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Abstract

A Multi-Scale representation of the combustor dynamics was used to create a self-tuning, scalable controller to
suppress multiple instability modes in a liquid-fueled aero engine-derived combustor operating at engine-like
conditions. Its self-tuning features designed to handle the uncertainties in the combustor dynamics and time-delays
are essential for control performance and robustness. The controller was implemented to modulate a high-frequency
fuel valve with feedback from dynamic pressure sensors. This scaleable algorithm suppressed pressure oscillations
of different instability modes by as much as 90 percent without the “peak-splitting” effect. The self-tuning logic
guided the adjustment of controller parameters and converged quickly toward phase-lock for optimal suppression of
the instabilities. The forced-response characteristics of the control model compare well with those of the test rig on
both the frequency-domain and the time-domain.

Nomenclature
A 2 mx2 m “state-space” matrix in the finite-difference equation of m acoustics modes (Eq. (1a))
T control loop-time, also taken as time step in the “state-space” equation of the “plant” model
n discrete time index associated with T
u, valve-commands for fuel modulation (in Volts)
b expected valve effectiveness on fuel-flow modulation (in 1/Volt, so that “b u,,” is dimensionless)

i(orj)  index of the modeled modes, starting with “; = 1 for the fundamental mode

; approximate natural frequency (in radians/second) of combustor acoustics mode i
G approximate damping coefficient for acoustics mode i (“critically damped” is when “{'=17)
X, 2 m-vector of m pairs of “quadratures” (dimensionless, modal state-variables) for m acoustics modes
0 2 m-vector function of many variables to model heat-fluctuation lumped effects on acoustics
(Eq. (1))
K dimensionless gain parameter for the effect of fuel-flow perturbations on heat-release

time-shift operator, also interchangeably denotes the associated (possibly random) delay-time

S

v (or w) wide-band, random disturbances

Do reference pressure differential, in psi, comparable to the pressure drop across the injector

D combustion zone pressure oscillations (about a mean), in “psi” (pounds per square inch)

Sk 2 m-vector of m pairs of “quadratures” extracted from feedback signals {S,} using quadratures filters
Gn 2 m-vector of state-variables in the dynamic equation to project X, ahead N time-steps, given {S A }
an a prediction for X, by a Kalman estimate of g, using S, as measurement feedback

I. Introduction

Lean-burning front-ends (e.g., lean-burn direct injection) for combustors offer the possibility to drastically
reduce particulate and NO, emissions by aero-engines. The dynamics of this type of combustor, however, are
susceptible to instability as has been observed in ground-based lean-burning power generators. This is due to the
reduced internal damping and the increased perturbations from more energetic mixing of liquid-fuel and air. The
more homogeneous acoustic medium in a typical lean-burn combustor is favorable for well-formed acoustics modes.
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In addition, reduction or elimination of film-cooling liners in the combustor will result in acoustically hard boundary
conditions which reflect the perturbations in a coherent manner and further reduce damping. Also, the vigorous
mixing of liquid fuel and air could generate energetic perturbations that might overcome the injector relative
pressure-drop. Consequently, acoustic pressure oscillations can occur inside the combustor and couple with the fuel-
air feed-system dynamics to result in non-steady heat-release that, in turn, will amplify the combustion acoustics.
Thus, large pressure oscillations could occur inside the combustion chamber, disrupting flame stability and
interfering with other subsystems (Ref. 1). Active Combustion Control (ACC) via fuel-modulation provides a
method to suppress combustion instabilities to enable the effective operation of such lean-burning combustors for
aero-engines (Ref. 2).

The development of the model-based, self-tuning control for fuel-modulation to be presented in this paper is a
part of the research on ACC at NASA Glenn to enable direct-injection lean combustion. The interested readers are
also referred to other related reports from NASA Glenn (Refs. 3 to 5) for further information on this research,
including a more detailed description of the research combustor (named the “NASA SNR”; Figs. 1 and 2), its
control system, and other useful findings on combustion control dynamics with this test rig.

Figure 1.—The single nozzle combustor.
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Figure 2.—Schematic of the NASA SNR (in the HF configuration).
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Figure 3.—Engine and NASA HF SNR comparison. combustion control for the LF instability (Ref. 13).

