larger than I for variations in a. The 
robustness margin for the new controllers with respect to the overall gain A is less than that of the PID 
controller (A<2. 7, see Table 4-2). However the instability in case of the new controllers is not caused 
by the surface waves, but by the mould transfer itself. So in that case unstable behaviour leads to the 
whole mould level to oscillate, not only to surface waves. 

Table 4-6: Robustness analysis for the designed controllers, with respect to mould width (parameter C1) and 
the over-all (stopper) gain A. 

Controller Robust stability a (mustab) Robust stability for A (mustab) at 1210 [mm] 

FSP3.0 margin= 1.44 margin=0.42, A<2.42 
FSP4.5 margin= 1.42 margin=0.34, A<2.34 
FSP6.0 margin=I.38 margin=O.17, A <2.17 
LPV3.0 margin=I.48 margin=0.41, A<2.41 
LPV4.5 margin= 1.46 margin=0.33, A<2.33 
LPV6.0 margin= I .4 3 marKin=0.25, A<2.25 

The inverse of the complementary sensitivity leads to the lL robustness of mUltiplicative model 
errors. This shows the same as Figure 4-18, being that the new controllers are more robustly stable for 
the resonance peaks, but less in the frequency range before the resonance peaks. 

Conclusions 
Robustness for mould width changes and performance demands depending on the casting speed can be 
successfully combined into one lL design. The resulting controller can be used for any mould width 
and will suppress periodic disturbances caused by eccentric rolls with certain diameters. 
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Remarks on the (LPV) model 
The LPV model of the mould approximates the (water) process, but has some deviations: 

• The frequency of the N=2 surface wave in the LPV model does not match that of the open 
loop measurements at the water model. This is probably caused by the presence of the SEN 
that disturbs the mould geometry. 

• For a mould width of 1250 [mm] a linear model does not match the behaviour of the water 
model. This is most likely caused by the behaviour of the level sensor, the floating polystyrene 
ball. This ball also moves side-ways, which gives strange behaviour when surface waves are 
present and it is near the node of such a wave. 

• The gain of the LPV model of the N=2 wave is too high (factor 2) at a smaller mould width. 
The gain of the N=4 wave is fixed for all mould widths and represents a worst case, however 
for smaller mould widths it should be significantly lower than it is in the LPV model. 

Remarks on the LMI algorithm 
Synthesis with the LMI algorithm sometimes leads to an unstable closed loop or a much higher lL
norm than Yapt. This is due to numerical problems during synthesis and can often be prevented by 
increasing the target for yofthe hinflmi routine. 

For the same situations the Ricatti and LMI algorithms result in the same or almost the same Yapt . 
There are however differences in the controllers. From Figure 4-7 it can be seen that the Ricatti 
algorithm results in another phase behaviour for very low and high frequencies. For very high 
frequencies it does not matter because the control software in the water model and DSP will not be 
able to handle these anyway. The difference at low frequencies is more striking, because the LMI 
based solutions lead to unstable controllers (but not to unstable closed loops). 
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5. Simulations and implementation 
The controllers from section 4.3 are evaluated with simulations on the (non-linear) computer model in 
Simulink and by implementation at the water model. Very important is that they are checked on robust 
stability: the controllers must result in a stable closed loop for varying mould width, casting speed and 
stopper gain. The latter one is simulated in both Simulink and the water model by varying the 
controller gain, because the effect in the closed loop is the same. 

5.1 Simulations with Simulink 
For the simulations in Simulink the non-linear model of the mould from section 2.1 is implemented 
together with the surface waves. The controllers that are designed with the lL method contain very 
high-speed dynamics, such as poles at 1.2 [kHz] in the transfer function. These do not influence the 
performance of the controller significantly because the bandwidth of the system is around 1 [Hz]. To 
speed up the simulations the controllers are reduced in order. 

Reduction of controller order 
To reduce the dynamics of the controller, its state-space form is transformed to modal form 
(MA TLAB canon). This modal form has an A-matrix with the Eigenvalues on the diagonal, sorted 
from largest to lowest value. All values above 10 [Hz] are eliminated using modred. Eliminations is 
done by splitting the state-space in two spaces Xl and Xl. of which space X2 will be eliminated by 
forcing its derivative to zero. 

Because in modal form the matrix A is diagonal, AJ2 and A 21 are O. Setting the derivative of X2 to zero 
and eliminating X2 from the equations results in: 

This shows that all other poles stay on the same place and only the direct feed through changes to a 
new value. 

The new controllers do not contain a pure integrator, because the weighting filters do not have them 
either. One of the goals is to remove any steady state error and therefore the slowest poles of the 
controller are transformed to pure integrators. These poles are moved to 0 by adjusting the A-matrix of 
the modal form. Any redundancy that results is removed with the function minreal. 

Both steps are combined in the function simsys . Eliminating high-speed Eigenvalues and creating an 
integrator change the behaviour of the controller and thus of the closed loop. Therefore the modified 
controllers are checked in closed loop, whether they still have the same performance. The lL-norm of 
the closed loop (augmented plant) is calculated and stability checked. No large deviations are 
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encountered; some of the modified controllers have a lower lL-norm than the original (although the 
difference is smaller than 1 %). 

