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Abstract: Lean premixed flames are susceptible to combustion driven oscillations, or thermo-acoustic
instabilities. Flame control and combustion intensification using plasma assisted combustion has shown
promising potential. In this study, the possibility to use ozone for active control of thermo-acoustic
instabilities is employed. For this purpose, it is critical to understand the prediction and avoidance of
thermo-acoustic instabilities. The aim of the controller is to suppress amplifications between upstream
velocity perturbations and the integral heat release. In order to develop such a controller, information of
the flame dynamics is required. A non parametric identification procedure is used to identify the flame
dynamics. Based on the identified model, four linear control strategies will be employed. It is found that
the controllers suppress the gain at some frequencies but amplify at other frequencies. The use of linear
control for a highly nonlinear process such as combustion is a challenge.
Keywords:
flame

Active control, Ozone, Combustion, Thermo-acoustic instabilities, Premixed flames, 1D

Nomenclature

Q̇

Integral heat release J/s

FTF

Flame Transfer Function J/cm

Le

Lewis number −

ρ

Density kg/m3

τ

Time delya s

φ

Fuel equivalence ratio −

λ

Heat conductivity J/(m s K)

Ma

Mach number −

σ

Standard deviation -

RHP

Right Half Plane

d

Distance m
R

Universal gas constant J/K

f

Frequency 1/s

n

Chemical amount mole)

S

Chemical source term kg/m3 s

q

Heat flux J/m2 s

ST

Heat release rate J/ms

T

Temperature K

3

r

Source term mol/cm s

sL

Burning velocity m/s

t

Time coordinate s

Tb

Burnt flame temperature K

u

Velocity m/s

Tu

Unburnt flame temperature K

ub

Burnt velocity m/s

V

Volume m3

uu

Velocity of unburnt gas m/s

x

Spatial coordinate m

Ui

Diffusion velocity m/s

x0

Center of distribution m

Y

Mass fraction −

1
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INTRODUCTION

To overcome the limited working range of passive control, active control can be employed. Active control can
be divided into two main categories: acoustic and fuel
modulation [6]. By monitoring a representative signal of
the instability, suitable fuel or acoustic forcing can be
applied to suppress the instability. In acoustic modulation, an acoustic driver is used to control the pressure
field inside the chamber and hence modulate the fuelair mixing pattern before entering the flame front [6].
Although acoustic drivers have a good high-frequency
response, they are not sufficiently robust for use in industrial systems and their power requirements become
excessive at larger scales.

Thermal energy produced by combustion of fossil fuels is
still worlds greatest power supplier, regardless of progress
in renewable energy. In the past decades, environmental awareness has lead to strong policies in an effort to
reduce pollutant emissions. One of these pollutants is
NOx , which can be reduced by avoiding ”hotspots” and
reducing the flame temperature. In an attempt to reduce flame temperature, lean premixed combustion has
gained an interest. In many devices, such as industrial
and domestic boilers, surface stabilized burners are used.
In modern combustion applications, combustionassociated noise (such as buzzing, humming or screech)
is one of the most frequently observed issues, especially
in case of fuel lean combustion. Combustion noise, or
thermo-acoustic instabilities involve a feedback cycle including fluctuations in acoustic pressure, velocity, heat
release and the acoustic characteristics of the combustor
and air supply, which can interact with each other and
act as resonators. The first one to recognize this mechanism was Lord Raleigh [1]. He noticed that the effect of
heat addition on acoustic waves depends on the phase relationship: if pressure and heat fluctuations are in phase,
the oscillations are enhanced.

Fuel modulation involves adjusting the fuel flow stream
into the burner, in an effort to ensure that the chemical energy released by the flame is not coupled with the
acoustic characteristics of the chamber [6]. The first fuel
modulation systems were based on switched, either on
or off, car fuel injectors [7], therefore they were nonlinear. Solenoid valves, which have the advantage of a linear response, are preferable as they simplify the control
task [8]. However, they suffer from limited bandwidth,
hysteresis at low amplitudes, and are probably not sufficiently durable for practical application. Recently, a
spinning drum valve was developed for large-scale highamplitude fuel modulation up to high frequencies. The
main disadvantages of this method are challenges with
phase-drift [9].

