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Model predictive control applied 
to a continuous annealing line
In continuous processing lines, product quality requirements demand that strip annealing 
temperature is accurately and precisely controlled. Most annealing furnaces are regulated by 
Proportional Integral Derivative (PID) controllers which, being reactive to process variations, could 
result in off-specification material. To address this issue Fives has developed Model Predictive 
Control (MPC). The key word here is ‘predictive’, enabling the system to react in advance of a 
process change, such as during coil transition phases. This, then, provides better strip quality as 
well as enhanced plant productivity.

Currently, most annealing furnaces are regulated by 
Proportional Integral Derivative (PID) controllers. 

However, because furnaces are highly non-linear and 
delayed systems, over the years operators have invented 
ever more sophisticated control systems, such as 
prepositioning, multiple condition control and chains of 
PIDs. Unfortunately, the method used on one furnace 
depends on the furnace size and its exploitation, and thus 
is not very reproducible. Some steel makers have a good 
knowledge of their furnace and the control is acceptable, 
however, such a control method is not robust and is far 
from an optimised solution as it is based on reaction, ie, its 
action uses the error value, which is the difference between 
the set point and the process value at the current time.

To overcome this problem the use of Model Predictive 
Control (MPC) developed by Fives uses a comprehensive 
mathematical model that enables anticipation thanks 
to extensive knowledge of the applied control effect. The 
method has been successfully applied to continuous 
galvanising lines (CGL) designed and supplied by Fives. The 
article will focus on the control of radiant tube furnaces (RTF) 
or non-oxidising furnaces (NOF), also known as direct-fired 
furnaces (DFF) that assure the heating part of the process.

OPTIMISED CONTROL METHODS 
Over a number of years, and in response to a growing 
demand for maximum process efficiency, Fives has 
developed the Virtuo® thermal solution for furnace Level 2 
process control based on physical models and sophisticated 
control strategies. Virtuo® optimises the process, based on 
the requirements of the strip thermal cycle, metallurgical 
tolerances and the furnace capacity. 

The latest development of Virtuo® increases the 
reliability of the control during transitions, such as 
changes in speed, steel grade or target temperature. The 
annealing temperature, for instance, is highly dependent 
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on the furnace state evolution (radiant tubes, walls and 
roll temperature, and process speed). During a transition, 
control management requires advanced control systems, 
and the evolution of computation capacities has widened 
the horizon of applicable optimised control methods. Of 
these various methods, MPC is suitable for non-linear and 
delayed systems and relies on three main steps: 
`  Build a comprehensive time-dependent physical model 

of the furnace.
`  Develop a state observer that will rebuild online the 

furnace state from a range of past measurements (see 
later for definition).

`  Generate sequences of commands in the control 
horizon. 

The last two steps require optimisation methods and the 
corresponding algorithms have to be efficient enough to 
be solved online. 

According to the trial results, MPC enables enhanced 
productivity by quicker and smoother furnace response, 
particularly during transitions. The real-time calculation 
based on a furnace inertia model, goes much further than 
any static based model. The regulation has been shown 
to maximise average strip temperature consistency within 
the campaign and to avoid non-compliant material due to 
incorrect thermal cycles. 

An upcoming measurement campaign will quantify 
more accurately the gains in terms of fuel consumption 
and productivity. 

RADIANT TUBE FURNACE MODEL 
In order to use MPC, the first step was to develop a reliable 
dynamic partial differential equation model of a heat balance 
on an infinitesimal strip element in a radiant tube furnace. 
The variables involved are steel density, specific heat, strip 
width and thickness, line speed, heat surface fluxes on both 
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sides of strip, and element length. After a rigorous study, the 
following assumptions have been adopted:
`  Transfer mode: Convection is negligible compared to 

radiation.
`  No diffusion in other directions than the strip width.
`  Diffusion is instantaneous in the strip width (radiative 

Biot number is less than 1).
`  Method of incident fluxes is applicable.

In order to solve the equation it has to be discretised to 
lower numerical diffusion using the Lax-Wendroff equation.

Once the equations are implemented, it is important 
that the strip mesh chosen is fine enough to ensure the 
desired precision, but is as coarse as possible to limit the 
computational burden. This is done by a mesh convergence 
study: using a very fine mesh as a reference, we compute 
the distance of the solution to this reference when the mesh 
gets coarser and we use the mesh size that ensures the 
desired precision. This is illustrated in Figure 1. The distance 
between the solution obtained with a given mesh size and 
the reference fine mesh in the sense of the euclidian norm 
(or norm 2) is plotted versus the mesh size.

ENERGY TRANSFERS
In the previous section, we described how the strip 
temperature evolves in the furnace. In this section the way 
the different fluxes applied to the strip are calculated is 
explained.