In this direction, a model-based controller was developed to operate a high-frequency fuel-modulation valve
based on dynamic pressure sensors as feedback to directly affect the instantaneous fuel-air ratio in order to suppress
the combustion instabilities. This model-based control method for ACC (named the “Multi-Scale Extended Kalman”
approach, abbreviated MSEK (Ref. 6)) uses multi-scale analyses (Refs. 7 and 8) and an extended Kalman filter
(Refs. 9 and 10) to predict and control fuel-modulation effects and the combustion thermo-acoustics. A prototype of
the MSEK core logic (named “the Basic MSEK” throughout this paper) was demonstrated in 2002 on a test rig for
an instability with high-frequency pressure oscillations (greater than 500 Hz) (Ref. 6). This NASA Glenn single
nozzle combustion rig operates at engine pressures, temperatures, and flows using liquid jet fuel and incorporates
many engine-like features, including and actual engine fuel nozzle and swirls, dilution cooling, and an effusion-
cooled liner (Ref. 11). The rig (Figs. 1 and 2) was developed in partnership with Pratt & Whitney and United
Technologies Research Center. Although the rig exhibited a higher level of background noise/disturbances than
observed in the engine (Fig. 3), it adequately replicated an observed engine instability experience. In addition to the
baseline configuration at “high-frequency” (HF) the combustor rig can also be changed to a “low-frequency” (LF)
and “mid-frequency” (MF) configuration. For the LF configuration, which exhibits ~280 Hz instability, both spool
pieces, as shown in Figure 2 are moved to a position between the pre-diffuser and fuel injector. For the MF
configuration, which exhibits a ~340 Hz instability, only one spool piece is moved to between the pre-diffuser and
fuel injector. The initial investigation of the Basic MSEK with the NASA SNR in the HF configuration was
conducted in May and September 2002. This initial investigation, performed with both the Basic MSEK and an
adaptive controller by Kopasakis (Ref. 5), constituted the first successful demonstration of ACC on a realistic aero-
engine combustion rig (Refs. 5, 6, and 12). Prior to that demonstration, partial success in suppressing the LF
instability had been reported (Ref. 13). The main issue with control-performance in this and other earlier works was
the so-called “peak-splitting” phenomenon (as illustrated by the pressure amplitude-spectra of Fig. 4). While the
dominant instability was suppressed, other instability peaks arose around the central frequency; and consequently,
the reduction in oscillation rms amplitude was poor.

Such problems (perhaps due to both the valve dynamics and particular control strategies) can be overcome with a
high-performance valve and by using variable control gains and other real-time adjustment of control parameters, as
recently demonstrated with the “Self~Tuning MSEK”. In this follow-on development of the MSEK, various
parameter optimizations and “self-tuning triggers” were used to effectively minimize the time-scale averaged
variances of the combustion sensed pressure without aggravating the existing instability at any time. Such self-
tuning features (based on multi-scale variances or higher moments of pressure oscillations for the triggers to adjust
the parameters and setting their increments and search ranges) are essential for handling the severe uncertainties
inherent in combustion time-delays and other characteristics, while keeping the embedded predictor model in the
controller simple. The resulting Self-Tuning MSEK controller showed good results on the MF and LF configurations
of the NASA SNR, including a very fast convergence towards optimal “phase-lock.” For the LF SNR configuration,
where the signal-to-noise ratio is high, the Self-Tuning MSEK controller was able to reduce the amplitude-spectrum
peak by 90 percent as well as the overall pressure oscillations rms value by 80 percent without causing peak-
splitting.

This paper describes the improvements recently made on the Basic MSEK to create the Self-Tuning MSEK. In
sections Il and I11, the reduced-order model and validation results based on some open-loop forced-response data of
the SNR are presented. The MSEK controller formulation, self-~tuning features, and ACC demonstration results on
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the SNR are presented in sections IV and V. Some conclusions and Aighlights of these ACC experiments, and control
and model developments are given in section VI.

