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ABSTRACT

Model based control of combustion dynamics has been identified as an important enabling
technology for operating combustion systems outside their “natural” performance envelope using
a network of sensors that monitor the state, and control systems and actuators that supply
feedback signals in forms that can impact the combustion mechanisms.  One challenging area in
which active control has been effective is in the control of combustion instability, also known as
a thermoacoustic instability.  A prerequisite to the design of optimal control strategies for these
high amplitude and bandwidth phenomena is the availability of accurate models that describe the
mechanism of the phenomenon and the system’s response to external actuation.  While models
that describe the acoustic response of combustion systems to unsteady heat release have been
known for sometime now, input-output relations between the heat release dynamics and the
unsteady flow have become available only recently.  These combustion dynamics models
formulated through the solution of the governing equations in the appropriate flow-combustion
interaction regime, or through data reduction of available results, low dimensional projection and
system identification approaches.  Techniques that exploit the predictive capability of these
models, or just their overall structure in the design optimal active control techniques for
suppressing growing pressure oscillations have been developed and several designs have actually
been implemented in bench top and intermediate scale systems with encouraging results.  In this
talk, I will focus on heat release dynamics models that capture the essence of the combustion
phenomena in several systems, and how model based active control has led to superior results
when applied to mitigate combustion dynamics.

I. THERMOACOUTIC INSTABILITY
Positive coupling of heat release oscillations and acoustics in weakly damped systems, which has
been observed in many applications ranging from low powered systems designed for low
emissions to high powered systems designed for performance, is known to lead to thermo
acoustic instability, manifested primarily by large-amplitude pressure oscillations.  In all these
systems the combustion process in perturbed periodically by the acoustic field through one of
many mechanisms, some of which will be described shortly, leading to sustained time dependent
heat release that acts as a forcing term in the acoustic field.  A simple but powerful statement for
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the conditions that lead to positive coupling between the combustion process and the pressure
oscillations is the Rayleigh criterion:1
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where the heat release oscillation is q’, pressure oscillation is p’,  e’ is the acoustic energy, E’ is
the acoustic energy flux, A is the cross sectional area normal to the x direction, t is time, L is the
duct length, F is the dissipation of the acoustic energy.  This statement indicates that during the
growing phase of the instability, the phase between pressure and heat release oscillations must be
less than 90°.  It does not however explain the reason for the phase to reach the requisite values,
or the mechanism by which acoustic oscillations stimulate heat release response.  These fall
under the area of heat dynamics models that must be developed by combustion analysts.

Before reviewing some of the progress in developing these models, it is instructive to review the
differential equations that capture the feedback between acoustics and heat release in a bit more
detail.  These are derived by linearizing the reactive Navier-Stokes equations, while neglecting
dissipative effects, mean flow and mean heat release (only for simplicity, the more general case
is slightly more complex): 2
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Where g is the specific hear ration.  Using a Galerkin expansion3 for the pressure,
p' = p y i (x)hi ( t)

t
Â ,  a finite-dimensional model for the combustion driven acoustic modes of the

system can be written in the following form:
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Where w is the mode frequency, y is the mode shape and sub f indicates the coombustion.  Now
the problem has been reduced to expressing the heat release perturbation in terms of the dynamic
flow variables, e.g., q' = q' (h,h

•

) , to find conditions under which the Rayleigh criterion is
satisfied.  Linearizing this relation to express the unsteady heat release in terms of the pressure
and velocity perturbations;
dq
dt

= ah + bh
•

, (4)

and substituting back into equation (3), we see that heat release dynamics adds damping through
velocity perturbation, and changes the characteristic frequency of the acoustic mode as well.
Clearly, through the influence of K, the shape of the acoustic mode and the location of the
combustion zone within the acoustic mode are important.  Through the influence of the sign and
magnitude of b, the impact of the acoustic field on the combustion process is captured.  The
objective of a large class of combustion dynamics models is to determine this parameter and
describe its dependence on the combustor design.