The calculation zone is divided into several elements  
that are considered to be uniform surfaces (in temperature 
and flux) to apply the incident and leaving fluxes (see 
Figure 2). For each configuration and strip width, the 
view factors are computed using the Monte Carlo method 
(relying on repeated random ray generation).

 The strip temperature is taken from the strip mesh 
values and averaged considering T4, because the radiative 
exchanges are dependent on T4, where T is the strip 
temperature.  

Tube temperature is fed with the corrected temperature 
value and the wall temperature comes from the previous 
wall state. When the radiosity matrix is solved, we get 
a radiative flux (positive or negative) applied to each 
element. These fluxes are used to compute the temperature 
evolution of these elements.

Conduction through the furnace walls is solved over 
time. Boundary conditions are taken as follows:

 
`  Imposed flux on the inner side of the wall from the 

radiosity matrix inversion.
`  Imposed flux on the outer side of the wall calculated 

from the outside temperature, the surface temperature 
of the wall and forced convection at a given speed, or 
natural convection. 

r Fig 1 Mesh convergence study (where the Y axis 
is the distance between the solution obtained to 
the reference solution vs mesh size)

r Fig 2 Radiation calculation zone and 3D view of strip and heating 
tubes

r Fig 3 Temperature variation along instrumented tube length
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Rolls are considered to be zero dimension in temperature. 
The mass considered is a hollow cylinder in contact with the 
strip, thus it is dependent on the strip width. They exchange 
heat with the strip by contact conduction, and the thermal 
resistance is estimated knowing the pressure contact.  

TUBE TEMPERATURE CORRECTION
Tube temperature is measured at the hottest spot on the 
radiant tube and therefore the temperature measured does 
not well represent the exchanges between the radiant tubes 
and their environment. An instrumented radiant tube has 
made it possible to correct this temperature and to obtain 

r Fig 4 Relationship between max. temp and max. 
temp minus ave. temp in instrumented tube

r Fig 5a (Top) Annealing temperature over 24-hour period.  
Blue = annealing temperature measured; black = measure uncertainty 
range; red = annealing temperature modelled without state observer; 
green = annealing temperature modelled with state observer.  

r Fig 5b (Bottom) Variation of strip thickness and line speed over  
24-hour period. Blue = line speed; green = strip thickness

an average temperature law as shown in Figures 3 & 4. This 
average temperature was found to be dependant mainly on 
the tube temperature measurement and the temperature of 
the surrounding strip, thus an empirical correlation makes 
it possible to find the average tube temperature. This 
correction is exponentially removed when the column is off, 
with a time constant based on measurements.

The colours in Figure 4 show the temperature of the strip 
at the exit of the RTF and shows that one has to consider 
the strip temperature surrounding the radiant tube in 
order to correct the temperature measured. 

PARAMETER IDENTIFICATION
Once Virtuo® is configured and the main parameters 
are set, parameter identification has to be run to fit 
a measurement. This requires the data of one day’s 
production with significant strip temperature, width and 
speed variations. The parameters that are considered are:

`  Wall thermal conductivity
`  Wall density
`  Wall emissivity (inner side)
`  Contact thermal resistance at rolls
`  Roll density
`  Tube temperature correction
`  Strip emissivity at low and high temperature

STATE OBSERVER 
A prior requirement to MPC is to use a state observer, an 
algorithm, the role of which is to provide the feedback loop 
to the MPC. Instead of acting directly on control levers as 
a PID controller would do, a state observer adjusts model 
parameters to fit the measurements and in so doing allows 
prevention of unforeseeable perturbations and corrects the 
model defaults. As a starting point of the forecast control 
horizon, the state of the furnace has to be known. The 
state of the system is partially measured, but many state 
variables are not, so the distance of the model outputs to 
the measured variables is minimised.

 One of the main difficulties is that the state observer has 
to be used online and thus has to be optimised to limit the 
computation time. Figure 5 shows the estimation of the 
annealing temperature. The green line is with and the red 
line is without using a state observer during a production 
run of some 24 hours, where there are many changes in 
speed and thickness as shown in Figure 5b.

 Without state observer (red line), the model makes 
around a 20°C error which is corrected with the state 
observer (green line).

MODEL PREDICTIVE CONTROL
MPC is a control method using a predictive model. Three 
main steps can be outlined as:
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the radiant tube power. (It was not possible to control the 
speed at that stage of the commissioning process.)

Temperature control: The model uses only the measured 
tube temperatures to compute the exchanges between the 
tubes and their environment. The combustion, exchanges 
between fumes and the tubes, and heat diffusion through 
the thickness of the radiant tubes are not solved. 

The first reason for this is that the power radiated by a 
tube to the outer environment is equal to the exchanges 
between fumes and the tube only if the tube temperature 
is constant, which is theoretically true after an infinite 
time, but not in transition periods – when the control has 
to be reactive. 