1I. Reduced-Order Thermo-Acoustics Model

The reduced-order thermo-acoustics model for this control development, the same as presented in the previous
report for the 2002 work (Ref. 6), is reviewed here for further clarification. Except for parameter values, this same
model is applicable for all three configurations (HF, MF, and LF) of the SNR. It is formulated for the two dominant
thermo-acoustics modes of the SNR as follows (see nomenclature list for the variables description):

Xpp =4X, +Q(Ta Xn, Tbﬁn, Tan, Wn)Q (1a)
# 4 06 0JX, (1b)
Sn :p;z +Vn (Ic)

In equation (1a), the 4x4 state matrix A is approximated by the following expression, with ;= exp (-2 ;@ 7):

Kl{cos( w1 T) —sin(a)lT)}

sin( wT) cos( w1 T) [ 0 ]
4= cos( wpT) —sin( w,T) (1d)
[0 ] | |

sinl w, T) cos(wr T)

Typically, @ (“Mode 1”) could be 2nx290 radians/sec to 2mx340 radians/sec, depending on the rig; and @,
(“Mode 2”) could be 2x520 radians/sec or higher. The two damping coefficients {’; (for i = 1, 2) are typically about
0.01 to 0.05. The heat-release fluctuation, Q, affecting the acoustics is a 4x1 vector-valued function of delayed
acoustics states, internal pressure feedback on fuel-flow, and fuel-modulating valve position 4, (about a mean
position); with delay effects modeled by random time-shift operators 7, , 7, , 7. (of non-zero mean values) applied on
the various variables. The calculation of O with these variables is described in the following intermediate steps, in
which the parameters {/; ;} and “g” are constant, internal feedback gains; “b” represents the effectiveness of fuel-

[739 )

modulating on pressure oscillations; “p,” a reference pressure comparable to the mean pressure drop across the

injector:
pr| [k 0 hpp O b g 1
= X, )+
|:p2:| |:h21 0 hy 0 Ta( n) b g 1 1:c(pn) (le)
Wn

subject to bounds : pmin <P1> P2 < Pmax

0 =x { [p%ojﬂ —1] (fori=1,2) (1)

o0=[0 0, 0 0,] (1g)

The superscripted operator [...]" as in Equation (1g) and elsewhere denotes matrix/vector transpose. The imposed
bounds on p; and p, following Equation (1e), for the calculation of O, was implemented differently by substituting
the following expressions instead of Q; (for i = 1, 2) into (1g):

(2U; /n)arctan(O.Sn(Qi +e)/U,-) (1h)
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The inputs Q; for expression (1h) are defined as in (1f), except that the bounds previously imposed on p; are no
longer needed (Instead, the quantity 0 < U; <1, for i =1, 2, are constant fractions now provide the necessary upper-
bounds for the quantity (1h)); and, “e” is a bias. These parameters as well as {/;;}, b, and x will be chosen to match
the open-loop forced response characteristics of the combustion chamber pressure (see section III). Note that, the
dynamics of the heat-fluctuation term Q is very complex, as it is the result of heat convection, diffusion, air flow and
fuel flow, and combustion. The simplistic approximation of Q in (1e) to (f), with some imposed bounds (empirical,
implemented as in (1h)), and the Euler expression for the fuel-air ratio fluctuations as in (1f) is only for modeling its
average (non-linear) effects on the acoustics. For example, the model data for the Low-Frequency Configuration as
set-up at Glenn in 2004 are chosen as follows:

First, choose p, = 20.0 psi; 7= 0.0002 sec; k1 = 1.2 p,
=24.0; i, = 04 p, = 8; g = 0.001; and, b = 0.3. Next,

= 1822 radians/sec; ¢ = 0.042; ¢, = 1.0; hy; = 1.0;
U, = 0.9; and, e; = 2.64 (Mainly for matching mode-1
characteristics). Then, @, = 3456 radians/sec; ¢, = 0.01;
c=10; hy, = 1.0; U, = 03; e, = 3.2 (For mode-2
characteristics). And lastly, #; , = 0.1; h, | = 2.0
(The influence of mode 1 on mode 2 appeared strong
in the LF SNR); T, = 00038 7 = 0.0033;
T, =0.0002 sec (Empirical, mean values).

Model validation with this parameter set will be

presented in the next section. Figure 5.—A photo of the high-frequency

“Georgia Tech valve” used for fuel-pulsing.

