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An alternative approach to assess the conditions for the onset of thermoacoustics combustion insta-

bility is proposed. The method is based on the analysis of the relation between the reflection coeffi-

cient of combustor upstream section (subsystems) with respect to the burner/flame, 𝑅𝑢𝑝 , and the input 

reflection coefficient, 𝑅𝑖𝑛, as observed from the inlet of the burner with flame and all downstream 
subsystems of a combustion appliance. The instability of the combustor can be determined by evalu-

ating the system dispersion relation expressed in the terms of these two reflection coefficients. The 

properties of the relation between 𝑅𝑖𝑛, the reflection coefficient of the burner downstream subsys-

tems, 𝑅𝑑𝑛 , and elements of the flame transfer matrix, 𝑇𝑀, of the burner are investigated. This relation 

has the form of the well-known Mobius transformation. Using the well-developed theory of the trans-

formation, we derive the necessary conditions of 𝑅𝑑𝑛  to ensure that the magnitude of 𝑅𝑖𝑛 becomes 

less than 1 in a frequency range. This condition results in a passive thermoacoustics stability of the 

system’s operation. Furthermore, an optimum value of 𝑅𝑑𝑛  is derived which provides a minimum 

value of 𝑅𝑖𝑛 at given entries of the burner 𝑇𝑀. The practical application of the developed theory pro-

vides suitable criteria and guidelines for designing passive acoustic properties at the downstream side 
of the combustion appliance. 

 Keywords: Combustion, Flame transfer function, Instability, Passive termination. 

 

1. Introduction 

During the development of a combustion appliance, thermo-acoustic stability of the system is a crucial 

requirement for designers. Acoustic network modelling is a powerful tool for analysing this type of in-

stability [1–4]. Inputs of this analysis are the burner with flame transfer matrix with its entries defined in 

the complex domain, the physical properties of the unburnt and burned gases, and the acoustic charac-

teristics of the upstream and downstream sides of the flame. Usually, the burner transfer matrix can be 

related to the burner transfer function which is defined as the ratio of the burner heat release rate oscilla-

tion (response) to the acoustic perturbation of the flow (stimulus). To obtain the flame transfer function 

of a burner with a flame, the common approach is determining the frequency response of the subsystem 

either experimentally or numerically and fitting the data with a properly selected function to extend it to 

the complex domain [3]. Besides, acoustic properties at both sides of the burner can be represented by 
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their reflection coefficients and could also be obtained by measuring them in the frequency domain sup-

plemented by the procedure to extend them to the complex domain. Outputs of the acoustic network 

modelling tool are roots (𝑠0 = 𝜎0 + 𝑖 𝜔0) of the determinant of the system’s matrix. The real part of the 

derived root, 𝜎0, indicates the instability (𝜎0 > 0) or stability (𝜎0 < 0) rate and the imaginary part defines 

eigenfrequencies of the system. This procedure gives a reasonably accurate prediction of (in)-stability, 

and it has been successfully applied in numerous studies before [4–6]. 

However, the conventional modelling approach does not provide a good overview of conditions and 

guidelines for designing the upstream and downstream sides of the flame such that the system would be 

stable. Also, the direct application of the conventional approach requires technically challenging meas-

urements of acoustic variables (pressure 𝑝′ and/or velocity 𝑣′) at the hot side of the burner [4,7–10]. 

The main idea of the present contribution is to propose an alternative approach which needs  meas-

urement of two reflection coefficients, which will be signified as 𝑅𝑢𝑝 and 𝑅𝑖𝑛, at the cold side of the 

flame instead of measuring the burner transfer function and reflection coefficient at the downstream (hot) 

side of the flame, which will be named 𝑅𝑑𝑛. Then, the stability of the system is analysed by using the 

argument principle and the Nyquist plot of the products of these two reflection coefficients 𝑅𝑢𝑝 and 𝑅𝑖𝑛 

without extending them into the complex domain. It will be derived that the reflection coefficient of the 

upstream of the flame, 𝑅𝑢𝑝, is an independent parameter while the input reflection coefficient, 𝑅𝑖𝑛, de-

pends on the downstream reflection coefficient, 𝑅𝑑𝑛, and the entries of the flame transfer matrix, 𝑇𝑀 

[11]. The relation has the form of the well-known Mobius transformation. The principal results of this 

paper are based on the analysis of aforementioned dependency and introduction of simple geometric 

criteria that can be used to design an optimal termination at the downstream side of the flame.  