Simulations 
The newly constructed controllers (the FSP (fixed set point) and LPV) are compared to the PID 
controller for several situations: 

• Response on step-wise output disturbance. 

• Response on periodic disturbances on casting speed. 

• Response on sensor noise. 

• Behaviour with time-delay of 100 ems] in feedback loop. 

These simulations are performed at two mould widths, 1000 and 1500 [mm], and for the normal 
process as well as with an extra controller gain of 2 for a mould width of 1500 [mm]. This last 
simulation is done to check stability robustness for large change of the (open loop) gain. 

The Simulink scheme used to do the simulations is drawn in Figure 0-1. The different functional parts 
have different colours. It is possible to simulate step and short pulse disturbances on the mould level, 
sensor noise, and the time delay of 100 ems]. The variable of interest is the unfiltered mould level at 
the sensor position, En. Figure 0-2 to Figure 0-5 show the response of this variable on the different 
simulated conditions for the three situations mentioned earlier. 

The response to pulse-like mould level disturbances, Figure 0-2, is not very different for the different 
controllers. The response of the PID controller shows a small oscillation at the surface wave 
frequency, which is less for the new controllers, but they result again in another much lower 
frequency. In both cases these "ripples" disappear very fast and do not cause significant or permanent 
mould level disturbances. 

In Figure 0-3 the response to periodical disturbances on the casting speed is shown. The frequencies 
of these disturbances are proportional to the average casting speed and thus represent the eccentricities 
of two roll diameters. The new controllers are specifically designed to suppress those frequencies and 
they succeed much better than the PID controller. It can also be seen that it takes a while before the 
disturbances are rejected to the minimum achievable. 

From Figure 0-4 it can be seen that the fluctuations of the mould level due to sensor noise is different 
for the controllers. The PID controller contains, again, some surface wave frequencies, whereas the 
fluctuations with the new controllers are more slowly. In the case of a double gain at the controller, the 
PID controller starts to perform worse, the other controllers as well, but not that much. Table 0-1 
shows the standard deviations for each situation. From this table it can also be seen that although the 
PID controller performs best at 1000 [mm], and not very bad at 1500 [mm], it looses a lot of 
performance if the gain increases. In other words it is not very robust for changes in the over-all gain. 
From Figure 0-2 it can be seen that the PID controller is less robust for the resonance frequencies of 
the standing surface waves. This is confmned in Figure 0-4, where the main disturbance seems to be a 
frequency component matched by this resonance frequency. Finally Figure 0-5 shows that the new 
controllers do not have any problems with an additional pure time delay of 100 [ms]. Initially the PID 
controller handles it as well, but increasing the gain results in an unstable system. This effect is 
predicted and explained by the Nyquist plots of Figure 4-2 in section 4.1. 

Testing the LPV concept 
In the previous simulations the LPV controller was not used in its full potential. The value of the 
casting speed has not been varied significantly during the simulations and therefore the LPV 
controllers were evaluated for a fixed casting speed. One of the nice features of an LPV controller is 
that it is able to adapt to the casting speed. To show that this works, two more simulations are done. 
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The LPV controller is implemented as shown in Figure D-6, the current casting speed is its parameter. 
The simulations are done with a Simulink scheme as in Figure D-7. The casting speed is increased 
after 50 [s] from 4.5 to 6 [m/min] in 50 [s], it stays at 6 [m/min] until the end of the simulation. Figure 
D-8 shows the mould level if the LPV controller is not updated with the casting speed (its parameter is 
set to 4.5 [m/min]) and the situation that the LPV is updated with the casting speed. 

If the LPV controller does indeed take the casting speed into account, it adjusts the frequency on 
which it will control. If it is not adapted then it does not follow the frequency of the disturbances and 
hence the suppression of variations in the casting speed is not optimal. 

5.2 Implementation in water model 
The same controllers as in the previously described simulations have been implemented in the water 
model. The control software of the water model is a dSpace system in combination with MATLAB 
4.2. Simulink for MA TLAB 4.2 does not allow an easy implementation of the LPV controller. 
Therefore the LPV controller is calculated off-line for use with a fixed casting speed. The controllers 
have been reduced as in the previous section. To simulate the DSP situation, the stopper reference is 
filtered, as is the sensor signal, with the filters of equation . At first the controller gain at which the 
closed loop becomes unstable is determined, including the oscillation frequency. Then tracking of the 
reference and response to sensor disturbances are evaluated. Eccentric rolls are simulated by excitation 
of the pump with an additional sine at different frequencies (two for which the controllers are designed 
and 0.5 [Hz] to test the response on unexpected frequencies caused by for example bulging). 

The next subsection explains how different controller can be implemented together and how to switch 
between them. Then the experiments at the water model for mould widths of 1000 and 1500 [mm] are 
discussed. 

Bump-less transition between controllers 
One of the demands is that if a new controller is implemented in the DSP caster that it can be turned 
on and off at will. Turning off means that the old PID controller is restored, which must be 
immediately possible at any time. 