II1. Model Validation With the “SNR” Test Data " PLAICTPSI

The reduced-order model and associated welirodle shesens. boo
parameters for the HF configuration of the SNR had
been validated in an earlier work (Ref. 6).
Therefore, this section will be devoted only to
validation of model for the LF configuration (LF) of
the SNR. This configuration is particularly
important for validating the model, because its
internal instability is much more prominent

H

i HH
‘\HH HhH

—————————————————

,,,,,,,,,,

—————————————————

compared to the external disturbances. The latest
MSEK and self-tuning features were built and L
enhanced mainly with modeling data from this test ’ Frequsney, Ha oo k Time, se
rig configuration. The characteristics of the LF SNR
self-sustained instabilities and open-loop responses s s _Pratctpsi | Run 423, 08082, Pointpioz?
|

to fuel-modulation by a high-frequency valve

(Fig. 5) are shown next to validate the described
reduced-order plant model and its parameter values.
To highlight the agreement of model results with
test data, this validation will be shown here with
more refined parameters than typically done for
preliminary control tuning prior to testing—
preliminary tuning of control parameters prior to
testing on the rig required only rough estimates of
model parameters on the instability magnitude and
the valve “control-authority” (i.e., the response
characteristics of the combustor pressure under
open-loop commands).

Some typical non-linear response characteristics
of the LF SNR under sinusoidal fuel-modulation
with the high-frequency fuel-valve are shown in
Figures 6 and 7. In these figures, the signal named
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Figure 6.—(Upper subplots) The LF SNR self-sustained
instabilities (oscillations in psi); (Lower) Effects
of 100 Hz sinusoidal valve commands with 3-V
amplitude on the instabilities, resulting in about
10 psi change in pressure oscillations.
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Figure 8. —(Upper subplots) Model results of LF self-sustained instabilities; (Lower) Effects of 100 Hz sinusoidal
valve commands of 3-V amplitude on the LF SNR Model instabilities.

“PLAIC1” is the combustion pressure oscillation signals sensed at about 2 inches downstream of the fuel injector;
and “REFAread” (in Volts) represents the valve command. For example, the two upper subplots of Figure 6 show
the amplitude spectra and time-domain trace of the combustor pressure self-sustained oscillations (in psi) without
fuel-modulation. The main instability frequency is about 315 Hz. The higher frequency mode, at about 620 Hz, is
also visible on the amplitude spectra plot. The two lower subplots of Figure 6 show the responses of the internal
pressures to 100 Hz, 3-V sinusoidal open-loop commands on the valve. The lower subplots in Figure 6 as well as
Figure 7 (for 200 Hz open-loop inputs) clearly show the nonlinear response characteristics of the combustion
instabilities and the significant effects of the fuel-valve pulsation.
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Figure 8 ShOWS the simulation data Of the LF SNR Simulation: SNR LF Config, responses to 200Hz, "3-Volts" valve excitations
20 T T
reduced-order model to be compared to the test data of

Figure 6. It shows that, the modeled self-sustained 1o il
instabilities as well as their responses to the 100 Hz, 3-V ; OWWWWWWWNW NWWWWW
sinusoidal  fuel-modulation  open-loop  commands, | |

including non-linear characteristics, compare well on both
the frequency-domain and the time-domain with the test 3 3.05 Time é;conds) 315 32
data of the rig. Likewise, the model results of Figure 9

compare well with the test results shown in Figure 7.

Psi

IV.  The Self-Tuning MSEK Controller € s J
The top-level structure of the Self-Tuning MSEK o B R L [ -
controller for ACC is still the same as that of the “basic 00 o o0 50 G0 700 a0

MSEK”(Ref. 6) tested in 2002 on the HF SNR (see
Fig. 10). The control scheme formulation, and additional
self-tuning features as in the latest version will be
described in more detail in the following sub-sections. The
subsection titles refer to the individual sub-block names in Figure 10. Except for the last subsection (Automatic
Tuning of Critical Control Parameters), these subsections are reviews of the basic control scheme that had been
briefly described in the previous work (Ref. 6).

Figure 9.—Response characteristics of the
LF SNR Model to 200 Hz valve
commands of 3-V amplitude.