In this paper, after providing the theoretical background of network modelling of thermo-acoustic 

systems, useful properties of the Mobius transformation are summarized. Then, a topological technique 

is applied to derive all possible cases between the 𝑅𝑑𝑛 and 𝑅𝑖𝑛 planes. Next, the practical application of 

the developed theory is shown in an experimental example. Finally, some conclusions are drawn. 

2. Formulation of dispersion relation in the terms of reflection coefficients 

In this study, network modelling is used to describe the relationship between the upstream and down-

stream sides of the flame in a thermo-acoustic system. By considering linear acoustical plane waves with 

zero mean flow Mach number; the relations between upstream (𝑓) and downstream (𝑔) propagation 

waves, known as Riemann invariants, at both sides of the burner are [2,12]: 

      

{
 
 

 
 𝑓1 = 𝑅𝑢𝑝(𝑠) ∙ 𝑔1
𝑓2 = 𝑇(𝑠)1,1 ∙ 𝑓1 + 𝑇(𝑠)1,2 ∙ 𝑔1
𝑔2 = 𝑇(𝑠)2,1 ∙ 𝑓1 + 𝑇(𝑠)2,2 ∙ 𝑔1

𝑔2 = 𝑅𝑑𝑛(𝑠) ∙ 𝑓2

,         (1) 

where 𝑅𝑢𝑝 and 𝑅𝑑𝑛 are upstream and downstream reflection coefficients from the burner location; 𝑇𝑖,𝑗 

are the elements of a flame transfer matrix shown in Fig. 1. All coefficients of this system are 

functions of the complex frequency 𝑠 = 𝜎 + 𝑖𝜔. 

 

Figure 1: Generic representation of the thermo-acoustic model of a combustion system. 
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The nontrivial solution of the system of Eq. (1) and consequently the eigenvalues of this system could 

be obtained if the determinant of the corresponding system matrix becomes zero, so [3] 

∆(𝑠) ≜ 𝑇(𝑠)2.2 − 𝑅𝑑𝑛(𝑠)𝑇(𝑠)1.2 + 𝑅𝑢𝑝(𝑠)𝑇(𝑠)2.1 − 𝑅𝑢𝑝(𝑠)𝑅𝑑𝑛(𝑠)𝑇(𝑠)1.1 = 0.    (2) 

If 𝑇(𝑠)2.2 − 𝑅𝑑𝑛(𝑠)𝑇(𝑠)1.2 ≠ 0 then it can be written in the form of 

    ∆(𝑠) ≜ 1 − 𝑅𝑢𝑝(𝑠) 𝑅𝑖𝑛(𝑠) = 0,      (3) 

where 

          𝑅𝑖𝑛 =
𝑇(𝑠)1,1 𝑅𝑑𝑛(𝑠)−𝑇(𝑠)2,1

−𝑅𝑑𝑛(𝑠) 𝑇(𝑠)1,2+𝑇(𝑠)2,2
.              (4) 

The expression for 𝑅𝑖𝑛, which is essentially the reflection coefficient of the burner terminated by 𝑅𝑑𝑛, 

can be also derived from its definition 𝑅𝑖𝑛 ≜
𝑔1

𝑓1
 by substituting in Eq. (1). In other words, 𝑅𝑖𝑛 defines the 

ratio of the out-coming (reflecting) wave from the flame, 𝑔1, and the corresponding incoming (stimulus) 

wave to the flame, 𝑓1 depicted in Fig. 1. 

The analogy of Eq. (3) is widely used in the microwave active circuit design theory to seek for uncon-

ditional stability conditions of a transistor formed as two-port stability factors [13–15] and it has already 

been considered in the context of thermo-acoustic problems (see for instance [3,16–18]). The crucial 

advantage of this expression is that the instability of the combustion appliance can be determined by 

measuring two reflection coefficients at the cold side of the burner. 

If Eq. (3) has zeros in the right half-plane (RHP) of the complex domain, then the system would be 

unstable and vice versa. If one is only interested in whether there is a zero of Eq. (3) located in the RHP 

or not, frequency responses of 𝑅𝑢𝑝 and 𝑅𝑖𝑛 are enough for analysing the system. Based on the argument 

principle [6], if the polar plot of 1 − 𝑅𝑢𝑝(𝑖𝜔) 𝑅𝑖𝑛(𝑖𝜔) turns around the origin, it means that a zero is lo-

cated in the RHP so the system will be unstable. Due to the passive acoustical termination at the upstream 

side of the flame, i.e.| 𝑅𝑢𝑝(𝑖𝜔)| ≤ 1, the magnitude of 𝑅𝑖𝑛(𝑖𝜔) less than 1 results in a high chance of 

thermo-acoustic stability of the system’s operation [11]. Hence, the magnitude of 𝑅𝑖𝑛(𝑖𝜔) is a crucial 

factor in determining the stability of the system. Because 𝑅𝑖𝑛(𝑖𝜔) depends on 𝑅𝑑𝑛(𝑖𝜔) and 𝑇(𝑖𝜔) the 

analysis of this relation opens new options for the design of the system (in)-stability. This is the subject 

of next part of the current contribution.  