The problem is that only one controller can be active in the feedback loop at the same time. So if the 
PID controller is controlling the mould level, then another controller is not in the feedback loop. To 
make sure the states of the parallel controller are up-to-date at the moment it is activated, its input 
should be connected to the mould level. It can be proven that the output of the non-active controller 
behaves stable, but because of the integrator it can still become very large. 

To prevent that from happening instead of instantaneously switching it can be done gradually. Figure 
5-1 shows how to implement this. The factor a decides which controller has most influence. This new 
closed loop has to be stable for all values between 0 and 1 of a. This stability can be checked with the 
help of a Nyquist diagram or a root-locus with gain a. 

u(t) 

1+----------' y( t) 

Figure 5-1: Method to implement the new controller gradually, tuning afrom 0 to 1 results in more influence 
of controller C2 and less of Ct. 
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Equation (5.1) shows the transfer from a disturbance d(t} to the output y(t}. 

1 
y= d 

I-P(aC2 -aC] +C]) 
(5.1 ) 

The roots of the denominator need to have non-positive real parts, the roots (poles) can be checked by 
solving equation (5.2) for each a. A root-locus or Nyquist diagram of the open loop transfer L(s} 
shows for which gains the poles are stable. 

I-P(aC2 -aC] +C])=O 

P(C -C ) 
I+a ] 2 =I+aL(s)=O 

I-PC] 

(5.2) 

With the plant transfer P equal to that of the mould of 1210 [mm], the stopper and the sensor, and 
controller C] the PID controller and C2 a (modified) new controller. Figure 5-2 shows that the closed 
loop is stable for all a E [0, 1]. 
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Figure 5-2: Nyquist diagram/or 1 +aL For a/rom 1 to 0 the critical point -1 moves to-O<;, 

The experiments on a mould width of 1500 [mm] use the factors a and (I-a), but not in front, but 
behind the controllers. This has the disadvantage that the integrators in the controllers can reach a very 
high output value. If the factor a is turned up or down very slowly, this causes no problems, but is not 
a satisfying solution. Having the factors before the controllers solves this because if a controller is not 
activated its input is 0 and its integrator will not fill up. 

Implementation can be done as shown in Figure 5-1. Gradually changing a from 0 to 1 will switch 
from the current PID controller to the new controller. In simulations this works, but if a is 0, the new 
controller has to be reset. Another problem is the demand to be able to switch back to the PID 
controller immediately. This cannot be accomplished by immediately changing a from 1 to o. Instead 
the value of the integrator can be calculated at the moment of switching back as shown in equation 
(5.3). For this purpose the effect of the differentiator in the PID controller is neglected. 

I I 

yet) = Pu(t) + I J u(t) ~ J u(t) = yet) - Pu(t) 
_~ I 

(5.3) 
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The signals y(t) and u(t) are the output and input of the controller respectively. So actually the value of 
the integrator is calculated as if the PID controller was in the loop controlling it at time instant t. This 
should give a smooth transition from the new controller to the PID. The other way around is more 
difficult because of the high order of the controller. 

Experiments at a mould width of 1000 [mm] 
The mould width was set to 1000 [mm] and the sensor at 320 [mm] from the centre of the SEN. The 
PID controller, a fixed controller and the LPV controller (evaluated at 4.5 [mlmin]) have been 
implemented and the controller gain at which they result in unstable behaviour has been determined. 
Table E-I shows the results of these experiments. 

The gain of the PID controller can be set as high as 2.3 times its nominal value before oscillations 
start. The oscillations have a frequency of 1.2 [Hz] and are caused by surface waves; this is clearly 
visible at the mould level. The other controllers reach instability at a controller gain of 1.5 to 1.7. In 
those cases the whole level starts to oscillate and no surface wave is present, the frequency is around 
0.7 [Hz]. 

A step-wise change in the reference level shows a difference between the PID and new controllers. 
The new controllers are faster: the level drops or rises much faster, but as a result of that there is some 
overshoot, this can be seen in Figure E-1. 

The sensor (a floating polystyrene ball) is pushed down and released to generate sensor disturbances. 
The peaks in the right-hand side graph of Figure E-I indicate the times at which the sensor is 
disturbed. It is hard to say whether one controller performs better or worse than another. 

The new controllers are designed to suppress some specific frequency components caused by roll 
eccentricities. Varying the casting speed sinusoidal with a certain frequency simulates the effect of 
eccentric rolls. In the left graphs of Figure E-2 first 0.14 [Hz] and then 0.18 [Hz] is used as excitation. 
The new controllers do indeed suppress this disturbance better than the PID controller. The frequency 
plots show this most clearly. Another frequency component of 0.5 [Hz] results in better performance 
of the PID controller as the right graphs show. Both effects are very well predicted, except for the 
disappointing suppression of eccentricity disturbances by the new controllers. The reason can be that 
the frequency of the pump is not very accurate and the controllers are very specifically tuned. This is 
caused by the design; these controllers have been designed with a damping factor of 0.01 (see section 
4.3). 