II. COMBUSTION DYNAMICS
It is well knows that turbulent combustion, the dominant mode of combustion in the vast
majority of practical systems, takes on different forms depending on the turbulent intensity and
length scales, and the combustion characteristics, e.g., laminar burning velocity, flame thickness,
extinction strain, etc.  For analytical tractability, the development combustion dynamics models
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that close the feedback loop described by equation (3) has taken advantage of the classification
of turbulent combustion into different regimes in which burning rate is governed by one limiting
mechanism, e.g., a wrinkled premixed flame, a well-mixed reactants and products, a flame
convoluted by the flow, etc.  The objective of these models is to derive equation (4), or a close
alternative, and determine the dependence of its parameters on the operating conditions.  Several
attempts are review next.

II.1. Wrinkled Flame Models & Impact of Mixture Inhomogeneity
Wrinkled flame models apply in the case of low intensity, large-scale turbulence, when burning
occurs in thin flames. Under conditions when the flow velocity is much larger than the burning
velocity, the linearized equation describing the flame surface motion can be integrated and the
heat release rate perturbation can be expressed as: 4
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 is the total heat release in the combustion zone, Su is the laminar burning velocity, R is
the radius of the anchoring zone, u is the flow velocity, and k is a characteristic constant of the
mixture.  In this case, the flame acts as a first order filter that attenuates oscillations with
frequency higher than     

† 

2Su / R , with a phase dependent gain.  The model shows that flames
possesses a frequency selection mechanism that lead to the amplification of some acoustic
modes, depending of the laminar burning velocity and the stabilization mechanism.5   Note that,
the dynamic properties do not depend on the mean flow or the average flame shape, only on the
average equivalence ratio through the laminar burning velocity and enthalpy of reaction.  The
flame surface model has been successful in describing the conditions of instability in several
experiments6 and has been extended to cases in which the flow perturbations are more complex7

and when boundary conditions impose certain constraints on the flame response.8

The flame dynamics model was extended to describe the combined effect of flame surface area
oscillations and possible equivalence ratio fluctuations induced due to the presence of unchocked
air or fuel flow delivery nozzles, or the utilization of oscillating fuel valves.9  The extended
model takes on the following form:
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where 

† 

f  is the mixture equivalence ratio at the burning zone and the overbar indicates mean
quantities.  The relationship between the equivalence ratio fluctuations at the source and the
pressure/velocity oscillations at the combustion zone is often complicated by the convective time
lag between these two locations, and is modeled as:10
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The time lag 

† 

t  is one of the determining factors in selecting the unstable modes, and presents a
special challenge to active control strategies that will be addressed shortly.  Mixture
inhomogeneity arises due to different design characteristics in the systems, e.g., unchocked air or
fuel supply, steady fuel supply in the middle of an acoustic field where the air flow is subjected
to acoustic oscillations, etc.
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II.2. Well-Stirred Reactor Model & Critical Operating Parameters
When turbulence intensity is strong and the mixing rates are sufficiently high, one may assume
nearly homogeneous combustion zone, and use the well-stirred reactor theory to model
combustion in this regime.  While idealized, this model has been useful in defining the absolute
maximum burning rate attainable in a given volume due to chemical kinetics rates, and as one of
the building blocks of a network of reactors used to predict burning characteristics in practical
systems.  Assuming single step reaction and negligible heat loss, and constant mean pressure
conditions11, the linearized equations of this model show that:
d ¢ Q 
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 is the mass flow rate, m’is the perturbation, Ti and Ta are the inlet gas tempertaure and
the activation temperature, respectively, Yf is the fuel mass fraction,   

† 

t r  is the mean residnece
time, n is the order of reaction, r is density and Dhr is the enthalpy of recation.   Similar to the
wrinkled flame model result, the combustion process acts as a first order filter.  However, the
properties of the filter, contrary to the wrinkled flame model results, depend strongly on the
mean flow, or residence time, and mean equivalence ratio.  The characteristic parameters a and
b can become negative as the equivalence ratio decreases or the mass flow rate increases beyond
certain critical values.  Analysis shows that negative values of a correspond to unstable
operation, or blow out.12  Moreover, b reaches zero at the point of maximum average heat release
rate, becoming negative for additional reduction in fuel concentration or increase in mean mass
flow rate, before combustion extinction is observed. Within the small increment of either the
equivalence ratio or the mean flow rate, between maximum power and blow-out, the phase
between the flow rate and the heat release perturbation changes by 180 degrees from its values
for lower heat release rates. The model predictions match the trends observed near blow out.13,14