2.1 Analysis of relation between 𝑹𝒊𝒏 and 𝑹𝒅𝒏. 

For a fixed value of the frequency, the entries of the transfer matrix 𝑇𝑀 are fixed complex numbers 

and then Eq. (4) can be treated as a mapping of 𝑅𝑑𝑛 to 𝑅𝑖𝑛. The mapping has a form of the so-called 

Mobius (also known as bi-linear) transformation between 𝑅𝑖𝑛 and 𝑅𝑑𝑛, with the elements of the flame 

transfer matrix, 𝑇𝑀, of the burner as the coefficients of the transformation. One of well-known properties 

of the Mobius transformation is that it maps circles in the plane of its argument to circles in the plane of 

its output [19,20]. The downstream side of the burner is an acoustically passive termination, there-

fore | 𝑅𝑑𝑛| ≤ 1. Consequently, the Mobius transformation, 𝑅𝑖𝑛 =
𝑎 𝑅𝑑𝑛+𝑏

𝑐𝑅𝑑𝑛 +𝑑
, transforms the unit circle in the 

plane of the downstream termination 𝑅𝑑𝑛 into a circle in the plane of 𝑅𝑖𝑛. This circle has a specified 

centre and radius, 

       𝑀 =
𝑏.𝑑−𝑎.𝑐̅

|𝑑|2−|𝑐|2
,         𝑟 =

1

||𝑑|2−|𝑐|2|
,     (5) 

where 𝑎 =
𝑇1,1

√∆𝑇
, 𝑏 =

−𝑇2,1

√∆𝑇
, 𝑐 =

−𝑇1,2

√∆𝑇
, 𝑑 =

𝑇2,2

√∆𝑇
, and ∆𝑇 is the determinant of the flame transfer matrix [20]. 

Note that the Mobius transformation is represented here is in the normalized form.  
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Furthermore, the centre of 𝑅𝑑𝑛  unit circle transforms into point 𝑂 =
𝑏

𝑑
 in 𝑅𝑖𝑛  plane which defines to 

where the inside area of the unit circle of 𝑅𝑑𝑛 is mapped. It can be either the inside or outside area of the 

circle in 𝑅𝑖𝑛  plane. Figure 2 shows four possible cases for this transformation between 𝑅𝑑𝑛  and 𝑅𝑖𝑛 

planes. 

 

Figure 2: Four possible cases for the Mobius transformation of the unit circle of 𝑅𝑑𝑛  into 𝑅𝑖𝑛 plane, double 

shaded areas show the joint area of the shaded area and the unit circle of 𝑅𝑖𝑛. 

This kind of plot provides new insight into the design strategy one may follow to ensure system sta-

bility. For instance, considering Case a in Fig. 2 one may conclude that for most reflection coefficients 

of the downstream side of the flame, 𝑅𝑑𝑛, the gain of 𝑅𝑖𝑛 is higher than 1. Accordingly, to stabilize the 

system for this particular case the designing of the stabilising downstream acoustics is more demanding 

because there is quite limited range of  𝑅𝑑𝑛 which provides |𝑅𝑖𝑛| ≤ 1. Therefore, tuning of upstream side 

of the burner becomes more appropriate approach. Contrarily, when facing the situation similar to the 

Cases b, and c in Fig. 2 one may conclude that there is a wide freedom to select 𝑅𝑑𝑛 such that |𝑅𝑖𝑛| ≤ 1 

and even it is possible to design a proper 𝑅𝑑𝑛 where |𝑅𝑖𝑛| = 0. Elaboration of these design guidance 

ideas is the subject of next sections. It should be noted that the shaded rectangular areas in Cases c, and 

d in Fig. 2 are outside domains of the unit circle. 