Experiments at a mould width of 1500 [mm] 
The experiments that have been done with the old PID controller with and without a notch filter and 
the new controllers are listed in Table E-2. The gain at which the level starts to oscillate is 1.35 for the 
PID controller without notch filter, a surface wave was present at the mould level during the 
oscillation and the frequency has been determined afterwards and is 1.2 [Hz]. With a notch filter (at 
1.15 [Hz]) the surface waves do not occur and the gain can be turned up very high without problems. 
In case of the new controllers: the gain can become higher than 2 before the mould starts to oscillate. 
But this oscillation is not a surface wave: the whole level moves at a frequency of 0.65 [Hz]. 

The steady state performance is measured by running the controller in closed loop without excitation 
anywhere. The standard deviation for each controller has been determined. The new controllers 
perform better than the PID controller with or without notch-filter. 

The new controllers suppress roll eccentricities better as can be seen in Figure E-3. The old PID 
controller is however still better at other frequencies, such as 0.5 [Hz], which it suppresses a factor 1.4 
better than the new controllers. Step changes in casting speed are better handled by the new 
controllers. 
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Changes in level reference and disturbances on the sensor do not lead to problems in any of the cases. 
Although the old PID controller is slower to follow reference changes, its overshoot is also less or 
absent. The new controllers show overshoot at level reference changes. 

Conclusions 
In water model experiments and simulations, the new controllers behave as predicted by the linear 
analysis in earlier chapters. The new controllers perform better at a few points and worse at other 
points: 

• The new controllers are stable at all mould widths for a nominal gain. The gain margin is 
lowest at a mould width of 1000 [mm], which is caused by the higher gain of the process, 
which is inversely related to the mould width. 

• For disturbances caused by roll eccentricities the new controllers perfonn much better than the 
PID controller. The design with a higher damping ((=0.04, used with 1500 [mm]) performs 
better than the design with a lower damping ((=0.01, used with 1000 [mm]). 

• Disturbance reduction at other frequencies (0.5 [Hz]) is better with the old PID-settings, a 
factor 1.4 difference is predicted and indeed shown in the water model. 

• The new controllers improve steady state perfonnance in the water model. The reason is 
probably that slow variations in process parameters such as casting speed are compensated for 
faster. 

Another important result is that the available model can predict all these effects for the different 
controllers. This means that this model with the noted shortcomings can be used to test the new 
concepts. 

Not tested in the water model is the ability of the LPV controllers to adapt to changes in casting speed. 
This is not possible with the currently available versions of the control software, but it has been proven 
to work in simulations. 
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6. Conclusions and recommendations 
Analysing data from castings in the DSP led to an understanding of the cause of certain periodical 
disturbances. The experiments at the water model have helped to get a better understanding of the 
behaviour of the mould level in the caster. The next subsection summarises the conclusions that follow 
from the improved dynamic model and the study of mould level disturbances. The subsection after that 
discusses the optimisation of the mould level control. And finally recommendations are given 
regarding the mould level control system in the DSP caster and future work. 

Understanding of the process 
From both the open loop and closed loop experiments at the water model it is concluded that the 
proposed linear model of equation (2.12) can describe the observed phenomena in the water model. 
The properties of the model are: 

• It is possible to cause standing surface waves with 2 or 4 nodes by movements of the stopper. 
The odd waves (N=1 and N=3) cannot be excited because of the symmetrical outflow of the 
LFT SEN. An N=1 wave can however occur but must be caused by another external influence 
and is uncontrollable but damps naturally. 

• Instead of only considering one surface wave with 2 nodes, a wave with 4 nodes is also part of 
the model. These waves are an additional (parallel) effect to the rest of the mould dynamics. 
The resonance frequencies that are used in the model depend on the mould width and can be 
estimated by equation (2.11), but deviate from it slightly. The gains K j and K2 in equation 
(2.12) that describe the amplification of the surface waves depend on the position of the sensor 
and the mould width. 

• Although this model was only validated at the water model it predicts the possible instability 
of the controlled mould level in the DSP caster. So the dynamic model can also be used to 
explain the behaviour of the mould in the DSP caster if the (known) differences with the water 
model are taken into consideration. Known differences are a time delay in the sensor and 
control software and possibly a dynamic stopper behaviour that is different from the 
theoretical one. 

Sources of periodical disturbances 
• For certain periodic disturbances the origin can be determined with high certainty. At a casting 

speed of v [mlmin] 0.13 and 0.14 [Hz] are caused by roll eccentricities in segments 1 to 6. 
Smaller rolls in segments 0 and 1 cause higher frequencies of 0.17 and 0.18 [Hz]. 

• A relation between mould level and pressures in segment 0 is not convincingly proven. There 
is also no (proven) theory why the north and south pressures in segment 0 behave differently, 
but a possible explanation is the difference in skin thickness in combination with the position 
controller of segment O. 