Combustion oscillations are generally an undesired
phenomena. From a consumer point of view, it is obvious
that a boiler which produces tonal noise with sound pressure levels over 120 dB are totally undesired [2]. However,
design considerations also have to be made, increasing
pressure oscillations due to thermo-acoustic instabilities
may also result in flame extinction and in extreme cases
to structural failure of the device. Therefore, the prediction and avoidance of thermo-acoustic instabilities is
a highly relevant problem. Due to the complexity of the
combustion process and the lack of suitable actuators it
is a challenging control problem, which many researchers
have tried to solve. Both passive and active control methods have been employed in the past [3–9].

A recent control method is plasma-assisted combustion. This method has shown promising potential for
combustion intensification and flame control [10]. Due
to plasma discharge, chemical enhancement through electrons, ions, active radicals (O, OH, H, etc.), long-lived
species and excited molecules (O3 , O2 *, N2 *, etc.) as
well as heat can be obtained. These effects, advance the
fuel oxidation process, and consequently shorten the ignition delay time and improve flame propagation [11].
On top of that nano-second plasma discharge (NSPD)
has a low energy consumption and low NOx production
with respect to other types of plasma. Furthermore, the
plasma can be applied close to the flame front [12] and
fed at different rates to increase bandwidth.

Passive control demands redesigning the combustion
chamber, including burner, fuel supply, etc., in such a
way that the system as a whole provides enough damping
to prevent thermo-acoustic interactions. Several studies
on passive control have been conducted [3–5]. Their application typically involves designing the combustor hardware or the fuel injection to increase damping or to obliterate the source of the fluctuation in heat release. These
design modifications include baffles, resonators, dynamic
phase converters and acoustic liners. While passive combustion control methods are reliable, they often have to
be designed for a specific set of operating conditions. As
a result, implementation of these passive methods is expensive and time consuming.

In this work we will perform a preliminary study into
the possible application of plasma-assisted combustion to
thermo-acoustic mitigation. However, the complex chemistry of plasma is outside the scope of this work. As
such, we assume that the effects of plasma on the flame
dynamics can reasonably be represented by the addition
of ozone. We have chosen ozone because, it is one of
the main plasma products, a long living species, and is
known to enhance the burning velocity sL [13]. The general goal of this work is to develop a controller which
reduces thermo-acoustic instabilities using ozone as the
actuator.
2

In this paper, the acoustic response of a one dimensional premixed methane-air flames is numerically investigated. Only low frequency sound waves are considered.
Because in practice, problems in central heating boilers
occur at relatively low frequencies [14]. The flame transfer function (FTF) method will be used to characterize
the acoustic response of premixed flames. The response
of a burner stabilized flame will be investigated. Afterwards, the FTF will be identified by means of nonparametric identification such that a simplified transfer
function model is obtained. The availability of such a
simplified model gives insight in the dynamics of the system and can be used to design a controller.
The outline of this paper is as follows. In the next section the flame simulation model will be explained. The
conservation equations are discussed and an example of
a laminar premixed burner stabilized lean methane-air
flame is shown. The simulation experiments for system
identification are explained. The identification and validation results are shown in section 4. In the next section,
the sensitivity of the identified models to a change in parameters is investigated. In section 6 the different control
designs are discussed. The control results are shown in
section 7. Conclusions are given in the final section.
2

Figure 1: Schematic representation of flat flame burner
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FLAME SIMULATION MODEL

We are interested in a fundamental study concerning mitigation of thermo-acoustics. The simplest case for this is
a one-dimensional approximation of a plate burner. A
schematic of the computational domain is provided in
Figure 1. A mean inlet velocity of uu = 15 cm/s is used.
The flow in the domain is laminar. The burner plate
in Figure 1 is assumed to be at a constant temperature
of 300 K and the gas leaving the burner deck has the
same temperature. A methane-air mixture enters the
system with an equivalence ratio of 0.8. Furthermore, it
is assumed that the flame region is much smaller then
the wavelength of acoustic perturbations, which allows
the use of a low-Mach number Combustion Approximation [15].