The second reason is that in industrial operation, many 
factors can alter the theoretical conditions used to compute 
the energy exchanges inside a radiant tube. For example, 
the exact gas composition is often unknown, burner tuning 
may vary, and recuperator efficiency and recirculation rate 
are very uncertain, particularly in unsteady conditions. 
Controlling the tube temperature with the power hides 
the defaults of the open loop transfer function, namely 
the combustion step. 

The power of a heating column is the consequence 
of a PID controller on the tube temperature. If a tube 
temperature is far from its target, the controller will fully 
open the power, which is more than the targeted power to 
exchange, because the energy extracted from combustion 
is used to heat the radiant tube. When equilibrium between 
inner combustion and outer radiation is reached, the tube 
temperature becomes steady.       

In order to get a reliable forecast, at each time step the 
tube temperatures within the control horizon predict 
horizon starts at the measurement value of the tube 
temperature. If the tube has to increase its temperature to 
reach the desired heat exchange, a maximum heating speed 
is considered. This tube heating rate is determined by on-
site measurements. Because of this limitation, the control 
is optimistic (ie, it takes the hypothesis that the radiant 
tube response is instantaneous and reaches the maximum 
heating rate measured during operation), but this limitation 
makes the forecast annealing temperature realistic. For 
example, when an operator suddenly increases the speed, 
the forecast temperature drop in the control horizon will 
be slightly underestimated because the tube temperatures 
used in the control horizon will not be reached as quickly as 
assumed in the control horizon. The control is still correct, 
however, because the power demand to the tube to be 
heated will be 100%, and the slower response of the tubes 
is taken into account as time goes by. 

Similar behaviour is obtained when tubes have to be 
cooled, except that in this case, the tube temperature drop 
is modelled. 

r Fig 7 Forecast annealing temperature within the control horizon 
right after the speed drop around 15:40 in Figure 6b

r Fig 6a,b,c: 6a (Top) = Annealing temperature vs time; 6b (Middle) 
= Line speed vs time; 6c (Bottom) = Global heating power demand vs 
time

1. Define an objective function: most of the time a strip 
temperature target profile can be adapted for specific 
requirements such as product priority or minimisation of 
modification of the set points. 
2. Find corresponding optimum furnace control sequence 
using the model. The response of the radiant tubes has to 
be taken into account.
3. Apply the first set point of the control sequence and 
restart the process at next time sample. For response time 
reasons, the set point is aiming for a few minutes into the 
future. This leaves time for the burners to react efficiently.

MPC FOR A VERTICAL CONTINUOUS 
GALVANISING LINE
The method has been successfully applied to continuous 
galvanising lines (CGL) designed and supplied by Fives. 
The control presented in this example assumes that the 
speed is not controlled so the only possible action is to 
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This is illustrated in Figures 6 and 7. In Figure 6a the 
annealing temperature is plotted showing: measured value, 
set point, model estimation and forecast temperature at 2, 
4, 6 and 8 minutes, supposing the optimum control path 
is applied. Figure 6b shows the line speed. The event we 
are interested in is the large speed drop that happened 
around 15:40hrs, and the power demand reaction with 
MPC. In Figure 6c the global power demand of the furnace 
is plotted. 

Figure 7 shows the forecast annealing temperature 
within the control horizon right after the speed drop at 
around 15:40hrs. The green cross highlights the link 
between Figures 6a and 7. At this moment, right after the 
speed drop, the temperature is forecast to rise to 770°C. 
In reality, the tube temperature drop is slower than the 
temperature drop used in the control horizon and the 
temperature actually rises to 780°C. The control takes 
into account the actual tube temperature evolution by 
recalculating periodically the annealing temperature in 
the control horizon using the tube temperature measured 
as a starting point. The predicted annealing temperature 
comes closer to reality when the tube temperature set 
points are close to the measured temperature (and thus, 
the tube temperature in the control horizon will be close 
to the one actually applied). 

In this example, we can highlight the difference between 
MPC and PID control. At the moment the speed drops, 
a PID controller has no idea that the temperature will 
rise in the next few minutes, and it will start its action of 
reducing the power demand once the temperature rise is 
measured. Even with prepositioned PID the power input 
would be divided by 2 because speed is halved, and not 
shoot down entirely. Here, MPC computes that the inertia 
of the furnace is enough to give the required energy to 
the strip for more than 10 minutes, so the temperature 
overshoot and response time are lower compared to what 
a PID controller would achieve.   

Thanks to the model, Virtuo® is able to predict accurately 
the strip temperature evolution and apply strong control 
actions safely. 

MPC FOR DIRECT-FIRED OR NON-OXIDISING 
FURNACES (DFF OR NOF)
The same principle was applied to a direct-fired furnace 
(DFF) during revamping of a CGL. 

