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We describe a method for controlling chaos-generated cyclic 
variations in a pulse combustor. The method is applied to a 
recently developed thermal pulse combustor model and utilizes a 
map-based, adaptive proportional feedback algorithm. With this 
technique we show that it is possible to greatly reduce cycle-by- 
cycle pulse variation. We further show that minimizing cyclic 
variation allows combustor operation at conditions well beyond the 
normal flameout limit. 

INTRODUCTION 
Recent studies of a pulse combustor model and experimental data 

provide strong evidence that, at least under some conditions, pulse 
combustors can exhibit the unstable behavior referred to as deter- 
ministic chaos [l, 21.  Such unstable behavior is characteristic of 
nonlinear systems and is often manifested as random-like variations 
superimposed on bounded oscillations. In pulse combustion, non- 
linearities associated with the combustion process itself produce 
the desired pulsing effect and also makes chaos possible. 
Here we are concerned with reducing pulse variation using an 

adaptive version of a control algorithm known as recursive 
proportional feedback. We apply this algorithm to a thermal pulse 
combustion model to demonstrate the control possibilities. The 
basic concept of such control is to make small, carefully chosen 
perturbations to the combustor (under computer control) such that 
the pulses are made more uniform (i-e., more periodic). We show 
here that reducing these variations makes it possible to extend the 
combustor firing rate well beyond the normal flameout limit. We 
also expect that reducing pulse variation will help reduce 
emissions of hydrocarbons and thermally generated nitrogen oxides. 

THE THERMAL PULSE COMBUSTION MODEL 
Basically, all pulse combustors consist of a combustion chamber 

with an attached tailpipe. The thermal pulse combustor of interest 
here has been described in detail elsewhere [ 1 ,21 .  A recent model 
for this combustor consists of a set of four nonlinear ordinary 
differential equations (ODES) derived from macroscopic energy, 
species, and momentum balances applied to the combustor volume and 
tailpipe [ 2 ,31 .  In previous papers we have shown that this model 
produces similar behavior to an experimental combustor operated at 
the Department of Energy’s Morgantown Energy Technology Center [ 2 ] .  
We also show in these papers that both the model and experimental 
facility exhibit cyclic variations characteristic of chaos. 
A unique feature of the thermal pulse combustor is that there is 



no modulation of the inlet air and fuel flow (unlike more common 
designs which vary the inlet flows with mechanical or aerodynamic 
valves). In addition, the small combustion chamber size causes it 
to behave as a nearly well-stirred reactor. These features make 
the thermal pulse combustor especially simple and convenient for 
investigations of new control strategies. While other combustors 
are likely to exhibit more complex behavior, we expect that our 
basic findings will still be applicable. 
For integrating the model we use a fourth-order Runge-Kutta 

method with a fixed time step size of 20 ps. To observe the 
resulting dynamics we employ standard phase space construction by 
plotting the four differential variables against each other (in 
this case temperature, pressure, and fuel concentration in the 
combustion chamber and gas velocity in the tailpipe). It is also 
convenient to characterize pulse cycles by their peak pressure or 
temperature, which can be plotted over long times (e.g., in return 
maps) to observe trends in cyclic behavior. When the air and fuel 
flows are adjusted to give a combustion chamber residence time ( T ~ )  
of 0 . 0 2 4  s (at stoichiometric conditions), stable periodic pulses 
occur. As the residence time decreases, the combustor follows a 
period doubling route to chaos and ultimately reaches flameout at 
a residence time of approximately 0.0228 s .  This transition from 
periodicity to chaos to flameout is depicted in Fig. 1. 
As with other chaotic systems, the thermal pulse model exhibits 

unstable periodic patterns (orbits) which are occasionally visited 
by the system, but which do not persist because of their insta- 
bility. The basic control concept we employ here is to select a 
desired periodic orbit that the system visits naturally and then 
perturb the system when it begins to deviate away from the desired 
pattern such that the pattern is sustained. In the jargon of 
nonlinear dynamics, the desired orbits are identified as fixed 
points on a return map. 

THE RECURSIVE PROPORTIONAL FEEDBACK ALGORITHM 
Several algorithms have been proposed and demonstrated for 

controlling chaotic systems into periodic behavior [see 4-9 for 
examples]. The recursive proportional feedback (RPF) algorithm we 
use has been shown to have wide-ranging applicability for control 
of low-dimensional, dissipative systems. In its basic form, RPF is 
based on the perturbation of some accessible system parameter, p ,  
according to the following rule: 

6Pi = K ( X i  - Xfp) + R6pi-I (1) 

where i and i-1 are indexes referring to the ith and (i-l)th 
cycles, and K and R are control constants. The variable x is a 
cyciically measured system variable (e.g., peak temperature or 
pressure), and xfp is the fixed point value of that variable. 