Many practical combustors, especially those endowed with sufficiently strong swirl exhibit very
similar characteristics in which transition from stable to unstable operation occurs close to either
maximum heat release rate (maximum flow rate) or minimum equivalence ratio.   The transition
is often followed by blow out as the opertaing conditons change slightly, an observation that is
borne out this simple model; a very encouraging conclusion.  The model has been used to predict
the stability frequency in several experiments.15

II.3. Shear Layer Stabilized Combustion
Many combustion systems, especially in premixed applications, utilize a separating shear layer
downstream a bluff body as a mixing device to anchor flames.16,17,18  In these systems, flames
convoluted around large-scale structures are observed, under stable and unstable operating
conditions, with the frequency of shedding on the convoluted structures matching that recorded
by the pressure measuremnets.  One of the most fascinating observations in some of the reported
experiments is that some spectral modes under unstable operating conditions may not correspond
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to some of the resident acoustic modes of the combustion system, suggesting the presence of
other fluid dynamic sustained oscillation mechanisms, besides acoustics, in the system.19   To
explain the origin of this frequency, in a recent study, we demonstrated that under certain
conditions, shear layer instabilities can become absolute, i.e. self-sustained oscillations can be
expected at the absolute mode frequency of the reacting shear layer.  We showed that as the
shear layer thickness and the backflow in the recirculation zone increase, the unstable modes
become absolute and the Strouhal number of the oscillations, based on the step height, average
flow velocity and oscillation frequency, are close to O(0.1), a value supported by many
experimental and numerical simulation studies.20,21  Analysis of absolute mode characteristics
showed that increasing the equivelence ratio, which imposes a temperature distribution with
higher tempertaure ratios on the shear layer, can delay the transition to absolute mode until the
temperature ratio reaches higher values.

In cases when hydrodynamic mode play the role of the resonant oscillator, we showed that the
heat release dynamics can be modeled using the following second order oscillator equation:
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where wo  is the frequency of the absolute mode and z o is the associated damping.

II.4. Data Driven Models and POD Analysis
Combustion instability mechanisms in which several processes play competing roles, including
large-scale structures, equivalence ratio inhomogeneity as well as probable local extinction and
reignition, can not be easily modeled analytically and sometimes even numerically due to sevral
uncertainities and analytical complexities .  Instead, we have proposed using data driven reduced
models, e.g. POD, in which the numerical results (or spatially resolved experimental data) are
used to construct a space of optimal basis functions that describe the different modes in the flow
and rank them according to the energy in each mode, for such purpose.  The differnetial
equations are then projected onto these modes using a Galerkin error reduction approach, to
derive a set of differential equations governing the amplitudes of the modes.  These equations are
then utilized to predict the response of the flow to imposed perturbations, provided that the
meanflow remains nearly the same and the dominant modes do not change their shapes under the
impact of external forcing.  These approaches are powerful, however they are system specific.

II.5. System Idenitifcation Models
As an alternative to physically based and data based models of combustion, system identification
approaches have been used in connection with experimental data or numerical simulations of
combustion instability.   In this case, one is interested in input-output models that captures the
overall response of the system.  Typically these approaches are applied after the system has
achieved a stationary state, such as a stable limit cycle, and the sustained oscillations are often
represented using lightly damped linear models in the neighborhood of the limit cucle.  Besides
the model structure, one also needs an appropriate persistently exciting input to identify the
system.  Methods such as the ARMAX and N4SID have successfully been used to design models
and model based control for combustion systems. Alternatively models based on representing the
pressure signal using a Fourier series and captured through nonlinear observers have been used.
For instance, taking advantage of the insight and physically-based modelling, averaging methods
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and system identification of limit cycle systems with time delays are used to determine the
parameters of the model.  Note however that SI models are both system and conditions specific
and unless care is taken to select the proper structure, some subtle but important dynamics may
be lost.  A POD based system identification combines the advantages of traditional system
identifcation and the power of POD based method in that they capture the spacial and temporal
chartateristics of the phenomena simultansously.

