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Recent pollution requirements and stringent operating conditions for gas-turbine engines have prompted the
need for real-time feedback control of combustion processes for power production and propulsion. NO and CO
pollutants from gas-turbine engines have been the focus of many researchers for some time. By accurate control
of the equivalence ratio (EQR), � uctuations caused by low-frequency air � ow rate disturbances may be avoided
to maintain desired levels of NO and CO. In this paper, we develop a feedback technique based on CH chemi-
luminescence for real-time control of EQR in combustion processes. We focus on a continuous combustor for
experimental modeling and implementation. An in-depth presentation is given of model development and digital
controller design. Experimental step responses and an oxidizer � ow rate disturbance test are provided for experi-
mental validation of the EQR controller. The designed controller is successful in providing settling times less than
4.0 s with a maximum overshoot of 11.5%, while simultaneously compensating for oxidizer � ow rate disturbances
to within » 1%. With EQR control, a 153% increase in NOx emissions is prevented in response to a 9% reduction
in oxidizer � ow rate at a global equivalence ratio near 0.75.

Introduction

R ECENT pollution requirements and stringent operating con-
ditions for gas-turbine engines have prompted the need for

real-time feedback control of combustion processes for power pro-
ductionand propulsion.In general,NO and CO emissionsconstitute
the main focusof environmentalregulationsfor gas-turbineengines.
Unfortunately, current sensing techniques do not allow for direct
high-speed detection of NO and CO pollutants. However, it has
been observed that NO and CO pollutants are very strong functions
of overall equivalenceratio.1;2 Developmentsin chemiluminescence
sensing technology have provided an avenue for high-speed equiv-
alence ratio (EQR) detection in combustion systems. This paper
focuses on the development and implementation of a digital feed-
back system to control EQR in a simulated continuous combustor
usingCH chemiluminescencefeedback.The currentwork advances
that of Scott et al.3 to handle air � ow rate disturbances in a contin-
uous � ow combustor. By the accurate control of EQR, � uctuations
caused by air � ow rate disturbances may be avoided to maintain
desired pollutant levels.

Chemiluminescence is the light produced during an electronic
transition from a molecule’s excited level to its equilibrium ground
level. This transition is generally initiated through the chemical
production of excited species. Ultimately, chemiluminescence sig-
nals obtained from optical measuring devices are proportional to
the concentrations of the excited species. Typical chemilumines-
cence signals found in combustion originate from CH¤ , OH¤, C¤

2 ,
and CO¤

2 (Refs. 4 and 5). In previous work in our laboratory, Scott
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et al.3 found a linear relationship between CH chemiluminescence
and EQR for global EQRs of 0:50 · 8 · 0:85 at constant oxidizer
� ow rates. Yamazaki et al.6 investigated EQR relationships to OH,
CH, C2, and CO2 emission spectra in jet � ames and commercial
diffusion-type burners. Their experiments revealed a linear rela-
tionship between both OH and CH emission signals and EQR for
practical burners at global EQRs of 0:7 · 8 · 1:4. More impor-
tantly, Yamazaki et al.6 found a dependency on the air � ow rate for
their testedglobalEQR. Their work revealedthat as the total air � ow
rate varies, the proportionality changes between CH¤ or OH¤ and
EQR. Sandrowitz et al.7 also observeda linear relationshipbetween
CH¤ and EQR as well as between OH¤ and EQR. However, their
experiments only incorporated premixed � ames at 8 > 0:8. In ad-
dition, Sandrowitz et al.7 found that OH¤ to CH¤ ratios could be im-
plemented to compensate for air � ow rate dependencies.Although
this ratio technique has merit, the current control methodology re-
lies instead on CH chemiluminescenceand fuel � ow rate measure-
ments. Extensivework was done to incorporateOH¤ measurements
within the digital control techniquepresented in this paper.Unfortu-
nately, the OH¤ and CH¤ relationspresentedby Yamazaki et al.6 and
Sandrowitz et al.7 were found to be inapplicable to our burner con-
� guration for 0:50 · 8 · 0:85. Recently, Bandaru et al.8 developed
an EQR measuring device for gas-turbine combustors using CH
and CO2 chemiluminescence.Their work revealed that fuel and air
� ow rates strongly affect chemiluminescence intensities, whereas
fuel/air mixedness is less important.Ultimately, fuel mass � ow rate
and emission voltages were used as an EQR indicator.8