(2.1a)
(2.1b)
(2.1c)
(2.1d)

The first equation is the conservation of mass, In this
equation x is the spatial coordinate and ρ is the density.
The first term in Equation (2.1a) is the change of density over time and the second term represents convective
transport. Equation (2.1b) is the unsteady convectiondiffusion-reaction equation for species mass, where Yi is
the mass fraction of species i and Ui is the species diffusion velocity of the ith species which is determined via the
eglib with a multi component approximation [17]. On the
right hand side there is a source term, Si , representing
a change of species due to chemical reactions. Reaction
rates are determined in accordance with CHEMKIN [18].
Equation (2.1c) represents the conservation of enthalpy,
including chemical and sensible part. The number of
species is denoted by Ns and hi is the enthalpy of species
i. The term on the right hand side represents heat flux,
q. In (2.1d) an expression for the heat is given where
the first term represents heat conduction with λ, the
mixture heat conductivity. The second term is due to
species redistribution. In CHEM1D, all species properties are computed via data fitted polynomials, such that
these properties are temperature dependent. The computational set up used for simulating the 1D flames is
summarised in Table 1.

Rook et al. [14] used the one-dimensional and lowMach number approximation to study thermo acoustics.
These assumptions imply that the thermodynamic pressure p, is constant, such that the acoustic field is defined
by fluctuations in the velocity, u. Their results showed a
clear resonance type of behaviour for a flat flame, with
amplification factors as high as 25. These resonances occur in the region 80-200 Hertz, depending on the flow
properties. Their correspondence to experimental results
were good, both qualitative and quantitatively.
In this study transport equations are solved using the
CHEM1D toolset [16]. These conservation equations

In Figure 2 an example of a laminar premixed burner
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Non-parametric system identification is carried out using this numerical measurement data. With the measurement data the frequency response can be derived. Once
the frequency response is obtained a transfer function
model is fitted to the data. The fit is obtained with
the Matlab tool frsfit(), which requires the order of the
model (number of poles), number of zeros and the number of integrators as input. Subsequently, time domain
validation is performed with different validation data sets
then those used were to obtain the parametric model.

Figure 2: Spatial profile of Temperature, heat release and
velocity for a lean (φ = 0.8) burner stabilized premixed
laminar methane-air flame
stabilized lean methane-air flame is shown with an equivalence ratio of 0.8. In this figure two regimes can be distinguished indicated by the dashed lines. The regimes
are labelled with (1) and (2). The first regime, indicated with (1), is the pre-heat zone. The second regime,
labelled with (2), is the reaction zone. The cold gas mixture enters the burner in the pre-heat zone. In the reaction zone, heat release takes place, reactants are burnt
and products are formed. Most reactions are sensitive to
temperature such that the reaction zone is very thin.
3

Using the same methodology as for the flame transfer
function, a transfer function which describes the relation between the ozone source term as input and integral
heat release as output is identified. Similar to the relation between velocity and heat release, it is assumed
that a linear transfer function exists for ozone and integral heat release. The frequency response is obtained
via harmonic excitation of the ozone source term with a
frequency ranging from 10 to 500 Hertz and incremental
steps of 10 Hertz. The ozone is generated at x = -0.1
cm upstream of the burner top surface, limiting the effect of a convective delay. To generate the ozone in the
burner deck an additional artificial reaction is added to
the reaction mechanism:

SIMULATION EXPERIMENTS FOR SYSTEM
IDENTIFICATION

To develop a controller, the dynamics of the flame have
to be analysed. In this work, we assume that the disturbances are sufficiently small and that the flame dynamics
are in the linear regime. Hence, linear control methods
can be employed. It is also assumed that the modulations in integral heat release rate Q̇0 are governed solely
by acoustic velocity fluctuations u0 [20]. Accordingly,
premixed flames can be considered as elements with a
single input, single output (SISO) system. The integral
heat release and integral heat release fluctuation in time
domain are computed as in Equations (3.1) and (3.2) re¯
spectively, where ST is the heat release rate and Q̇(t)
is
the mean value of the integral heat release .
Z ∞
Q̇(t) =
ST (x, t) dx
(3.1)

r

3 O2 →
− 2O3 .

¯
Q̇ (t) = Q̇(t) − Q̇(t)

(3.4)

In this way the equivalence ratio does not change upon
ozone addition. The reaction is an endothermic reaction and the change in enthalpy for this reaction is 285.4
kJ/mol. The ozone generation is manipulated by changing the source term of this involved species. To ensure
numerical stability, the reaction is smooth in space. The
reactions spatial and temporal dependence read as,


1 (x − x0 )2
(1 + sin(2πf t))
(3.5)
r = r0 exp −
2
σ2

−∞
0

(3.3)

In this study, the flame transfer function is calculated
via harmonic perturbations with a frequency ranging
from 10 to 500 Hertz and incremental steps of 10 Hertz.
The amplitude of the velocity perturbation was set to 1
cm/s, for these perturbations the flame response can be
assumed linear [20].

50

Tu

Q̇0 (f )
u0u (f )

where Q̇0 (f ) and u0u (f ) denote the Fourier transform of
Q̇0 (t) and u0u (t).

u [cm/s]

T [K], ST [J/cm3s]

2000

where r is the sourceterm of this involved species, x is
the spatial coordinate and x0 is the center of the source.
The width of the distribution is provided by σ. We have
implemented a saturation limit for the ozone source term,
r < 100 mol/cm, which is approximately 5 W/cm2 and
10 % of the total heat released by the flame.

(3.2)

The dynamics of the flame can then be captured using
a transfer function. The transfer function (FTF) is defined as the ratio of the flame response to the upstream
4

Table 1: Summary of computational set up.
Parameter
Spatial domain
Number of grid points
Time step
Ambient pressure
Reaction mechanism
Transport model
Porosity
Burner size

8

SYSTEM IDENTIFICATION AND VALIDATION
4.1

Magnitude [J/cm]

4

values
[-1 : 2] cm
200 (with adaptive grid refinement)
variable time stepping [10−7 :10−5 ] s
1 bar
GRI3.0-Mech [19] with O3 submechanism [13]
Multi component Maxwell Stefan
0.82
0.5 cm

FTF identification and validation

In Figure 3 the frequency responses of velocity disturbance to total heat release obtained with CHEM1D and
the non-parametric model are shown. Note that the magnitude in all frequency response figures is the absolute
magnitude and not in decibel. The frequency response
starts with a plateau around 2.5, meaning that a change
of 1 cm/s in the inlet velocity results in a change of 2.5
J/s in the integral heat release. Around 90 Hertz a phase
difference of 90 degrees between heat release and velocity
is visible. As a consequence of the 90 degrees phase difference, a resonance peak occurs. The phase difference
between velocity and heat release increases as the frequency increases, because the flame responds to acoustic
fluctuations after some time τ that the fluctuations have
been applied to the base. This time delay is the convective time of acoustic perturbations traveling from the
flame foot to the point of interaction of the flame front.
The length of the time delay is determined by
τ = d/uu

u

2
0
0

100

200
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400

500

0

100

200
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500

Phase [deg]

-90
-180
-270

Frequency [Hz]

Figure 3: Frequency response of the Q̇0 subject u0u . Blue
line: CHEM1D. Red line: non-parametric model

zero is a result from the convective time delay present in
the system, which in frequency domain with a first order
Padé approximation can be written as [21]:

(4.1)

eθs ≈

1 − θ2 s
1 + θ2 s

.