R P F  is typically implemented by waiting until the system 
approaches within some small predetermined distance from xfp and 
then turning on the feedback perturbations. It is always assumed 
that perturbations must be limited to some maximum size 6pm, which 
can often be specified on physical grounds. Of course it is 



necessary to have some procedure for determining appropriate values 
of the control constants H and R as well as the fixed point xfp. 
We discuss this determination procedure below. 
For convenience we have selected the tailpipe friction factor as 

the perturbation parameter (corresponding to p above) . Pertur- 
bations of this parameter correspond physically to disturbing the 
tailpipe flow (e.g., with acoustic or piezoelectric devices) which 
is certainly achievable in practice [lo]. Other possible pertur- 
bation parameters are a spark ignition source in the combustion 
chamber or a disturbance of the inlet air and/or fuel flow. 
In our present RPF implementation we add an adaptive control 

algorithm that initially determines values of xfp, K, and R and then 
continuously updates K and R to maintain control in spite of system 
drift. The basis of our method is the assumption that the dynamics 
of the system near the fixed point xfp may be linearized as 

where the w's are weighting constants that define the perturbation 
required to take the system from xi at the beginning of the ith 
cycle to xi+l. In [ll] we show that optimal control is achieved 
when 

and 

By determining the weighting constant values (referred to col- 
lectively as W), we have the information needed to implement RPF. 
The value of xfI! is initially estimated by observing the system 

for a period of time until there are two or three successive close 
returns; i.e, measured values of xi, and xi+l within some small 
distance hw of each other. When this happens, it is assumed that 
the combustor came close to the desired uniform pulse, and we begin 
making small perturbations to our control parameter (the tailpipe 
friction factor) whenever we return to the vicinity of this state. 
Once we acquire four or'more observations in the vicinity of xfg, 
we then begin estimating W by least squares modeling of the obser- 
vations with Eqn. (4). An essential part of our control scheme 
adaptivity is that we make our least-squares fit over only the last 
n observations. Erasing previous observations allows forgetting 
the old system dynamics, making it possible to follow system 
drifts. We have found n = 15 works well in the results reported 
here. 

If it 
is not, we apply a random perturbation on the next cycle. If it is 
close, we update our estimate of W and apply a perturbation 6pi+l 
according to Eqn.(l). Initially, when we do not have an estimate 
of W, we choose 6pi+l randomly. Once the control of the fixed point 
is established, the control signals become very small and the new 
points xi+l are within system noise of each other. If the learning 
process is applied using data from these very close return points 

Each combustion pulse is either close to xfp or it is not. 



our estimate of W becomes worse instead of better because system 
noise is confused with the linearized dynamics we are trying to 
control. Therefore it is necessary to stop updating W whenever 
returns are closer than system noise. We also find that adding 
small random variations to the control signal improves robustness. 

DISCUSSION OF RESULTS 
We find that our adaptive RPF algorithm readily converts chaotic 

model oscillations to simple periodic pulsing. The amplitudes of 
the pressure and temperature variations over eachpulse are smaller 
than those of the uncontrolled system. Thus our scheme may be used 
to avoid emissions associated with excessively large temperature 
excursions (e.g., thermal NOx and unburned hydrocarbons) and to 
keep away from the flameout basin boundary, even when firing rate 
is increased well past the normal flameout limit. 
Figure 2 shows peak temperatures for the system in the chaotic 

regime at Tf= 0.0285 s. After the first 50 cycles, we enabled the 
adaptive RPF algorithm. Within a few cycles the control weights 
were learned and control established. The applied control pertur- 
bations on the friction factor (f) are superimposed on Fig. 2.  
After 150  cycles, we turned the control algorithm off, and the 
system returned to its chaotic state. The time needed to learn the 
weights and establish control generally depends on how often the 
system returns near the fixed point. In some cases, applying a 
random control signal outside the control window increases the 
return frequency, causing control to be established more quickly. 
Figure 3 illustrates the increase in operating range permittedby 

RPF control. In this case, the solid line denotes the controlled 
system operating performance as compared to its normal behavior 
with increasing firing rate (i.e., decreasing Tf). 

CONCLUSIONS AND RECOMMENDATIONS 
The RPF algorithm demonstrated here has important implications 

for pulse combustion control. Reduced cyclic variability (i.e., 
shaping each combustion pulse within some tolerance) would permit 
higher firing rates or continued operation in unusual or emergency 
situations. Reduced cyclic variability could also help minimize 
emissions caused by occasional temperature excursions. Still 
another potential benefit might be the optimization of flue gas 
heat transfer, an important factor in pulse combustor economics. 
Because the control method exploits available system parameters 

and requires no redesign, it is ideally suited for implementation 
on existing combustors. The major requirements are: 1) the 
perturbation parameter should be rapidly adjustable (i-e., at time 
scales less than the pulse cycle time); 2) high speed measurements 
of the combustor should be available (sampling rate greater than or 
equal to 10 times the pulse rate, e.g., a piezoelectric pressure 
transducer); and 3 )  a relatively fast computer or processor is 
needed for the necessary computations. Typical 486 or Pentium 
computers meet these requirements. We believe further investi- 
gations of RPF control for pulse combustion are clearly warranted. 
Additional experimental and theoretical studies are needed to more 
fully evaluate the potential benefits. 
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Figure 1. Bifurcation diagram for thermal pulse combustor showing transition from 
periodic pulsing to chaotic pulsing to flameout as combustion chamber residence time 
decreases. Peak temperature is normalized relative to ambient temperature. 
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Figure 2. Effect of implementing adaptive RPF control on combustor peak 
temperature. 
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Figure 3. Cycle peak temperature as a function of combustor residence time with and 
without adaptive RPF control. Note RPF control allows operation well beyond the 
usual flameout limit. 