III. ACTIVE CONTROL
Based on the inherent instability mechanism, that is the positive feedback between the pressure
and heat release oscillations when their phase is less than 90, phase shift controllers have been
extensively applied to stabilize combustion systems by measuring the pressure, adding the
appropriate phase, and generating a new presure signal that cancels out the existing oscillation,
while carefully adjusting the gain to achieve stabilization within a short settling time.  Phase shift
has also been implemented as pure time delay whose value is adjusted until best pressure
suppression is achieved.  Adaptive version, e.g. an extremum seeking controller, of the same
strategy have also been attempted. 22  While successful, the scope of this strategy has been
limited; in some cases secondary peaks were encountered following the application of the phase
shift approach, and in many cases, perturbations and noise could upset the operation, and
stability over a range of operating conditions can not be guaranteed.  More powerful approaches
that take advantage of detailed description of the phenomena in terms of accurate models are
described next.

III.1. Linear Optimal Control
To reduce the pressure oscillations and minimize settling time, given an actuator with certain
authority constraints, a control strategy which seeks to minimize a cost function of the form:
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J = p12
+ rcuc
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Ú dt , where uc is the control input and rc is chosen to represent the available

control effort is used.  One of the combustion models decribed above is used to determine the
control input as a function of the pressure measurement and the model parameters.  To minimize
the effect of the modeling uncertainity, an LQG-LTR control procedure is used so that the
estimator minimizes the effect of modeling errors by representing the latter as fictitous Gaussian
errors.  This controller has been used successfully23 to suppress existing pressure oscillationsd by
50dB, without generating secondary peaks, whereas phase shift controller only achieved 20-
30dB.  In24, an additional 10-15 dB reduction in pressure amplitude was realized when applying
LQG-LTR to stabilize a swirl combustor over an empericial phase shift controller.  On drawback
here is that time delay is either neglected its effect is Pade approximated into a finite dimensional
model, restricting the applicability of this control to cases in which time delay is small.

III.2. Time Delay Control
Control strategies designed to work with large time delays are used for systems in which the
dynamics are dominated by multi scale processes, with the shortest being the acoustic scale and
the longest arising perhaps due to convective effects, or in case of liquid fuels, due to
evaporation and mixing.  Using the models in equations (3, 6  and 7), we have shown that a
variety of strategies can be applied to overcome the negative impact of time lags, depending on
the possible locations of the actuator and the other contraints.  Simple PI controllers that make
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optimal use of actuator locations can be used to cancel out or minimize the delay effects.
However they may require placement that is not accessible or may lead to the formation of local
hot spots and hence increase emissions.  A more general strategy utilizes the Posicast controller
which is based on the Smith controller. 25 The idea behind that controller is the use an accurate
system model to forecast the future outcome of a certain current input, knowing that the outcome
must contribute to a gradual but quick stabilization. The reader is referred to other work26 for
further details regarding the stability and robustness properties of this controller, and
experimental and numerical results of the closed-loop performance that demonstrate its
effectiveness.  Application of time delay control in27 achieved a reduction of 12 dB on a reheat
buzz instability using less than 3% of the fuel in the control loop.

III.3. Model Based Self Tuning and Adaptive Time Delay Controllers
Adaptive control techniques are considered necessary in combustion system due to a variety of
reasons including the range of opertaing condition a typical combustion system experiences, and
the modeling uncertainity associated with either analysis or system identification.  For this
purpose, adaptive filters whose coefficients are adjusted to minimize the errors that represent a
departure from the desired values of key parameters have been used in LMS techniques.   An
alternative approach to this impplementation of adaptive control is to exploit the structure of the
dynamic model itself.  For example, for certain actuator locations, the transfer functions can be
shown to have relative degree smaller than two, with stable zeros and known high-frequency
gain.  For these cases, a simple adaptive phase-lead compensator can be shown to successfully
suppress the pressure oscillations28.

Time-delay control can be accommodated by adding a signal to the control input that attempts to
anticipate the effects of the delay.  The same approach can be adopted in an adaptive controller
as well. 29  An experimental implementation of a PosiCast control algorithm to a 85 kW swirl
stabilized combustor have been conducted.30  As mentioned before, these implementations rely
on the availability of  models that capture the combustion dynamics inherent in the system.

IV. CONCLUSIONS
Recent results that have been summarized here show that it is possible to capture the esssential
mechanisms in combustion dynamics in models that can be used to construct the complete
feedback loop of thermoacoustic instability.  The successful application of these models in the
design of active control strategies for the suppression of the instability has also been shown.
Current effort is focused on extending the control beyond instability suppression and into other
performance parameters such as emission reduction, pattern factor and efficiency improvement.
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