• In the examined trends, no periodic influence of bulging was found. The frequency 
corresponding to bulging was found to be present in the rolls but not in the mould level. It can 
be concluded that in general bulging is not a systematic periodic disturbance. But the principle 
of bulging might well be responsible for variations in mould level. 
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Conclusions for the current controller 
• The current controller with a PID structure can lead to resonance caused by surface waves at 

large mould widths. The combination of the sensor position and mould width leads to this 
instability. The linear computer model does not directly lead to that conclusion, but it follows 
when the model error is taken into consideration. In case of the DSP caster the model error 
should also include the deviation of the stopper dynamics. 

• The frequency at which the mould level starts to oscillate in closed loop is not necessarily 
equal to that of one of the surface wave frequencies. This explains why an unstable mould 
level shows "travelling" waves instead of perfectly "standing" waves. 

• A "faster" sensor that has a higher bandwidth then the current Radioactive sensor (for example 
the Eddycurrent sensor) will in combination with the current PID controller result in an 
unstable closed loop. To prevent this the sensor signal can be filtered with a low-pass filter to 
approximate the Radioactive behaviour. 

• A "mobile" sensor with the same dynamics as the Radioactive sensor is still best placed at the 
same position as the current sensor or moved with the node of the N=2 wave. Otherwise the 
controlled system becomes even less stable. 

Controller optimisation 
An IL method is chosen for controller design because of the availability of the dynamic model and the 
specification of the performance requirements in the frequency domain. Demands for robustness with 
regard to model errors are also easily translated to the frequency domain. 

It is not possible to design an LPV controller for mould level control that depends on the mould width. 
Therefore a robust design for mould width variations is chosen. The other possibility of having 
different controllers for each mould width is rejected because it is not practical to implement. For 
variations in casting speed it is possible to design an LPV controller that maintains performance for 
different casting speeds. 

From the controller design, computer simulations and experiments at the water model the following 
conclusions can be drawn: 

• There is almost no difference in performance of the LPV controller and the fixed set point 
controllers. 

• The LPV controller has improved suppression of periodic disturbances caused by roll 
eccentricities and for low frequencies. 

• The LPV controller is stable for all mould widths. 

• The LPV controller performs less than the current PID controller for frequencies between 0.2 
and 1 [Hz]. 

From simulations in Simulink and implementation on the water model the following conclusions can 
be drawn: 

• The new controller designs (LPV and FSP) behave as they were designed to do: suppressing 
roll eccentricities and stabilising for all mould widths even if the gain of the process changes. 

• Smoothly switching between different controllers is proven to work on the water model. 
However, the considered method is not very satisfying and should be replaced by a more 
sophisticated one. 

As an alternative the IL designed controller can be approximated with a PID structure and a notch
filter (to guarantee stability). Although this optimised PID controller is almost as stable as the LPV 
controllers, it does not reach the same performance. It lacks the advantage of efficiently reducing 
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disturbances of roll eccentricities, but like the LPV controller it perfonns worse than the current PID 
controller in the frequency range between 0.2 and 1 [Hz]. 

Recommendations 
• It was concluded that it is not useful to implement an optimised PID controller. It is better to 

use the current settings with an additional notch-filter for stability. 

• The designed LPV controller is a good option to improve the mould level behaviour. It is 
therefore recommended to implement it at the DSP caster and compare its perfonnance to that 
of the current controller. 

• If the amplification of the LPV controller is thought to be too high between 0.2 and 1 [Hz] it is 
possible to adjust the weighting filters. Moving the zeroes in the transfer of Vd to lower 
frequencies results in behaviour that is more like that of the current PID controller. With the 
exception that no stability is lost and the suppression of roll eccentricities is still better. 

• It is possible that the dynamics of the (controlled) stopper distort the current mould level 
controller, especially at the critical frequency rage between 1 and 2 [Hz]. Therefore a closer 
look at the stopper control system is recommended. 

• If a new mobile and/or faster sensor (Eddycurrent) is commissioned the controller design has 
to be done again, but the needed changes to the set-up are minimal. 
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Appendix A. Water model experiments 

A.I Conditions experiments 
Table A-I: Experiments performed on water model. 
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f--C-::-2::---__ -t--:lc-::-2-::-50.,-_-t---:3-::-2-::-0_ ,.,,_ 4.0 Qpen 100p."Q:2 to ,~.6 [Hz). " __ ,,' _ _ .,,",.,,",,.,,',, ____ "" 
I--C_3 _ _ -+-1_2_50_----l_3_?Q ,, ___ ",,~,,:Q _ _ """""Ql?~!l)9.?..E 0.5 t()_)~?J~l:.. __ """""""''' __ ,, 

C5 1250 320 4.0 / 5.0 Closed loop: analogue: x1.6 unstable (not 
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D2 1000 320 5.0 Closed loop: analogue: x2.3 unstable (1.25 

1-----+----+-,-- - ---- [Hz]). Digital: x1.33 unstable (1.20 [HzD:._ 
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r::-::--.... .. __ ._ ................ _ .... _-
---.~-.----.. -.-- - .. -

22 1000 320 5.0 Closed loop gain 1.00 1.48 1.95 2.45 (reduced 
to 2.00) 2.23 2.40 (01 0203 0405 07, f=1.23 
[Hz]) and without sensor gain 0.50 (06, 