(4.3)

At higher frequencies (200-500 Hertz) the model under
predicts the phase lag. Overall, the identified model is
in reasonable agreement with CHEM1D in frequency domain.
Time domain results for a velocity perturbation of 75
and 155 Hertz are shown in Figure 4. The gain of the
simulation data is higher with respect to the model results. This is not an issue as the difference in gain is easily
compensated in the feedback control loop. In the time
domain results, a phase difference between the model
and simulation results is observed. Also, the error in
the phase lag increases for higher frequencies.

The transfer function based on non-parametric identification and model fitting is:
−64.8(s − 1.4 104 )
.
s2 + 219.5s + 3.5 105

4

0

where d is the travel distance of the perturbation. The
magnitude of the frequency response decreases after the
resonance frequency. For frequencies higher than 200
Hertz the amplitude tends to zero, this effect can be assigned to the phenomenon that the disturbance changes
to fast, such that the flame is not able to respond to the
disturbance. As a result, the flame does not ’feel’ any
disturbances and no response in Q̇ is observed, the flame
responds like a low pass filter. As the amplitude tends to
zero, the phase keeps decreasing. This indicates that the
system has a time delay, which is in line with expectation
due to the convective travel time.

hQ̇0 /u0 =

simulation
model

6

(4.2)

The transfer function represents a non-minimum phase
system, with one Right Half Plane (RHP) zero. The RHP
5
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Figure 5: Frequency response of the Q̇0 subject to r0 .
Blue line: CHEM1D. Red line: non-parametric model

t [s]

Figure 4: Time domain validation results of Q̇0 subject
to u0u at 75 and 155 Hertz. Blue line: CHEM1D. Red
line: non-parametric model

Integral heat release [J/s]

4.2

38.22

Ozone source term - Integral heat release identification and validation

In this subsection we will look at the influence of ozone
to heat release. In Figure 5 the frequency responses for
the ozone source term to total heat release obtained with
CHEM1D and the non-parametric model is given. For
low frequencies, a change in source term results in a small
change in heat release. Around 100 Hertz, a resonant
peak is present. The magnitude of this peak is 0.5, meaning that if the source term changes with 1 mol/cm3 /s
the integral heat release changes with 0.5 J/s. In the
frequency range 0-200 Hertz, the phase lag increases as
the frequency increases, this is due to the convective delay. The convective delay is not visible at low frequencies
(10-50 Hertz) because the time delay is very small, in the
order of 10−3 seconds, and the frequency response is constructed with the part of the data where the output is a
harmonic sine wave. Around 200 Hertz the phase lag
saturates to -540 degrees.

t = 0.0086

38.2
38.18
38.16

t = 0.001

38.14
38.12
38.1
0

0.005

0.01

0.015

0.02

0.025

0.03

t [s]

Figure 6: Step response of Q̇0 subject to a step in r. Blue
line: CHEM1D. Red line: non-parametric model
tained from CHEM1D in frequency domain, as can be
seen in Figure 5.

The convective time delay is visible in the step response
shown in Figure 6. In this figure, the response of integral heat release subject to a step in the ozone source
term is shown. At t = 0 ms, an initial source term of
approximately 240 ppm is fed to the flame. At t = 1
The transfer function for ozone to total heat release
ms, the step response starts, increasing the source term.
derived by the non-parametric identification is:
The reaction in Equation (3.4) is endothermic such that
−188.7(s2 − 80.7s + 8316)(s2 − 44.2s + 1.2 106 )
hQ̇0 /r0 =
. a step input results initially in a reduction of the integral
(s + 1101)(s2 + 1056s + 4.4 105 )(s2 + 217.8s + 4.2 105 ) heat release. This is an undesired effect which could have
(4.4)
been overcome by computing the integral heat release as:
Z ∞
The identified model is a non-minimum phase system
Q̇(t) =
ST (x, t) dx
(4.5)
with 4 RHP zeros. The presence of at least one RHP zero
0
was expected due to the convective time delay present in
the system. The model is well in line with the data obinstead of the integral heat release computed as in Equa6
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Figure 7: Ozone evolution as function of space at different times steps, t = 0, 2, 3, 4, 5, 6, 7, 8, 9, 11 ms,
after step input in the reaction rate of O2 → O3 from
Equation (3.4).
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tion (3.1). Since the integral heat release is computed
during runtime, it was not possible to correct this in post
processing.