There have been very few instances of feedback control for
combustion systems in general, much less those that pertain to
EQR or pollutant control. Previous studies include minimizing
NO production9;10 and optimizing NO emissions and combustion
temperature.11 These investigationsincorporatedgas analyzers and
produced somewhat sluggish control; hence, effective disturbance
compensation would be unlikely. Scott et al.3 developed an EQR
control technique that utilized CH chemiluminescenceas feedback
for constantoxidizer � ow rate applications.Their work producedan
EQR controllerwith a 1-s settling time, including compensation for
fuel-line pressure disturbances. Under these circumstances, pollu-
tantvariationsowing to fuel-linepressuredisturbancesmay bemini-
mizedbycontrolling� uctuationsin EQR. Unlikethispreviouswork,
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ourcurrentworkcompensatesforoxidizer� ow rate � uctuationsdur-
ing EQR control periods. For a constant oxidizer � ow rate, the CH
signal increases linearlywith risingEQR. However,as oxidizer� ow
rate is increased at the same EQR, the � ame becomes more intense
and a higher CH emission signal is observed. Without considering
oxidizer � ow rate, the perceived EQR would be greater than that in
actuality. Moreover, oxidizer � ow rate disturbancesare much more
dif� cult to handle because the relationship between EQR and CH
emission is no longer linear.

Feedbackcontrolhas numerousadvantagesover traditionalopen-
loop control. Typically, gas-turbine combustors are maintained
through open-loop control in which known proportions of fuel and
air are dumped into the combustor at a chosen global EQR. Under
most circumstances this type of operation is acceptable. However,
even under set operating conditions, air � uctuations or additional
unknown disturbancesmay occur.By feedback of a high-speedrep-
resentation of EQR and compensating accordingly, these types of
disturbancescan be avoided.Because � uctuationscaused by distur-
bances are minimized, feedback control allows for operation closer
to an EQR producing minimum pollution levels than previously
possible under open-loop conditions.

The objectivesfor EQR control in this paperhavebeendeveloped
from an intuitive viewpoint. Depending on the application and in-
dividual constraints, the control objectives and/or obtainableband-
widths may vary. For this work, the EQR controller was designed
to meet the following two constraints:

1) The controller should settle to EQR commands in less than 5 s
with little overshoot for all combinations of fuel and air � ow rates
(0:65 · 8 · 0:85/.

2) The controller should compensate for low-frequency distur-
bances, for example, air � ow rate � uctuations.
A complete discussion of the modeling and controller design is
covered in detail throughoutthe remainder of the paper. The criteria
just listed play an important role in both the evaluation and design
of the controller.

Experimental Setup
An atmospheric Hencken burner was selected to mimic typical

gas-turbine combustors operating under partially premixed condi-
tions. The Hencken burner is 2.54-cm square and composed of in-
dividual tubes (0.8 mm diameter) carrying either methane fuel or
an oxygen/nitrogen mixture. Each fuel tube is surrounded by sev-
eral oxidizer tubes that produce many tiny diffusion � ames along
the burner’s surface. Unlike typical jet diffusion � ames, this burner
con� gurationallows for rapidmixing and manipulationof theglobal
EQR. Because the burner is not fully premixed in nature, it has the
ability to produce stable � ames at very lean global operating con-
ditions (8 < 0:6). Continuous burners, such as those found in in-
dustrial turbine applications, typically display such lean-operating
characteristics. In typical gas-turbine operation, preheated air (600
–700 K) is used for combustion of methane. In this experiment, a
room-temperaturemixture consistingof 2.72 moles of nitrogen for
every mole of oxygenwas used instead of air. Because higher quan-
tities of oxygen are present, this 2.72 dilution ratio provides higher
adiabatic � ame temperatures. These elevated adiabatic � ame tem-
peratures roughly approximate those found in methane combustion
when the air is preheated to 650 K.

For gas-turbine combustors, CO and NO pollutants rise as the
overall EQR becomes either too lean or too rich, respectively.1 As
the EQR increases, the higher temperature causes greater quanti-
ties of NO to be formed. Conversely, as the EQR decreases, CO
becomes more prevalent. Figure 1 illustrates the NO and CO emis-
sions produced by the Hencken burner as a function of EQR at an
N2/O2 dilutionratio of 2.72.These data were takenusing typicallow
bandwidth NO and CO analyzers.3 Both curves are normalized by
their respectivemaximum emission indices.12 Inspectionof this plot
reveals that pollutant trends for the Hencken burner closely match
those found for traditional gas-turbine combustors.1

Figure 2 portrays the experimental setup used for control of the
EQR. The experimental system consists of a Hencken burner, lens,
chopper, � lter, photodiode, lock-in ampli� er, a set of digital micro-

Fig. 1 Pollution emissions vs EQR for Hencken burner at N2/O2 =
2.72 v/v (Ref. 3).