.. - - - - - _ .----J~l:}.?JHz]): ___ . _ _ _ . ___ .. ___ ... _ 
23 1000 320 5.0 J2p~!1JC?gl?'__ .g.~E~.~n stoP~ .. _ ___ . __ . _ _ ._ ... - ..... - .. -.-J---:-...... -----.-... -

24 1000 320 6.0 _Q~~_~) .05 to 1.8 [Hz]. . ...... ._.,,--_._._ .... __ .. - .... - ..... - .... - .... -
25 1000 320 6.0 ...9Een 10~Ell.?JHz] , 0.5 [mm] stoPE~.r.~__ __ 

"-- - '''- - - _.-
26 1000 320 6.0 -.9l?en loop 1.3?JHzL2.:~21!llm] stopper. __ ..... _-_ ... - _ ........ - - .... -

27 1000 320 6.0 Closed loop with analogue sensor. Gain from 
2.22.4 2.45 2.64. (f=1.20 [Hz]). 

General remarks 
Experiments C and D were petformed with only the two separation boards. At the bottom of the mould 
these boards do not shut off all flow. Therefore an exchange between the sides and the main mould 
introduces extra dynamics (communicating vessels, see Figure ). This was visible during experiments 
up to 1.0 [Hz]. Experiments 21 to 27 had an extra barrier at the sides to block level change in the side 
vessels. It doesn't block all flow but introduces more resistance than without a barrier. 

Most open loop experiments were done with an excitation of 1 [mm] at the stopper, unless noted 
otherwise. Exceptions are measurements at 0.1 and 0.2 [Hz]; to prevent overflow, 0.5 [mm] was 
always used. 

Experiments 1 to 6 were recorded with a sample time of 0.1 [s]. This turned out to be too large to 
accurately estimate phase; therefore all other experiments were done with a sample time of 0.025 [s]. 

Especially at frequencies of 1.4 [Hz] and above, the sensor seems to be unable to move along with the 
water sutface and even damps the waves. This can be seen when the level behaviour is compared to 
that at the right-hand side of the mould, the waves are much "prettier" at that side (the sensor is at the 
left side). 
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Appendix B. Mould level disturbances 
0.4 

I I I I 1_ At 0 .19 [Hz] band·p ••• filtered mould 1.",1 1 
1/10·sin( 0.19·2·pi·t) 

0.3 ' . .' 

0.2 

~l~ 0.1 :} 

~I 
. f 
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c. lAma ' i~ 
~ ~. ·0 .1 

·0 .2 7 . \ - \ ·0.3 : - : . . . 

-0.4 
5.3 5.35 5.4 5.45 5.5 5.55 

t [ms] 
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15 

Figure B-1: The mould level which includes a disturbance of 0.19 {Hz] band-pass filtered. As reference a 
'real' 0.19 {Hz] sine wave is shown in red. Note that around the times indicated by the arrows the frequency 
stays the same, but the phase is changed. 

B.l Frequency plots of mould level behaviour 
The following figures are made to illustrate the presence of certain frequencies in the mould leveL In 
Figure B-2 the power spectral densities where taken from data collected at 65 [ms] (sequence 1810). 
This sequence had a well-behaved mould level (absolute error below 3 [mm]), but the presence of 
disturbances of 0.15 and 0.18 [Hz] is clearly visible. 

Figure B-3 shows the same for another casting (sequence 1806), this one had a bad mould level 
behaviour. The same frequencies as before occur, with the addition of disturbances between 0.7 and 
0.8 [Hz] (especially at graph 2 and 3, possibly caused by a surface wave). 
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Figure B-2: Mould level behaviour infrequency domain, each plot is createdfrom 16 {minj of data. Vertical 
axes equal the amplitude {mmj of a certain frequency component. (Made from sequence 1810 with 
MouldPlotsReport.~ 
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Figure B-3: Mould level behaviour infrequency domain, each plot is created from 16 {minj of data. Vertical 
axes equal the amplitude {mmj of a certain frequency component. (Made from sequence 1806 with 
MouldPlotsReport .~ 
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Figure B-4: Mould level behaviour infrequency domain, each plot is createdfrom 16 {minJ of data. Vertical 
axes equal the amplitude {mmJ of a certain frequency component. (Made from sequence 1754 with 
MouldPlotsReport .m) 

B.2 Frequency plots of roll speeds and torques 
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Figure B-5: The power spectral density of the speed of the rolls in segments 1 (top) to 6 (bottom), each 
segment has two driven rolls and hence there are two graphs per segment. (Data from 
'AllSignals_20010514_2036.trn ~ 
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PSD of torque of rolls in segments 1 to 6 bottom and top 
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Figure B-6: The pOHier spectral density of the torque of the rolls in segments 1 (top) to 6 (bottom), each 
segment has two driven rolls, and hence there are two graphs per segment. (Data from 
'AlISignals_2001 0514_ 2036.trn 1 
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Appendix C. Note on the frequency 
estimation 

75 

Because the frequency that needs to be rejected is not known beforehand it is estimated from the 
mould level measurement. The idea is to find the largest disturbing frequency and adjust the band-pass 
filter accordingly to reject it. In this short note the operation of the frequency estimator is examined in 
more detail. 