2.2 Optimal value of 𝑹𝒅𝒏  

An optimum value of 𝑅𝑑𝑛 is derived in this subsection which provides a minimum value of 𝑅𝑖𝑛 at 

given entries of the burner 𝑇𝑀. As shown in Fig. 2, a minimum value of 𝑅𝑖𝑛 is equal to either zero for 

cases b and c or it is equal to 𝑘 for cases a and d where |𝑘| = ||M| − 𝑟|  and ∠𝑘 = ∠𝑀. So, the value of 𝑅𝑑𝑛 

can be restored which causes the minimum value of 𝑅𝑖𝑛 by inverse mapping at point 𝑘 back to  𝑅𝑑𝑛 

plane. So, 

        𝑅𝑑𝑛𝑜𝑝𝑡. =
−𝑑 𝑘+𝑏

𝑐 𝑘−𝑎
.              (6) 

It is obvious that for cases b and c the optimum value of 𝑅𝑑𝑛 is 𝑅𝑑𝑛𝑜𝑝𝑡. = −
𝑏

𝑎
. 
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2.3 Possible range of 𝑹𝒅𝒏 to obtain a passive stable system 

 In this subsection, the conditions are investigated how to select a passive termination 𝑅𝑑𝑛 in such a 

way that for the given burner transfer matrix the corresponding magnitude of 𝑅𝑖𝑛 becomes less than 1 

over a certain frequency range. The aim to ensure |𝑅𝑖𝑛| < 1 is motivated by the fact that in this case the 

burner with downstream acoustics behaves as a passive subsystem and therefore it is stable in combina-

tion with any passive upstream acoustics of the considered appliance.  

The region of 𝑅𝑑𝑛which we are looking for belongs to the joint area of the unit circle in the plane 

of 𝑅𝑑𝑛 and simultaneously the Mobius transformation according to Eq. 4 which maps these 𝑅𝑑𝑛 to the 

double shaded (stable) regions in the plane of 𝑅𝑖𝑛, see Fig. 2. To find the corresponding area in the 𝑅𝑑𝑛 

plane one may invert the transformation of Eq. 4. For this case, the invers transformation is also of Mo-

bius kind and it is given by the expression  

        𝑅𝑑𝑛 =
−𝑑 𝑅𝑖𝑛+𝑏

𝑐 𝑅𝑖𝑛−𝑎
.        (7) 

We are interested where the unit circle of 𝑅𝑖𝑛 maps into the 𝑅𝑑𝑛 plane. The mapping is similar to the 

one presented in Fig. 2 with the only replacement of 𝑅𝑑𝑛 and 𝑅𝑖𝑛 planes. The described procedure pro-

vides the area inside the unit circle of 𝑅𝑑𝑛 which is considered as a preferable value of 𝑅𝑑𝑛 to obtain a 

passive stable system without considering the upstream acoustic’s condition. 

3. Experimental design 

A test setup, shown in Fig. 3.a, was prepared to measure the flame transfer function. A constant tem-

perature anemometer (CTA) and a photomultiplier tube (PMT) with OH filter were used to measure the 

acoustic velocity fluctuation before the flame and the varying heat release signal, respectively. A brass 

plate burner deck which has 1 mm thickness, and 5 cm diameter with a hexagonal pattern of holes was 

selected. The holes had a diameter of 2 mm placed at a pitch of 4.5 mm (D2- P4.5), and the total open 

area of the burner was 342.43 mm2. Two Bronckhorst mass flow controllers metered the methane and 

airflow rates. A water-cooled deck holder was used to keep the outer perimeter of the burnerdeck at a 

fixed temperature. A set of National instruments DAQ systems connected to a PC running LabVIEW 

was used to transfer the data with a sampling rate of 10 kHz. Then the measured flame transfer function, 

𝑇𝐹, at the specified inlet mean velocity and equivalence ratio was used to calculate the transfer matrix’s 

elements (𝑇𝑖,𝑗) [3] given by 

𝑇𝑀 = 0.5 [
𝜀 + 1 + 𝜃 𝑇𝐹 𝜀 − 1 − 𝜃 𝑇𝐹
𝜀 − 1 − 𝜃 𝑇𝐹 𝜀 + 1 + 𝜃 𝑇𝐹

],      (8) 

where 𝜃 =
𝑇2

𝑇1
− 1is a temperature ratio, 𝑇1, 𝑇2being initial and final (flame) temperature, and 𝜀 =

𝜌1𝑐1

𝜌2𝑐2
 

is the jump in specific acoustics impedance across the flame. The entries of 𝑇𝑀 were used to calculate 

the coefficients a, b, c, d of the Mobius transformation. 