A. Multi-Scale Tone Analysis Using “QA”

This pre-filtering part of controller MSEK (Fig. 10) is performed by a “Quadratures Filter Bank” of wavelet-like
filters to extract the dominant “tones” of the sensed pressures. By definition, a “Quadrature Analysis” (QA) on a
frequency range of a signal stream {s,} (a time-series with n being the time index) is any decomposition of the
signal contents within that range into two mutually orthogonal components {S;,} and { S, } by using an
Orthogonal Wavelets Decomposition and Partial Reconstruction scheme (e.g., using “quadrature mirror filters”)
(Ref. 7). For simplicity, instead of such a wavelet scheme, a pair of Finite Impulse Response (FIR) band-pass filters
is designed for each frequency range to extract (approximate) “quadratures” from the signal: One filter with unity
gain and 45-degrees lead at the center of the frequency range of interest, to extract the time-series { S;, }; and
another, also with unity gain, but with 45-degrees lag at the same frequency, to extract { S,, }. Using the described
QA process, for each of the two main frequency ranges (LF and HF) of the SNR, a “filter-bank™ consist of three
Quadrature Filter pairs (hence a minimum of six filters for each range) was used to analyze the sensed pressure
oscillations and, for each time point n, extract the dominant pair among the three pairs of quadrature components. In
particular, for the LF range, one pair of Quadrature Filter as described is designed for the central LF, and the other
two are for 0.98 LF and 1.02 LF, respectively. These are then used to extract the dominant LF QA sequence,

1 1 1

denoted { S,= 181,82, T } as in the formulation of the predictor dynamics in the next section. Likewise is done
2 2 2

to extract the HF QA sequence which will be denoted { S°,= [S, San ]’ }. The advantage of this (approximate)

QA process is its simplicity; also, the polar angle of the vector [ S, S.]' (being the phase angle of { S, a1)
represents the instantaneous “phase” angle of the tone i plus n/4 radians.

B. EK States Prediction )

Although the evolution equation for Sln can be derived from the state-equations (la) to (1h) to develop the
prediction scheme, such route is avoided because it is excessively complicated for real-time calculation. Thus, the
state-equations (1a) to (1h) will be used directly in the following development of the Predictor (Egs. (3a) to (3e)).
Note also that, if the “QA” process is applied to the output {s,} simulated by the model in equation (1c), then the
resulting S l,, is approximately ¢; X} (for i = 1, 2) with about 45-degree phase-lead. Hence, the following fictitious
random process would be a good projection of the actual state variables X, ahead N sampling steps (such that, N x T
~total delay-time) if certain augmented input “L” can be designed based on S ln (for i = 1, 2) to make the output
Y track the measurable output “ ¢, X, 14 ¢, X, 2 » despite the random disturbances w and v:
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Figure 10.—The MSEK controller functional block diagram.

- ~ 1 .2
dn+1 = Agp + O + W+L[S,,,Sn] (2a)

~ 1 ~ 2
In =6 quNtTCG 4yt VY (2b)

The random effects w and v need to be included here in the design of the Kalman filter for g, estimation, so that
the predictions would be robust against disturbances. lAlso, to simplify the Kalman filter, the projected “Q”-term
shown in Equation (2a) will be approximated using S, (for i = 1, 2) (but, without time-delays in the formulation;
(see Egs. (3¢) and (3d)) rather than by integration as part of the above process. Furthermore, the first two terms of
the right-hand-side of Equation (2b) add up to Mg, _, , where M E[cll N ], and “I” denotes the 2x2 identity
matrix. So, if the 5th-order Pade approximation is used for the N-step delay to apply on the 2-vector M g, to
compute the delayed sequence, the combined state matrices of that transformation individually applied on the two
vector components would result in the state-space matrices U, F, E, D (of dimensions 10x10, 10x2, 2x10, and 2x2,
respectively) that yield the following reformulation of Eq. (2b):

Zpy 1= Uz, + FMq, (2¢)
Vp = Ez, + DMq, +v (2d)

Equations (2a), (2¢), and (2d) result in the following Quadratures Kalman Predictor obtained by estimating g, ;
the estimation is denoted ¢, for simplicity, and meant as a projection for X,,, N time-steps ahead:

4,., = 44, + 0 + K, (EZ +DMG, — S —S,f) (3a)

Z, ., =UZ, +FMén+K2(EZn+DMén—Snl—Sz) (3b)

n n

]31 _ kn 0 k12 0 S"1+bu
132 - k21 0 kzz 0 S,,z b] " (30)

) o A A '
subjectedto : p' . < D, ,D,<p

NASA/TM—2006-213855 8
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A

0=[0 6, 0 6,

(fori=1,2) (3d)
(3¢)