-0.4
0.02

0.06

0.08
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Figure 8: Time domain validation results of Q̇0 subject
to r0 at 75 and 155 Hertz. Blue line: CHEM1D. Red line:
non-parametric model

The effect of the endothermic reaction is visible in
Figure 6 as the sharp decrease in integral heat release.
Also, due to the reaction the amount of moles decreases.
Consequently, the density increases and the velocity decreases. As the velocity decreases, the flame will move
closer to the burner deck such that the heat loss to the
burner deck will increase, resulting in an extra reduction
in the integral heat release. After a short period of time,
the convective delay time, the first bit of ozone reaches
the flame. As soon as the ozone reaches the flame front,
the integral heat release and burnt velocity will increase
again.

5.1

Ozone concentration sensitivity

In Figure 9 the frequency response of the FTF with
different ozone concentrations in the oxidizer, obtained
with CHEM1D, is shown. As the ozone concentration
increases, the peak of the frequency response increases
with a very small amount and shifts to the right. This
means that the control action affects the flame transfer
function. However, the change is so small that we assume
that this effect can be neglected.

In Figure 7 the ozone concentration in ppm as function
of space is shown at different time steps. In this figure
it is clear that ozone requires some time to travel to the
flame.

5.2

In Figure 8 time domain results for a ozone perturbation of 75 and 155 Hertz are shown. Also here, the gain
of the simulation data is higher with respect to the model
results. In the time domain results, a phase difference between the model and simulation results is observed. The
error in the phase lag is higher for lower frequencies.
5

0.04

Perturbation amplitude sensitivity

In Figure 10 the FTF obtained with CHEM1D is shown
with different perturbation amplitudes. The amplitude is
in terms of the mean inlet velocity. The transfer function
does hardly change upon changing the amplitude which
demonstrates that the relation between uu and Q̇ indeed
can be considered linear.

SENSITIVITY ANALYSIS OF THE TRANSFER
FUNCTION

In Figure 11 the frequency response of Q̇ to a perturbation in r obtained with CHEM1D is shown with different
perturbation amplitudes. The amplitude is in terms of
a nominal concentration of ozone applied to the system.
From a control perspective an amplitude of 100% seems
very much. However, a perturbation of 100% only 1% of

In the previous section two transfer functions are identified and validated. In his section the sensitivity to a
change in parameters is investigated. This tells us something about the linearity of the system.
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Figure 9: Frequency response of Q̇0 subject to u0u for
different ozone concentrations in the oxidizer.
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the integral heat release. The magnitude of the transfer function does not change when the amplitude of the
excitation is varied. The phase of the transfer functions
with a perturbation of 10% and 20% are also similar.
For the perturbation amplitude of 100% the phase lag
increases when the ozone concentration increases. This
seems like a non-linear effect, we assume that this effect
can be neglected during the control design.
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A = 6.5%
A = 10%

6

6

4

500

In Section 4 two transfer functions are identified and validated. The transfer function in Equation (4.2) represents the FTF in Equation (3.3). As we assume that
the transfer functions represent linear systems, the block
diagram in Figure 12 describes the system, where the
process, P, with the transfer function given by Equation
(4.4) and shown in Figure 5, and the disturbance, D, with
the transfer function given by Equation (4.2) and shown
in Figure 3, outputs can simply be added.

500

The goal of the controller is to reduce the peak in
the transfer function of D multiplied with the sensitivity
with the aid of ozone. The presence of RHP zeros limit
the crossover frequency and the feedback gain. Also, the
fact that the peak of both systems, the disturbance and
the plant, are located around 100 Hertz requires a more
complex and higher order controller as more dynamics is
present around this frequency.
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Figure 10: Frequency response of Q̇0 subject to different
perturbation amplitudes of u0u

Four linear controllers are designed, a proportional
controller (P-controller), a proportional controller with
integral action (PI-controller), a H∞ controller and an
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Figure 12: Block diagram of closed loop process with
disturbance.