Fig. 2 Experimental setup for controller experiments.

controllers,a data acquisitionsystem, and a pulse-width-modulated
(PWM) fuel-� ow control valve.

Radiationfrom the � ame is collectedat the base of the burnerwith
a fused-quartz lens and focused into a 431.5§ 5 nm � lter (Oriel
Instruments, Model 53815) and a photodiode detector (Thorlabs,
Model DET210). This � lter– detector combination provides a volt-
age signal proportionalto the CH emission from the � ame. A chop-
per is used in conjunctionwith the lock-inampli� er to modulateand
amplify the light signal.The chopperbreaks the light signal at a pre-
speci� ed frequency (397 Hz). The lock-in ampli� er is then used to
reconstructand amplify signalsat the choppedfrequency.This mod-
ulation and ampli� cation process providesexcellentsignal-to-noise
characteristicsbecause the light signal is modulated at a frequency
different from those of typical 60-Hz noise or other environmental
interferences.

The conditioned CH¤ signal is fed into a Microchip Technology
Inc. Model PIC16C73A microcontroller where it is digitally sam-
pled, processed, and converted to a representation of EQR (at a
50-Hz loop rate). Figure 3 illustrates the microcontrollersetup. For
hardware reasons, two independentmicrocontrollersare necessary.
The � rst microcontroller (PIC 1) samples the CH emission signal
and records the fuel control command to develop a representation
of EQR. The recorded fuel � ow rate command is used to calculate
EQR for the next time step ( 1

50 s). All of the control calculations
and EQR conversions are performed on PIC 1. A 50-Hz sampling
rate was selected to allow enough time for PIC 1 to perform all of
the necessary control calculations and EQR conversions. The sec-
ond microcontroller (PIC 2) receives a fuel command from PIC 1
through an 8-bit digital line where it is converted to a PWM fuel
command for fuel � ow rate control.PIC 2 operates at a 200-Hz loop
rate. By samplingat a rate four times faster than PIC 1, the dynamics
of PIC 2 are less signi� cant to the overall control strategy.

The � ow command controls the fuel � ow through a PWM � ow
controlvalve(The Lee Company,ModelLDHA122311H). A square
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Fig. 3 Schematic of microcontroller con� guration.

pulsemodulatedat a frequencyof 100 Hz controls the fuel � ow rate.
The width of the pulse sent to the valve dictates the duration that the
valve is open or closed. The valve only operates completelyopen or
completely closed. A wider pulse sent to the valve keeps the valve
open longer; likewise, a shorter pulse causes the valve to be closed
more than it is open.Becausethe fuel � ow cannot respondat 100 Hz,
it is averaged according to the commanded pulse width. A 100-Hz
PWM frequency provides the most accurate fuel control with the
current experimental setup. In general, the valve provides fuel-� ow
control with near in� nite resolution throughout the operating range
and with very little valve hysteresis. The PWM valve essentially
produces fuel � ow proportional to a voltage input. Although the
fuel control valve operates via a PWM signal, for convenience it is
easier to work with a voltage signal proportional to the PWM duty
cycle. All calculations and equations included in the remainder of
this paperuse this voltagerepresentationof fuel � ow rate command.
A � uidic damper is added in serieswith the valve to act as a low-pass
� lter for additional stability (which may not be needed for higher
bandwidth control).