At this plant the customer had difficulty in managing 
transitions correctly and needed to apply large speed and gas 
flow variations to react to large changes in steel emissivity. 
The MPC method allowed this to be done and the quantity 
of steel out of tolerance was approximately halved. Three 
examples will now be described where speed control is 
included and was used as a lever to react to an unpredictable 
perturbation such as a large emissivity variation. Figure 8 

r Fig 9
Fig 9a,b,c,d: Coil width, thickness and cycle transition
9a = Annealing temperature vs time; 9b = Coil width and thickness vs 
time; 9c = Gas flow of a zone of the NOF vs time; 9d = Line speed vs 
time

r Fig 8a,b,c,d: Coil width and thickness transition
8a = Annealing temperature vs time; 8b = Coil width and thickness vs 
time; 8c = Gas flow of a zone of the NOF vs time; 8d = Line speed vs 
time

shows an example with width and thickness changes only. 
Three steps are shown in Figure 8d: 
1. Speed reduction in anticipation and gas reducing 
consequently, allowing no over-heating. 
2. Speed change in advance of the transition. 
3. Acceleration to the optimal speed for the product 
(calculated or provided by the customer). The action 
of combined gas flow and speed variation enabled the 
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power reacting to the annealing temperature change. 
MPC, by knowing the consequences of a changing speed, 
can adjust the furnace power accordingly, allowing more 
severe speed ramps. 

CONCLUDING REMARKS
PID controllers are used historically because they are 
easily set up. However, industry is increasingly seeking 
higher performance and optimality, and so Fives 
has developed MPC, which offers a huge range of 
possibilities for process control. The following challenges 
in developing MPC have been dealt with in the case of 
continuous annealing lines: 
1. Develop a reliable model. Optimum control implies 
optimum model; the more accurate the model, the better 
the control. The furnace models (RTF and NOF) proved 
themselves reliable. 
2. Feedback loop. The feedback loop used in MPC is 
more sophisticated than a simple retroaction loop as 
used in a PID controller. It encompasses unmeasurable 
perturbations and model imperfections. A state observer 
is solved online using the emissivity as an adaptation 
parameter to rebuild the furnace state.
3. Parametrisation of the control system. With MPC 
it is not possible to act on a too high number of degrees of 
freedom. Parametrisation was limited to two dimensions.
4. Find a cost function that reaches the producer 
needs. MPC is based on optimisation and, depending 
on the definition of the function to minimise, the control 
will be different. What is important for the producer can 
be integrated in this cost function – product prioritisation, 
limit of refractory temperature, gas flow and all the many 
different process constraints.
5. Online optimisation. Solving the optimisation 
problem on-line requires use of an efficient algorithm and 
parallelisation of the calculation.

Applying the method to an industrial furnace requires 
specific reflection at all these levels. The solutions found 
have been included and tested in Virtuo® Level 2. 
Experience from the use of these models will show to 
what extent gas flow is saved and production increased. 
The method applied to RTF and NOF is very promising 
and tangible improvement has been measured. This 
development represents a further step towards an 
intelligent plant. It can take into account multiple process 
requirements, minimise reject rates due to temperature 
off-limits, and increase productivity. MS

Cedric Perottet is Process Engineer at Fives Stein, a 
subsidiary of Fives, France

CONTACT: cedric.perottet@fivesgroup.com

temperature to be maintained between the acceptable 
max. and min. values during the transition.

Figure 9 shows example with coil width and thickness 
changes plus the need for a temperature change. The 
same steps as above can be outlined. 

Figure 10 shows an example where the format of the two 
coils is the same, ie, same width and thickness, but with 
an unexpected emissivity drop, and hence an associated 
temperature drop. (Note that if coil galvanising has been 
done properly, emissivity should not vary between two 
coils.) Note the very rapid reaction speed to the observed 
strip temperature change. In addition to a rise in gas flow, 
the speed is used as a lever to correct this temperature 
drop quickly (point 1). Then the speed is raised again to 
optimal speed (point 2). 

These examples show that format transitions were man-
aged in a smoother way than with PID regulation as MPC 
makes it possible to tune the control to each annealing line. 
The importance of a product can be used to prioritise some 
products over others, for example, to choose to focus on the 
end of the coil or the beginning of the following one, or a 
compromise between the two coils. 

In addition to reducing out of tolerance, MPC enables 
an increase in productivity during speed ramps, unlike 
reactive control PID controllers which increase or decrease 
speed very slowly in order for the furnace to build up 

r Fig 10  
Fig 10 a,b,c,d: Emissivity transition 
10a = Annealing temperature vs time; 10b = Coil width and thickness 
vs time; 10c = Gas flow of a zone of the NOF vs time; 10d = Line speed 
vs time
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