The frequency estimator 
Basically the frequency estimator works by counting the time that elapses between two zero crossings 
of the measured signal. The period of a sinusoid is equal to the time that elapses between two 
crossings of its reference in the up-going direction (see Figure C-l). The frequency of it then simply 
follows from the inverse of the period. 

' .5,-----,--.----,-----r----,----r----,--~____. 

11m. 1-] 

Figure C-l: Sinusoid with zero crossings in upward direction indicated by arrows. 

Figure C-2 shows the estimator schematically. First the mould signal is low-pass filtered to remove 
noise that would otherwise distort the estimation. After that a comparator follows that outputs a '1' if 
the signal is higher than its reference and a '0' otherwise. A binary filter (BF) filters this signal again 
by keeping a binary level for at least 400 [ms]; this will remove fast fluctuations. Counter (CNT) 
counts the time that elapses between two up-going pulses and a memory device holds the last output of 
the counter until a new value is available. The inverse of the elapsed time equals the frequency. 

Figure C-2: Schematic offrequency estimator. 

Before the band-pass filter is adjusted, the discovered frequency is limited between a maximum and 
minimum value (depending on maximum and minimum expected bulging frequencies at a certain 
casting speed). Furthermore the centre frequency of the band-pass filter can change with a maximum 
rate of 0.03 [HzJs] only (to prevent instability). 
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Analysis 
Consider a signal x(t) that is the sum of two sinusoids, with different frequencies. Equation (C. I ) 
shows how this summation can be written as a multiplication. 

x(l) = sin( wi) Hin( w,t) = 2 sin( w, : w, I }o{ w, ; w, I ) (C.1) 

If the difference between the frequencies is small, the average frequency (first factor) dictates the zero 
crossings; the second factor leads to a slowly varying magnitude only (Figure C-3 illustrates this). In 
this case the pre-discussed frequency estimator will therefore result in an estimated frequency that is 
the average of both sinusoids. If the difference in frequency is large then it is harder to say what the 
effect will be exactly, but it may be clear that it is not one of the base frequencies. 
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Figure C-3: Result of adding two sine waves (0.40 and 0.45 {Hz}). 

Simulation 

35 40 45 50 

To test the effectiveness of the estimator a Simulink model was built to do simulations with. It showed 
to work very well when only one sinusoidal signal was presented at its input (see Figure C-4). Adding 
a second sinusoid with equal amplitude but different frequency leads to instability of the estimator: it 
won't lock onto either of the frequencies but results mainly in a frequency in between (see also Figure 
C-4). 

In reality not only two neat sinusoids are present but also a lot of (random) noise. This can be 
simulated as well. Depending on the amount of noise the estimation gets very bad (Figure C-4). 

In practice large frequency components around 0.18 [Hz] are found in the mould level; this is outside 
the range of the estimator, but it will influence the estimation because only low-pass and no high-pass 
filters are implemented. A simulation with this extra component added shows that the estimation is 
"pulled down" to its lower bound of (in this case) 0.32 [Hz]. 

Practice 
The estimator is currently implemented and its output is available for measurement. Figure C-4 shows 
how it performed during a cast on 05/04/2001. It clearly shows the same sort of behaviour as the 
simulations. 
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Figure C-4: Results ojsimulations with thejrequency estimator. 
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Appendix D. Simulations 

D.I Evaluation of different controllers 

Figure D-l: Simulink scheme used jor simulations to test the controllers. 

Mould width : 1000. cas~ngspeed: 4.5[m/min]. Output step disturbance 
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Figure D-2: Simulation oj rejection oj step-wise disturbances in the mould level. 
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Mould width : 1000. castingspeed: 4.5[m/minl. Bulging 
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Figure D-3: Simulation of rejection of effect of periodical disturbances in the casting speed on the mould 
leveL 

Mould width : 1000. castingspeed: 4.5Im/minl . Sensor noise 

+~: · .•. 1~=~1 
o 10 15 20 25 30 35 40 

E Mould width : 1500. castingspeed: 4.5Im/min]. Sensor noise 

t:~l <D . : : . . : . : 

!'~'~" 
:::;; 0 5 10 15 20 25 30 35 40 

Mould width : 1500. castingspeed: 4.5Im/minl. Sensor noise 

.. : : - Kinf . 

o - ~ ; ~ '~~"Ol 
-1 . .. .. ....... . . . .... .... . ...... ...... : .. . , .. . .. \if " 

. . " : 

o 10 15 20 
TIme 151 

25 
I 

30 35 40 

Figure D-4: Simulation of response to sensor noise in mould level measurement. 

Table D-l: Standard deviations of mould level in case white noise is added to the sensor signaL 

Mould width (gain) Controller 
PID Kfixed KLPV 

1000 [nun] 0.2189 0.2869 0.2961 
1500 [nun] 0.l912 0.l814 0.1841 
1500 [nun] (x2) 0.4309 0.2892 0.3011 
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Mould width: 1000, castingspeed: 4.5[m/min) , Output step disturbance (100 [ms) delay in sensor) 
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Figure D-5: Simulation of rejection of step-wise disturbances in the mould level in the case that an extra time 
delay of 1 00 [ms] is present in the closed loop. 

