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II. PROBLEM DEFINITION 

Combustion requires a fuel and an oxidant (typically, 
oxygen that is present in the air); insufficient quantity of 
oxygen in the combustion causes fuel residues, resulting in 
incomplete combustion with soot. On the other hand, 
excessive air causes problems such as a large amount of 
exhaust gas and unnecessary air heating, resulting in 
degraded combustion efficiency. Figure 2 shows the 
relationship between the air-fuel ratio and the thermal losses. 
The green (dotted) line describes the theoretical behavior of 
the thermal loss with respect to the air-fuel ratio while the 
blue (dashed) curve represents the thermal loss due to 
incomplete combustion. The red (solid) curve represents the 
resulting behavior in terms of thermal efficiency; three 
different zones can be defined: for low values of air-fuel 
ration incomplete combustion occurs and soot and smoke 
with noxious particulate matter are generated (incomplete 
combustion zone ) while for high ratio values thermal losses 
due to excessive O2 concentrations take place (Excessive air 
zone); between the two an Optimum combustion zone is then 
defined where the maximum values of Thermal efficiency 
are achieved [3].  

  
Figure 2: Relationship between Air-fuel Ratio and Heat Efficiency 

 
For combustion furnaces such as heating furnaces and 

boilers in plants and factories, small-scale controllers such as 
single loop controllers are typically employed to optimize 
the air-fuel control ratio and improving the combustion 
efficiency. In large combustion furnaces, where distributed 
control systems (DCS) and advanced control techniques 
(multivariable predictive control, etc.) are used, typically air-
fuel ratio and dumper valve (which affecting furnace internal 
pressure influences the furnace ventilation) are controlled so 
as to prevent CO, CO2 and NOx (nitrogen oxide) from being 
emitted. In this way, the environmental requirements are 
fulfilled regardless of possible thermal losses with a 
consequent economic lost. 

In figure 3 the Vacuum Furnace control scheme that was 
previously active in the plant is presented. The drawbacks of 
this control scheme when employed for the regulation of the 
furnace combustion can be summarized as: 
 

1. %O2 emitted with the exhaust gasses  is 
characterized by significant oscillations; 

2. Not stable values of the furnace output temperature; 
3. Not stable values of the Air/fuel ratio during the 

transients. 

 

 
Figure 3: Existing control scheme 

 

Before the engineering of the new control logic, the 
existing control system is analyzed in order to detect its 
critical points. The following main critical points have been 
individualized. Firstly, the regulation of the output 
temperature (TC) is realized by the existing logic through 
the   control  of   the   fuel   gas   flow   (FC  fuel).   Hence,  
controlled variations of fuel gas are taken into  account  by 
the air flow controller (FC air) guaranteeing an excess of air 
thus preventing the incomplete combustion (see Figure 2). 
However no assurance of optimal combustion efficiency is 
given. Another critical point is the O2 regulation in the 
smokes which, in the existing logic, is realized through a 
controller (AC O2) that checks the relationship air-fuel. This 
control scheme allows avoiding an excess of fuel flow but 
vice versa it is possible to have an excess of air flow that 
involves economic lost. Finally, no explicit solution 
accounting for the absorption of possible variations of the 
inlet load has been considered. 

III. MODEL IDENTIFICATION 

The target of the new control system strategy is to control 
the output temperature of the furnace and to minimize O2 
residue. Before its actual implementation in the plant, the 
improvements of the new control architecture have been 
tested offline on a simulation environment. At this purpose it 
has been necessary to perform a multivariable model [4] 
identification of the process under study. In this way it was 
possible to design and test a new control architecture safely 
performing all the necessary tuning of the proposed 
controllers and estimating the performance of the process in 
closed loop operations [5]. As it is well presented in 
literature [6, 17] the dynamics of many industrial processes 
can be well described by a simple first order transfer 
function with delay. In this work the generic transfer 
function has been chosen with the following structure: 

 

                   

( )
1

di
T si

i
i

K
g s e

s



  

(1) 

where as usual iK  is  the  process  gain,  i  
 is  the  process 

time constant and 
idT  is the process delay. From step tests 

performed  on  the  furnace  under  study   the  model  of  the  

AIR-FUEL RATIO

T
H

E
R

M
A

 L
O

S
S

Relatonship between Air Fue Ratio and Heat Efficiency

 

 

Thermal loss due to incomplete combustion
Theoretical Air-Fuel Ratio
Thermal Efficiency

Incomplete
Combustion
zone

 Optimum
Combustion
  Zone

Excessive air zone

13,66

TC

FC
air

FC
fuel

fuel gas

PC1

PC2

%
E.U.

AC
O2

PV 
check

air

Burner protection

TH
ER

M
A

L 
EF

FI
C

IE
N

C
Y

 

4317



 
 

 

 
Figure 4: O2 model validation 

process has been developed and simulated in the 
Matlab/Simulink environment. 

In figures 4 and 5 the results of the model validation 
phase of the main controlled variables of the process 
(percentage of O2 and furnace output temperature) are 
shown.  

A MISO model for the prediction of the O2 has been 
adopted. From the step test performed on the plant it results 
that the O2 can be well predicted from the Fuel flow, the Air 
flows into the furnace and the Dumper valve position. The 
validation phase performed on a different dataset has shown 
a good agreement with the measurements with an RMSEP 
(Root Mean Square Error of Prediction) value of 0.22 
percentage of oxygen as it can be seen in Figure 4.  