Figure 14: Sensitivity function with control action based
on identified model

Internal Model Control (IMC) controller. The P and
PI controller are designed with the loop-shaping method
[22]. It is an iterative design process to achieve desired closed loop performance in terms of stability, performance and robustness to disturbances and model uncertainties. H∞ control is an optimization based method
that automates the controller design process [23]. The
IMC method is based on an assumed process model and
leads to analytical expressions for the controller settings
[21]. The block diagram for a process with IMC control is
given in Figure 13. An additional block, which represents
the predicted model, is visible in this figure. The IMC
approach has the advantage that it allows model uncertainty and tradeoffs between performance and robustness
to be considered in a systematic fashion.

7

CONTROL RESULTS

In Figure 14 the sensitivity functions of the system with
the different control designs based on the identified plant
is shown. The largest value of the sensitivity of all control designs is in the range of 1.3 to 2. It is important
that the largest value is limited to guarantee stability.
Furthermore, based on the sensitivity, all control designs
show significant suppression of disturbances at 100 Hertz.
The ultimate controller would suppress any disturbance
at any frequency, which implies that the sensitivity is
equal to zero for all frequencies. However, this is impossible because if the amplitude of the frequency response
is reduced in one part of the spectrum, it gets larger in
another part. This effect is sometimes referred to as the
waterbed effect [22].

Figure 13: Block diagram of an internal model control
system
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model without saturation.
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Figure 16:
model

In Figure 15 the frequency response of D multiplied
with the sensitivity function based on the identified
model is shown for the different control designs without
saturating the control output. If no saturation was used,
all controllers should suppress the peak around 100 Hertz
significantly. In practice, the maximum rate of ozone production is limited due to power and efficiency constraints.
As such, removal of the (already high) saturation limit
in this study seems nonsensical.

Control performance based on identified

Magnitude [J/cm]

20

In Figure 16 the frequency response of D multiplied
with the sensitivity function with different control actions
based on the identified model is shown. The frequency response of D obtained with CHEM1D is also shown in this
figure. By comparing Figure 14 and 16, the importance of
considering DS instead of S becomes more apparent. As
the disturbance transfer function provides an additional
amplification at lower frequencies, with around 100 Hertz
the most amplification. For frequencies higher than 200
Hertz, the gain in the sensitivity will be reduced significantly due to the disturbance model.
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Based on the results in Figure 16 all controllers should
suppress the peak around 100 Hertz significantly, except
for the proportional controller. The best performance
should be obtained with the H∞ controller as the maximum gain of this controller is the lowest.
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Figure 17: Control performance based on numerical
model

In Figure 17 the closed loop frequency response of
the controlled process obtained with CHEM1D is shown.
The results obtained with CHEM1D are very different
from the model based results. One of the reasons for this
is, the relation between r and Q̇ is not linear. The best
10
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0.6

Hertz the best. Furthermore, this controller does not result in a new resonance peak at a different frequency, like
the P controller. The results obtained with CHEM1D deviate quite a lot from the transfer function based results.
This is most likely due to the highly nonlinear nature of
combustion. While the use of linear control definitely has
its benefits, we found it not to be the most appropriate
choice for thermo-acoustic mitigation using ozone. Most
likely due to notoriously nonlinear behavior of combustion and the limited control effort due to limited ozone
production rate. Perhaps a nonlinear control methods
will give better performance.
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Although there are points for improvement, such as the
use of non-linear control, considering the power required
to generate ozone, active control with ozone is not efficient enough. Using 10% of the total power to stabilize
the flame is not an efficient choice.
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Figure 18: Frequency response of Q̇0 subject to r0 for
different mean upstream velocities.
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