CH Emission Signal and EQR
Previous experiments using the same burner at constant oxidizer

� ow rates revealed that a linear relationship exists between EQR
and CH emission.3 The objective here is to develop an EQR con-
troller that accounts for variations in the total oxidizer � ow rate. In
particular, by incorporatingthe fuel � ow rate command in addition
to the CH emission signal, oxidizer � ow rate variations can be han-
dled quite ef� ciently. Figure 4 illustrates the calibration data used
for EQR determinationbased on the CH emission signal for varying
oxidizer and fuel � ow rates. Three independentmeasurementswere
taken for each setting of fuel and oxidizer � ow rate. The oxidizer
� ow rate is based on a 2.72 dilution ratio (v/v) of N2 to O2 . Given a
particular CH emission signal, an equivalence ratio can be extrap-
olated based on knowledge of the fuel � ow rate. Figure 5 portrays
the relationship of the slope and the Y intercept of the straight-line
� ts in Fig. 4 to the fuel � ow rate command. The combination of
Figs. 4 and 5 provides a two-dimensionalmapping of CH emission
and fuel � ow rate to EQR. The � nal expressionfor EQR calculation
then becomes

8 D 3:74 C 1:73· ¡ 1:98·’ C 0:611·’2

¡ 9:52’ C 7:89’2 ¡ 2:05’3 (1)

where 8 is the EQR, · is the CH emissionsignal (volts), and ’ is the
fuel � ow command to the fuel valve (volts). By manipulatingEq. (1)
to generate a plot of emission voltage vs fuel � ow rate for lines of
constant EQR, we � nd trends nearly identical to those reported by
Bandaru et al.8

Table1 gives themaximum,average,and standarddeviation(68%
con� dence limit) for the error between the actual EQR calculated
from the fuel and oxidizerproportionsand the EQR calculatedfrom
Eq. (1). Only data points used in the calibration of Fig. 4 are in-
cluded in this analysis.Additionalvalidation for interpolatedpoints

Table 1 EQR calculation statistics
( U actual ¡ U calculated ) for 0.65 ·· EQR ·· 0.85

Calculation Value

Maximum 3.35£ 10¡2

Average 1.09£ 10¡4

Standard Deviation 1.49£ 10¡2

Fig. 4 Equivalence ratio vs CH emission voltage at various constant
fuel � ow rates. The points on a given line represent the in� uence of total
oxidizer � ow rate. Total oxidizer � owrates vary from 7.23 to 17.6 SLPM
(based on a 2.72 N2/O2 dilution ratio). Methane fuel � ow rates vary
from 0.877 to 1.63 SLPM.

Fig. 5 Slope and Y intercept as a function of fuel � ow rate. U is the
equivalence ratio, · is the CH emission signal (volts) and ’ is the fuel-
� ow command to the fuel valve (volts).

is considered later in this paper. In general, the data in Table 1 show
that the EQR calculations are quite accurate, especially given the
»3% standard error for the EQR measurements (95% con� dence
limit).

Plant Modeling
To developan adequateEQR controller,the dynamicsof the com-

bustion system must be evaluated. The term plant is often used
to de� ne the system that is to be controlled. For this system, the
plant dynamics are the total lumped dynamics of the fuel control
valve,burner, emission detection devices, and EQR scaling.To pro-
duce an accurate model, an input/output relationship was pursued.
This representationwas then transformed into a dynamic model for
controller design.
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Fig. 6 Block diagram representation of EQR control system.

Figure6 illustratestheblockdiagramof theEQR feedbackcontrol
system.The plant dynamics G p are developedfrom the input/output
modeling procedure described hereafter. The controller dynamics
Gc are then added within the microcontroller to give adequate per-
formancein termsof theoverallemissionsignal.The EQR-emission
signal scaling Geqr has its own dynamics, which depend on the dy-
namics of the fuel and CH emission interactions. G f is a pre� lter
used for coordination of the fuel-� ow command and CH emission
signalduringdynamicsituations.For ease of discussion,the lumped
dynamics of the fuel-� ow valve, burner, and emission sensor are
labeled as Gb . A plant model for the entire EQR control system in-
cludes the lumped dynamics of the fuel-� ow valve,burner,emission
sensor, pre� lter, and EQR calculation.

Before the plant model can be developed, a pre� lter design (G f )
is necessary.During control situations, a command to the fuel-� ow
valve affects the CH emission signal. Because the EQR calibration
in Figs. 4 and 5 was developed for steady-state measurements, the
dynamic lag from the burner transfer function Gb will produce an
incorrect EQR during dynamic periods. Preliminary analysis with-
out a pre� lter indicated that a step command to the fuel-� ow valve
produced a large undershoot in EQR at the onset of the fuel com-
mand. However, after Gb had reached steady state, the EQR settled
to its correct value. Therefore, a pre� lter was devised such that the
rise time of the fuel command used for EQR calculations roughly
matched that of the CH¤ signal. The pre� lter selected was a � rst-
order unity-gain � lter, whose dynamics follow:

G f .s/ D 1=.¿s C 1/ (2)

The time constant ¿ was selected to minimize the undershoot fol-
lowing a step command.The time constantwas selectedto be 1.60 s.
For implementation,the pre� lter was converted to the Z domain us-
ing Tustin’s approximation (see Ref. 13), and programmed into the
microcontroller via a suitable difference equation. The difference
equation was determined from the inverse Z transform14 given by

’[n] D
T

.2¿ C T /
U[n] C

T

.2¿ C T /
U[n ¡ 1] ¡

T ¡ 2¿

.2¿ C T /
’[n ¡ 1] (3)

where T is the samplingtime,U is the un� ltered fuel � ow command,
and ’ is the � ltered fuel-� ow command. The subscripts [n] and
[n ¡ 1] indicate variable values at the current and previous time
steps, respectively.

The dynamics of the combustion process and EQR scaling are
too complex to model from � rst principles. Consequently, an ex-
perimental approach was incorporated to develop the plant model
directly. In particular, a square wave input to the fuel control valve
was imposed, followed by sampling of the EQR from the micro-
controller. This procedure provides a dynamic input/output repre-
sentation of the plant. Figure 7 shows the input to the fuel-� ow
valve and the response of the EQR signal from the microcontroller.
The oxidizer � ow rate was held at a constant value of 11.58 stan-
dard liters per minute (SLPM) throughoutthe durationof the square
wave fuel input. This value of oxidizer � ow rate is roughly in the
middle of the calibrationdata employed in Fig. 4. The dynamics are
slightly different with varying oxidizer � ow rates, indicating that

Fig. 7 Measured response to a square waveinput to the fuel-� ow valve;
total oxidizer � ow rate based on a 2.72 dilution ratio is 11.58 SLPM.

Fig. 8 Simulated and actual EQR response to a square wave fuel-� ow
input.

the model is actually nonlinear throughout the experimental range
of oxidizer and fuel � ow rates for 0:65 · 8 · 0:85. The effect of
this nonlinearitywill be seen later when considering the analysis of
the experimental step responses.

Figure 7 indicates that an undershoot at the onset of a command
change is noticeable even with the addition of a pre� lter. A system
with this type of response is sometimes characterized as nonmini-
mum phase, that is, it has an unstable zero. The nonminimum phase
response is a direct result of the EQR calculation rather than a real
occurrence in Gb . Fortunately, this characteristic evident in the re-
sponse can be handled in the controller design. Note that without
the pre� lter, the undershoot increases dramatically, and a controller
with a reasonable bandwidth would be impossible to design.

Employing the input/output dynamic data given in Fig. 7, a dy-
namic model was developed as follows. The MATLAB® system
identi� cation toolbox was used to iteratively develop a model that
displayed the appropriate dynamic behavior.15 This toolbox is a
very powerful software analysis package that can generate a dy-
namic model given real input/output data. The output-errormethod
within MATLAB was selected to generate this model. Three poles,
two zeros, and a time delay provided the best convergence for this
dynamic system. A third-order system seems reasonable because
the combustion process and PWM � ow control valve may be mod-
eled as � rst- and second-order systems, respectively. Once a fuel
command is initiated, a set amount of time is required for the fuel
to reach the burner. This time lag is captured as a pure time delay in
the model. Figure 8 illustrates the actual and simulated output for
the square wave input given in Fig. 7. The model and actual data
closely follow one another for the given square wave input. The
nonminimum phase effect is also captured by the model.

The data used to develop the dynamic model was sampled at
50 Hz. Therefore, the model developed in MATLAB is discrete
in nature with a sampling rate of 50 Hz. Because the system is
discontinuous and includes a time delay, it is easier to work in the
Z domain. The z operator is de� ned as13

z D esT (4)
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where s is the Laplace operator and T is the sampling time. From
Eq. (4), we see that information involving the Laplace operator and
the sampling time are included in the z operator. The Z domain for
discrete-time systems is directly analogous to the Laplace domain
for continuous-timesystems. The discrete plant model simulated in
Fig. 8 with a sampling frequency of 50 Hz is given by

G p D
¡0:07568z2 C 0:09001z

z3 ¡ 2:710z2 C 2:458z ¡ 0:7470
(5)

Equation (5) gives the plant model used in the controller design.
This model is taken as constant for all oxidizer � ow rates that may
occur, that is, we assume that the model parameters are invariant.