4. Results and discussion 

The flame transfer function measured for the burner D2P4.5 at the mean velocity of the mixture 

through the burner holes of 218 cm/sec and equivalence ratio of 𝜙 = 0.8 is shown in Fig. 3.b. For the 

aforementioned flame transfer function, the Mobius transformation elements i.e. a, b, c, and d, are cal-

culated in the frequency range 0-780 Hz. Then based on Eq. (7), 𝑅𝑑𝑛 circles and the possible ranges 

of 𝑅𝑑𝑛 at which |𝑅in| ≤ 1 is derived. At four fixed frequencies, the 𝑅𝑑𝑛 circles and centres’ locations of 

the circles and those preferable 𝑅𝑑𝑛 areas are shown in Fig. 4.  
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Figure 3: a. A test setup to measure the flame transfer function [3]; b. measured flame transfer function of the 

burner D2P4.5 at 𝑣 = 218 
cm

s
 and 𝜙 = 0.8. 

    

Figure 4: 𝑅𝑑𝑛  circles, centres’ locations, and possible  𝑅𝑑𝑛  map to the unit circle of 𝑅𝑖𝑛 at 30, 120, 260, 500 Hz. 

Results show that due to a particular symmetry of the matrix 𝑇𝑀 for this kind of velocity sensitive 

flames, i.e. 𝑇1,1 = 𝑇2,2 and 𝑇1,2 = 𝑇2,1, the centre of the 𝑅𝑑𝑛 circle is lying on the imaginary axis. Fig. 5 

demonstrates two 3D views of the areas in a frequency range 0-780 Hz. Four joint areas shown in Fig. 4 

are also demonstrated in Fig. 5 with the red colour. If the reflection coefficient of the downstream side 

of the burner is inside these areas (a channel) then the system would be at a passive stability condition, 

otherwise the system will not be passive and the solution of dilemma of stability-instability is related to 

the product of upstream and inlet reflection coefficients. 

 

 

Figure 5: Two 3D views of possible 𝑅𝑑𝑛 maps to the unit circle of 𝑅𝑖𝑛 in a frequency range 0-780 Hz. The four 

slices shown in Fig. 4 are highlighted in red. 
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Figure 5 shows an interesting tool for analysis. For instance, one may conclude that at low frequencies, 

(like 0-50 Hz), for almost any downstream termination of the mentioned burner at specified mean veloc-

ity and equivalence ratio condition, the system would be passive and, therefore, stable. The frequency 

ranges around 300Hz and 700Hz look the most problematic to stabilise because the areas of stabilising 

downstream acoustics are narrow at these frequencies.  

By developing these ideas further, one may suggest that the “volume” of possible 𝑅𝑑𝑛 value (blue 

region shown in Fig. 5) may provide a good indication for the kind of “figure of merit” of the burner. It 

means that a good burner in terms of the thermo-acoustic stability would have a larger choice of possi-

ble 𝑅𝑑𝑛values.  

In addition, because of the mentioned format of matrix 𝑇𝑀, it is possible to find a suitable 𝑅𝑑𝑛 where 

the system becomes passive and stable for any passive upstream termination of the system. For the sake 

of completeness, the optimal value of 𝑅𝑑𝑛 such that the magnitude of 𝑅𝑖𝑛 becomes minimum is derived 

from Eq. (6) and results with corresponding minimum value of 𝑅𝑖𝑛 are demonstrated in Fig. 6.  

   

Figure 6: Optimal 𝑅𝑑𝑛magnitude and phase (Left) to obtain a minimum amount of 𝑅𝑖𝑛 (right) at 0-780 Hz. 

These graphs also highlight the conclusion that for the considered burner/flame the frequencies around 

320Hz and 700Hz may require special measures to ensure system stability.   

5. Conclusion 

A new theoretical framework to analyse the thermo-acoustic stability of combustion appliances is 

proposed. Within the proposed approach the system dispersion relation was expressed in terms of two 

reflection coefficients which can be measured at the upstream (cold) side of the burner. Using Mobius 

transformation properties, a requirement of passive stability of the system was translated to the require-

ments for the reflection coefficients of the downstream side of the burner. The results of the analysis 

show principal possibility to design the downstream side such that the system would be passive and stable 

irrespective to the upstream side of the burner. Also, the area of possible 𝑅𝑑𝑛 value to obtain a passive 

stable system is derived for each frequency. The area depends on the flame transfer function of the burner 

and the size of the area suggests a good indication for the figure of merit of the burner. Then developed 

theory may provide suitable criteria and guidelines for designing passive acoustic properties of the down-

stream side of the combustion appliance. 