Similarly, the output temperature resulted to be suitably 
predicted by the Fuel and Air flows into the furnace and the 
Dumper valve position. As it can be seen from the Figure 5 
the model has a good agreement with the measurements: the 
computed RMSEP is of 0.53°C. 

 

IV. NEW CONTROL STRATEGY 

In order to improve the performance in the regulation of 
the furnace output temperature and in order to minimize the 
percentage of O2 in the waste gas, a new automatic control 
system [7] [8] [9] [10] has been designed. The new control 
architecture has been previously tested in an offline 
simulation environment, i.e. MatLab/Simulink.  

The furnace uses gas as fuel and air as combustion-
supporting tool. The value of air-fuel ratio directly affects 
the performance of the combustion control system, the 
quality of gasoil production, and the energy consumption. 
Good control of the air-fuel ratio is the key to ensure full 
combustion, improving combustion quality and control 
performance of the combustion system [11]. Many factors 
have been recognized causing large fluctuation of the 
optimal air-fuel ratio in the furnace system. For example, 
due to gas and air pressure fluctuations and lag of the 
existing control system, the actual air-fuel ratio may deviates 
from the system setting values. 

In addition, fluctuations of the calorific value of mixed 
gas, which may seriously affects the furnace temperature as 
well as the thermal efficiency of furnace, are controlled by 
the temperature controller (TC, in Figure 3) causing a direct 
variation of  the  fuel flow (FC fuel) and of the air  flow  as a 

  
Figure 5: Out temperature model validation 

consequence of the effects of the air/fuel ratio control 
scheme.   

In the proposed new control scheme (see Figure 6), a 
double cross-limiting control (DCL-C) strategy is adopted 
[12] with the intent to improve the combustion efficiency, to 
achieve accurate tracking and dynamic optimization of 
air/fuel ratio.  

In the DCL-C system in order to prevent excessive 
surplus of gas or air in the secondary-loop controller, both 
gas and air flow measurements are considered and a mutual 
restraint is performed in case of sudden load variations .  

Through the DCL-C, the secondary-loop controller 
imposes, according  to output of the main  loop, lower  and  
upper bounds thus preventing, respectively, incomplete (lack 
of oxygen) combustion and excessive O2 concentrations 
where the heat loss in the excess air is larger than the heat 
provided by more efficient combustion. In the new control 
logic when the furnace output temperature changes, 
simultaneous increments or decrements of the air and gas 
flow are performed, thus achieving best control of the 
furnace combustion. In figure 6 the cross limiting logic is 
highlighted in red color; it is possible to note that an increase 
or decrease of fuel or air flow, directly affects the O2 
controller and the output temperature controller, 
respectively.  

Additionally, a feed forward logic (FF) [13] is introduced 
to compensate inlet feed variations and inlet temperature 
variations as shown in the upper and right side of figure 6. 
The main contribution of this feedforward component is that 
it prevents sudden fluctuations and perturbation of the 
combustion due to sudden variations of charge feed. This is 
particular important because in many cases these variations 
could otherwise lead to undesirable blocks of the process. 
The feedforward action has been opportunely inserted at the 
output of the temperature controller, instead that inserting it 
directly on the actuation valve. In this way, rapid variations 
in the actuation valve can be filtered.   

Finally, a CO controller is inserted as a “guard” (see 
figure 6) in order to limit possible excessive decreasing of 
the air flow. No other organic compound has been monitored 
since it has been observed that the CO was the far most 
sensible variable to variation of O2. Furthermore, due to the 
high performances of the furnace at issue the emission of 
NOx compounds are very limited thus not representing 
critical element.  
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Figure 10: Control effort with different control solutions 

 

VI. RESULTS 

The improvements in the regulation of the furnace output 
temperature obtained by implementing the proposed control 
logic in the DCS are shown in the following figures. As it 
can be seen comparing, in figures 11and 12, the output error 
of the old (here named “existing”) controller to that of the 
new (“proposed”) controller, the control error has been 
decreased of about 41%.  
 

 
Figure 11: Output temperature with existing control scheme 

 

Figure 12 shows the results obtained by the new control 
system implemented in the DCS. Comparing these results 
with the previously implemented control logic shown in 
figures 11, 13, the benefits in terms of increased noise 
rejection can be seen. Figures 13 and 14 show, respectively 
the standard deviation of the controlled output temperature 
for the existing and proposed control scheme: comparing the 
two it is clear that the proposed control scheme allows for a 
more effective regulation of the furnace output temperature.  

In agreement, the control error in the regulation of the 
percentage of O2 in the waste gas has been largely decreased 
obtaining a reduction up to about 75% (compare figures 15 
and 16).  

Similarly, the standard deviations of the controlled 
percentage of O2 of the two control schemes are compared 
in figure 17 and 18. Is it clear from the above results that the 
proposed control scheme allows to obtain higher economic 
return; in fact, when adopting the new control strategy, the 
O2 working point is kept closer to the minimum target.  

Finally, figure 19 shows the decrease of O2 emission as a 
result of the implementation of the new control scheme.  

 
Figure 12: Output temperature with proposed control scheme 

 
Figure 13: standard deviation of the error in output temperature with 

existing control scheme 

Figure 14: standard deviation of the error in output temperature with 
proposed control scheme 

 
Figure 15: Percentage of oxygen on smoker with existing control scheme 

 

 
Figure 16: Percentage of oxygen on smoker with the proposed control 

scheme 
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