Controller Design
The controllerdesign used for EQR control was developed in the

Z domain because of the discrete nature of the plant model and
microcontroller.Moreover, the time delay present in the model can
easilybehandledin the Z domain.The controlleritselfwas designed
using the classical root locus technique.13;16 With this approach,
the poles of the characteristic equation with feedback (closed-loop
poles) can be studied as a function of control gain by observing
the poles and zeros of the characteristic equation without feedback
(open-loop poles and zeros). The controller consists of poles, ze-
ros, and a control gain, each of which can be varied to give the
best closed-loop performance. The root locus technique allows the
designer to forecast the closed-loop pole locations as a function of
gain when the controller’s poles and zeros are added in the loop.The
locations of the closed-loop poles within the unit circle dictate the
dynamic behaviorof the � nal closed-loopsystem. In the Z domain,
closed-looppolesclose to theimaginaryaxisare indicativeof a faster
respondingsystem. Closed-looppoles close to the real axis provide
a feedback control system with lower oscillations, that is, a higher
damping ratio. This controller design methodology relies heavily
on experience and human decision. For this reason, the controller
solution is not unique.For our controllerdesign, a free integrator (a
pole at Z D 1:0) was implemented to provide zero steady-state er-
ror and low-frequencydisturbance compensation. Additional poles
and zeros were then added to provide closed-loop poles as close as
possible to the imaginary and real axes for a set controller gain.

Figure 9 shows a root locus plot of the plant/controller combina-
tion. The addition of the free integrator at Z D 1:0 requires further
complicationof the controller. In particular, two additional zeros at
0.92 and one pole at ¡0.1 were added to the controller to provide
good settling time and overshoot speci� cations. For clarity, the ze-

Fig. 9 Root locus of open-loop system with compensation; poles track
into the zeros as a function of gain. The free integrator (at Z = 1.0)
meets one of the plant poles and they both travel into the two controller
zeros; the other controller pole travels into a plant zero at the origin.
Two underdamped plant poles move beyond the unit disk and meet in
the unstable region; one travels into the unstable zero, and the other
traverses outward along the real axis.

ros are displayed with some separation; in reality, they overlap one
another. The complete controller is given by

G c D K
.z ¡ 0:92/.z ¡ 0:92/

.z ¡ 1/.z C 0:1/
(6)

where K is the control gain. The control gain K for this system was
selected to be 0.4. This control gain places the closed-loop poles
within Z -domain regions that provide low overshoot and settling
time characteristics. As the control gain is increased to in� nity,
the system becomes unstable. However, this instability point is far
from the design gain of 0.4. Further emphasizing the stability of
the controller, the design provides for a phase margin of 75 deg
and a gain margin of 13.6 dB. The crossover frequency for this
system is 1.30 rad/s. The controller should be able to handle air� ow
disturbancesat rateson theorderof � ve times less than this crossover
frequency (»10¡3 Hz).

For gains close to the speci� ed control gain of 0.4, the free inte-
grator and plant pole close to 1.0 dominate the response. To give an
indication of the scaling, the control zeros at 0.92 in the Z domain
with a sampling rate of 50 Hz translate to approximately 4 rad/s
in the Laplace domain. Because the dominant poles track into the
controlzeros, little gain is needed to produce settling times less than
5 s. In addition, the dominant poles are close to the real axis. Hence,
we should expect that the system will be relatively well damped.

The � nal closed-loop poles in the Z domain are given in Table 2.
For intuitiveunderstanding,Table 2 also lists their continuous time-
domain counterparts. From this information, the damping ratio of
the closed-loop poles can be determined, as also given in Table 2.

With the controller designed, the feedback loop can be closed
and simulations can be undertaken of the closed-loop system. A
simulatedEQR stepresponseis illustratedin Fig. 10. In this case, the
simulation represents the response arising from an EQR command
from 0.65 to 0.75. The 2% settling time of 2.10 s based on the step
change 18 D 0:1 is highlighted to illustrate conformance with the
established design criteria. However, validation of the disturbance
rejection capabilities of the controller requires real system data, as
demonstrated in the next section.