D.2 Testing the LPV concept in Simulink 

Oul1 

Figure D-6: Implementation of an LPV system in Simulink. 

C CRD&T 



82 

at Sensor 

Figure D-7: Simulink scheme used to test LPV controller when the casting speed is changed. Alfa is either 
calculated from the initial casting speed or updated continuously (Switch SO selects which method is used). 
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Figure D-8: Result of mould level from simulations carried out with switch SO of Figure D-7 in the two 
different positions. 
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Appendix E. Implementation at the water 
model 

E.1 Experiments at 1000 [mm] mould width 

Table E-1: Description of experiments with PID and new controllers performed on the water model with a 
mould width of 1 000 {mmJ. 

Experiment Description Controller Results 
lAOl PID xl.3 1.2 LHzl 
lA02 Detennining controller K x1.7 0.72 [Hz] 
lA03 gain and frequency of ~.5 x1.7 0.70 [Hz] 
lA04 unstable system. LPV4.5 xl.S 0.66 [Hz] 
lAOS LPV6 x1.S 0.70 [Hz] 
lCOl Casting speed excitation PID 
lC02 with 0.14 and 0.18 [Hz] ~.5 See upper graphs in Figure E-2. 
1C03 (±0.5 [m/min]). LPV4.5 

1C04 Casting speed excitation PID 
1COS with O.S [Hz] (±O.S ~.5 See lower graphs in Figure E-2. 
1C06 [m/min]). LPV4.5 

lEOl Response to change in 
PID 

1E03 ~5 See upper graph in Figure E-1. 
1EOS 

reference. 
LPV4.5 

1E02 Response to disturbances PID 
lE04 on sensor (pushing it ~.5 See lower graph in Figure E-1. 
lE06 down for a short while). LPV4.5 

OL01 Open loop (4 .S [m/min]) - r= 78 [s] 
"pulses" on stopper 

OL02 Open loop (6 [m/min]) - r= 43 [s] 
"pulses" on stopper 
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Figure E-1: Response in water model to changes in level reference (upper) and disturbances at the sensor 
(lower) for three types of controllers. 
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Figure E-2: Response in water model to periodical fluctuations in casting speed for eccentricity frequencies 
(top) and another frequency (bottom) for three types of controllers. Both a time plot and a frequency plot of 
the signals are given in both cases. 
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E.2 Experiments at 1500 [mm] mould width 

Table £-2: Description of experiments with PID and new controllers performed on the water model with a 
mould width of 1500 [mmJ. 

Experiment Description Controller Results 
2AO} 

Determining controller 
PID x1.35, 1.2 [Hz] 

2A02 PID+NF >x2.3 
2A03 

gain and frequency of 
~.5 x2.2, 0.66 [Hz] 

2A04 
unstable system. 

LPV4.5 x2.5, 062 [Hz] & 0.3 [Hz] 
2BO} PID (j= 0.965 [mm] 
2B02 Steady state closed loop PID+NF (j= 0.965 [nun] 
2B03 in water model. ~. 5 (j= 0.843 [nun] 
2B04 LPV4 .5 (j= 0.838 [nun] 
2CO} Casting speed excitation PID See upper-left graph in Figure 
2C05 with 0.14 [Hz] (±0.5 ~.5 E-3. 
2C08 [mlmin]). LPV4.5 

2C02 
Casting speed excitation 

PID 
2C04 PID+NF See upper-right graph in Figure 
2C06 

with 0.18 [Hz] (±0.5 
~5 E-3. 

2C09 
[mlmin]). 

LPV4.5 

2C03 Casting speed excitation PID 
See lower-left graph in Figure 

2C07 with 0.5 [Hz] (±0.5 ~5 E-3. 
2C}0 [mlminJ). LPV4 .5 

2DO} PID 
2D02 Change in casting speed. PID+NF See lower-right graph in Figure 
2D03 ~.5 E-3. 
2D04 LPV4.5 

2EO} PID 
2E03 Response to change in ~. 5 See left graph in Figure E-4. 
2E05 reference. LPV4.5 

2E07 PID+NF 
2E02 Response to disturbances PID 
2E04 on sensor (pushing it ~5 See right graph in Figure E-4. 
2E06 down for a short while). LPV4.5 
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Figure E-3: Responses to variations in the casting speed for a sine with frequency 0.14 (upper left), 0.18 
(upper right), and 0.50 (lower left) [Hz} andfor steps in the casting speed (lower right). 
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Figure E-4: Responses to step response in level reference (left) and to sensor disturbances (right). 
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Appendix F. Used Software 
• MATLAB Rl1, version 5.3 

o Simulink, version 3.0 

o System Identification Toolbox, version 4.0.5 

o LMI Control Toolbox, version 2.0.6 

o Control System Toolbox, version 4.2 

• GE Control System Toolbox, R6.1, version 6.10.21 C 
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