 

 

ICSV27, Annual Congress of International Institute of Acoustics and Vibration (IIAV), 11-16 July 2021 

6. Acknowledgments  

The authors wish to thank the Netherlands Organisation for Scientific Research (NWO) for the finan-

cial support under project number 16315 (STABLE).  

REFERENCES 

1 Stow SR, Dowling AP. Thermoacoustic oscillations in an annular combustor. Proc. ASME T Expo. (2001).  

2 Emmert T, Meindl M, Jaensch S, Polifke W. Linear state space interconnect modeling of acoustic systems. 

Acta Acustica united with Acustica. (2016).  

3 Hoeijmakers M. Flame-acoustic coupling in combustion instabilities, PhD Thesis, TU/Eindhoven, (2014).  

4 Paschereit CO, Schuermans B, Polifke W, Mattson O. Measurement of transfer matrices and source terms of 

premixed flames. Journal of Engineering Gas Turbines Power, (2002).  

5 Hoeijmakers M, Arteaga I, Kornilov V, Nijmeijer H, De Goey P. Accuracy assessment of thermoacoustic 

instability models using binary classification. International Journal of Spray Combustion Dynamic, (2013).  

6 Kopitz J, Polifke W. CFD-based application of the Nyquist criterion to thermo-acoustic instabilities. Journal 

of Computational Physics. (2008).  

7 Schuermans, B., Paschereit, C. O., Polifke, W., and Linden, M. J. A. Van Der, Prediction of Acoustic Pressure 

Spectra in Combustion Systems Using Swirl Stabilized Gas Turbine Burners, Proc. ASME T Expo, (2000). 

8 Schuermans, B., Modeling and Control of Thermoacoustic Instabilities, Ph.D. Thesis, EPFL, (2003). 

9 Alemela, P. R., Fanca, D., Ettner, F., Hirsch, C., Sattelmayer, T., and Schuermans, B., Flame Transfer 
Matrices of a Premixed Flame and a Global Check with Modelling and Experiments, Proc. ASME Turbo 

Expo, 3(PART A), 11–19, (2008). 

10 Schuermans, B., Guethe, F., Pennell, D., Guyot, D., and Paschereit, C. O., Thermoacoustic Modeling of a 
Gas Turbine Using Transfer Functions Measured under Full Engine Pressure, Journal of Engineering Gas 

Turbines Power, 132(11), 1–9, (2010). 

11 Kojourimanesh, M., Kornilov, V., Arteaga, I. L., and de Goey, P., Thermo-Acoustic Flame Instability Criteria 

Based on Upstream Reflection Coefficients, Combustion and Flame, 225, 435–443, (2021). 

12 Polifke W, Paschereit CO, Paschereit K. Constructive and Destructive Interference of Acoustic and Entropy 

Waves in a Premixed Combustor with a Choked Exit. International Journal of Acoustic and Vibration, (2001). 

13 Poole C, Darwazeh I. Microwave Active Circuit Analysis and Design., Elsevier Ltd. (2015).  

14 Balsi M, Scotti G, Tommasino P, Trifilett A. Discussion and new proofs of the conditional stability criteria 

for multidevice microwave amplifiers. IEE Proc-Microwave Antennas Propagation, (2006). 

15  Lombardi G, Neri B. On the Relationships Between Input and Output Stability in Two-Ports. IEEE Trans 

Circuits System I: Regular Papers., (2019). 

16 Boudy, F., Nonlinear Dynamics and Control Analysis of Combustion Instabilities Based on the ‘Flame 

Describing Function’ ( FDF ), Ph.D. Thesis, EM2C, École Centrale Paris, (2012). 

17 Schuller, T., Tran, N., Noiray, N., Durox, D., Ducruix, S., and Candel, S., The Role of Nonlinear Acoustic 

Boundary Conditions in Combustion/Acoustic Coupled Instabilities, Proc. ASME T Expo, 2, (2009). 

18 Boudy, F., Durox, D., Schuller, T., Jomaas, G., and Candel, Ś., Describing Function Analysis of Limit Cycles 

in a Multiple Flame Combustor, Journal of Engineering Gas Turbines Power, 133(6), 1–8, (2011). 

19 Needham T. Visual Complex Analysis. Clarendon Press. Oxford, (1997).  

20 Çakmak G, Deniz A, Koçak Ş. A Class of Mobius Iterated Function Systems, math.DS, Cornell University, 

1-10, (2018). 