For implementation of the digital controller, the microcontroller
was programmed with a difference equation that was derived from
Eq. (6). The difference equation was developed using the same

Table 2 Digital/continuous closed-loop poles (K = 0.4)

Z -domain Laplace-domain Damping
poles poles ratio

¡0.0965 ¡116.9C 157.1i 0.59
0.9668C 0.01515i ¡1.684C 0.7834i 0.91
0.9668¡ 0.01515i ¡1.684¡ 0.7834i 0.91
0.9015C 0.1240i ¡4.717C 6.833i 0.57
0.9015¡ 0.1240i ¡4.717¡ 6.833i 0.57

Fig. 10 Simulated EQR control system for a step change from U = 0.65
to U = 0.75.
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techniques as discussed in the pre� lter design. Equation (7) gives
the difference equation used for controller implementation, that is,

U[n] D ¡U[n ¡ 1].½1 C ½2/ ¡ U[n ¡ 2]½1½2

C K
£
e[n] C e[n ¡ 1].³1 C ³2/ C e[n ¡ 2]³1³2

¤
(7)

where U is the fuel command to the � ow control valve from the
microcontroller, e is the error between the desired EQR and the
calculated EQR, ½1 and ½2 are the controller poles, ³1 and ³2 are
the controller zeros, and K is the controller gain. The subscripts
[n], [n ¡ 1], and [n ¡ 2] indicate variable values at the current and
preceding two time steps.

Experimental Results for Controller
Testing and Veri� cation

Figure 11 illustrates the experimentalstep responsesarising from
an EQR command from 0.65 to 0.75 and from 0.65 to 0.85 for total
oxidizer � ow rates of 13.4 and 15.3 SLPM, respectively. The data
displayed represent the average of three step responses sampled at
50 Hz with the data acquisition system. Initially, the desired EQR
was set at 0.65. At approximately 0.78 s, the EQR command was
changed to either 0.75 or 0.85. The two plots exhibit slightly dif-
ferent responses. For the lower oxidizer � ow rate (EQR from 0.65
to 0.75), the behavior is exceptionally close to the model response
given in Fig. 10. In fact, the response displays very little overshoot
with a settling time of 1.84 s. However, for the higher oxidizer � ow
rate (EQR from 0.65 to 0.85), a larger 11.5% overshoot is experi-
enced, and the system settles in 3.42 s. Both step responses possess
the nonminimum phase effect, that is, undershootat the onset of the
command change.However, these nonminimum phase effects seem
to be smaller than those observed in the simulation (see Fig. 10).

The two experimental step responses displayed in Fig. 11 are
representativeof the range of step responses observed for other test
cases. The best observedresponseswere for low oxidizer � ow rates
such as those displayed in Fig. 11 for an oxidizer � ow rate of 13.4
SLPM. The worst step responses observed were for conditionssim-
ilar to the 15.3 SLPM case in Fig. 11. These differences in response
can be attributed to the EQR calculationbeing nonlinear.Hence, as
expected, the best step responses occurred for oxidizer � ow rates
close to those used in the model development. For such cases, the
experimental responseswere similar to the simulated step response
in Fig. 10.

The datapresentedin Fig.11correspondto EQR valuescalculated
using Eq. (1). Measured fuel and oxidizer � ow rates provide actual
EQR data. EQR calculations for the 13.4 SLPM case reveal that
EQRs are actually 0.657 and 0.730 for EQRs displayed in Fig. 11
as 0.65 and 0.75, respectively. Similarly, for the 15.3 SLPM case,
EQRs are actually 0.681 and 0.823 for EQRs displayed in Fig. 11 as
0.65 and 0.85, respectively.Because theseEQR data points were not
included in the original calibration in Figs. 1 and 2, the agreement
suggests that the EQR calculation method presented earlier is, in

Fig. 11 Two experimental step responses for oxidizer � owrates of 13.4
and 15.3 SLPM; the total oxidizer � ow rate is based on a 2.72 dilution
ratio of N2 to O2 .

Fig. 12 Response to a 9% reduction in oxidizer � ow rate with and
without control (oxidizer is based on a 2.72 dilution ratio of N2 to O2 ).

fact, reasonablyaccurate for interpolatedoperating conditions, that
is, for points not included in the original calibration in Fig. 4.

Figure 12 illustrates the ability of the EQR controller to com-
pensate for unknown disturbancesand to maintain the EQR at 0.75
to within »1% (95% con� dence limit). Initially the total oxidizer
� ow rate is held at 15.3 SLPM. At approximately0.3 s, the oxidizer
� ow rate is reduced to 13.9 SLPM, a 9% reduction. With the con-
trol system in operation, the disturbance increases the EQR to 0.85.
In roughly 3.0 s, the disturbance is quenched by the controller and
the EQR is brought back to 0.75. Without EQR control, however,
the 9% reduction in oxidizer � ow rate increases the EQR to 0.875.
Hence, as expected, no compensation exists to reduce the EQR to
the desired set point of 0.75.

As for the step responses, the data presented in Fig. 12 corre-
spond to EQR values calculated using Eq. (1). During the oxidizer
disturbance test without control, an EQR of 0.75 corresponds to an
actual EQR of 0.751. An EQR of 0.875 in Fig. 12 corresponds, in
actuality, to 0.856. During controller operation,actual EQRs before
and after the oxidizerdisturbanceare 0.751 and 0.750, respectively.
The controlleraccuratelyadjusts the fuel � ow rate to handlea reduc-
tion in oxidizer � ow rate. However, the reduction in oxidizer � ow
rate does not correspond to a calibratedpoint (in Fig. 4). The accu-
rate fuel-� ow adjustment is simply based on interpolationbetween
actual calibration data.

WithoutEQR control,a 9% oxidizer� ow rate reductionproduces
an NOx emission index of 6.67 gNOx /kgCH4 (at actual 8 D 0.856).
When compared to the NOx emission index at 8 D 0.751 (2.64
gNOx /kgCH4/, the uncontrolledsystem exhibits a 153% increase in
NOx emissions. With EQR control,NOx emissions are held to 2.64
gNOx /kgCH4 (at 8 D 0.750) after 3.0 s. Therefore, with control,
a 153% increase in NOx emissions is prevented in response to an
oxidizer � ow rate reduction of only 9%.

For extreme disturbances, the EQR controller could converge to
an incorrect EQR. The EQR calculation in Eq. (1) is not single
valued, that is the same EQR value may be obtained from two or
more different fuel/CH¤ combinations. Improper convergenceonly
occurred when the fuel and/or CH emission signal deviated from
the range speci� ed in the calibration (Fig. 4). In our experiments,
such conditions only occurred when a loss of signal was imposed
(by a momentary blockage of the photodiode). However, although
the EQR value was incorrect, stability was always preserved. To
prevent this problem, the allowed values for fuel and CH emission
must be limited to their calibrated ranges.

Conclusions
A digital control system has been developed for the control of

EQR using measurements of CH chemiluminescence. A unique
EQR calculation method is presented to handle oxidizer � ow rate
variations given only the CH emission signal and the fuel � ow rate
command. The control system is validated through simulation and
experimental tests. The designed controller is successful in provid-
ing settlingtimes less than4.0 s with a maximumovershootof 11.5%
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and in compensating for signi� cant oxidizer � ow rate disturbances.
With EQR control, a 153% increase in NOx emissions is prevented
in responseto a 9% reductionin oxidizer� ow rate at an initial global
EQR of 0.75.

The EQR calculationrequires extensivecalibrationto accountfor
variations in both oxidizer and fuel � ow rate. This method produces
accurate high-speedEQR calculationsusing only CH emission and
fuel � ow rate signals.However, the EQR calculation techniquecan-
not handle fuel � ow rate disturbances. It assumes that any com-
mand to the fuel-� ow valve represents the actual fuel � ow rate at
the combustor. Compensation for fuel-line pressure disturbances
would not be sensed as such with the proposed EQR calculation.
Scott et al.3 previously developed a method for EQR control in the
presence of fuel-line pressure disturbances. However, the oxidizer
� ow rate disturbance compensation discussed in this work cannot
be handled by our previous controller.3 An additional input is re-
quired for EQR control in the presence of both fuel and oxidizer
disturbances. Incorporating OH chemiluminescence in addition to
CH chemiluminescence is not feasible for the current burner con-
� guration becauseof the essentially linear relationshipbetween the
OH¤ and CH¤ signals. A better method could incorporatea slightly
downstream measurement of CO¤

2 in addition to an upstream CH¤

measurement.8 The incorporationof CO2 chemiluminscencecould
provide independent information such that a CH/CO2 chemilumi-
nescence ratio would give an EQR measurement that accounts for
any variations in oxidizer � ow rate.

Because the objectivefor EQR control is usually to minimize pol-
lutant production, a more effective control system can be achieved
with direct optical measurementsof NO and CO emissions.To date,
no such sensors are commercially available for high-temperature,
high-speed measurements of NO and CO.
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