In Equation (3c) the parameters “ k; j” are related to ““ &; ;7 such that: 4; ; = ¢; k; j (for i, j = 1, 2), where “c¢;” and
“ hi i are the model parameters shown in Equations (1b) and (1e). The matrices K; and K, (of dimension 4x2 and
10x2, respectively) are the two vertical sub-blocks of the Kalman matrix computed for states estimation, assuming
certain covariance matrices for the random vectors v and w. Note that, the time-delay of the “Q”-term in the actual
process X,, was dropped to affect the desired lead time for this prediction scheme (i.e., comparing Eq. (3¢) to (1¢)).
It is also sufficient to use the simple bounds after Equation (3¢) instead of the more refined expressions (1h).

C. The Damper
IfS={[S.,5S n]t} denotes the time-series of “quadrature pairs” extracted from a signals {s, } by a “QA”
process as described previously, then the linear combination (associated with an angle a, in radian) denoted

Sy = {51 n coso — S5 g sina} represents the extracted tone of {s,} phase-shifted by “a+mn/4” radians. Such
combination is used on the predicted quadratures, namely S I = ¢ é,; (for i =1, 2), to prescribe a Linear Quadratic

Regulator-type damper (This part of the fuel-modulation command, as in Fig. 10, is distinguished here by the
superscript “d,” with the time-index “n” suppressed and the superscript being the mode index):

u = ,u[l 521 +(1—1)$*§2} 4)

where “I” is a chosen “mode-1 fraction” (with 0 < [/ < 1) (basically a Loop-Shaping means for performance
optimization), and “x” is the overall gain for the “Damper”. The terms S lﬂ (for i = 1, 2) are the phase shifted signals
1

constructed from the predicted “quadratures,” using the respective phase angles f; = f + J;, (for i = 1, 2), with S
being a certain bias and J; , , a predicted phase-drift. The drifts J; , (over the time interval of expected control
transport-delay, for tones i = 1, 2) are predicted by a dynamic, linear regression scheme applied on the quadrature
phases { a;, } as defined in equation (5) of the next sub-section.

D. The “Phase-Adjusted Reconstruction” and Tone Suppression

This part of the control scheme is for countering the non-steady heat-release effects. For this purpose, the
instantaneous amplitudes and phases of the combustion pressure near the LF and HF are first estimated by projecting
the quadratures pair S} (for i = 1, 2, as 2x1 vectors) onto an orthogonal frame rotating at the respective speed @,

(referring to the frequencies in Equation (1d)). To minimize the effect of random noises, these projections are next
passed through low-pass filters with cut-off frequencies at 100 and 200 Hz, respectively, before computing the
amplitudes and phases. Note that, these cut-off frequencies are about 1/3 of the respective central frequencies (So
that variations in amplitude for every three oscillation at such frequency should be detected). Those estimations form
the following expression for feedback to the tone-suppression logic (for modes i = 1, 2):

0;=TFp cos(n w; T + ain) , &)

where { i, } is the computed amplitude, and { a;, } the phase angle at time £, of the filtered, projected quadratures
vector. Then, { a;, } is used to predict the phase drifts d; , (for the expected control transport-delay, for i = 1, 2)
using a dynamic linear regression scheme. Since the quantities g; should be highly coherent with the non-steady
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heat-release, the fuel-modulation command u, will include a compensation term (distinguished by the superscript
‘¢’) of the following form for Tone Suppression (see Fig. 10) to minimize these effects:

1t

uy =7 [[X1, 1 €08 (n o1 T+ay,+a+ 51n)+(1—l) X2n "2y COS (n wy T+ ap,+ a + 5211)] , (6)
where “y” is the overall gain for Tones-Suppression and “0 < / < 17, the same “mode-1 fraction” used in
Equation (4). A varying factor, { yin } (for i =1, 2), is also introduced to allow for gradual reduction of the Tone-
Suppression actions when “ 7; ” is sufficiently small (This is essential for rendering absolute stability to the
controlled model as shown in the 2002 study) (Ref. 6). It is basically a unit-gain with an integral adjustment,
calculated by digitizing the following expression (also, “¥;i ,” is subjected to certain bounds y min and ¥ max to
maintain numerical stability):

xi= 1+ nf(n—pi)dt , (7

where “7 ” is a constant, and “p; ” is a reduction level expected to be maintainable for “ r; ” with this scheme. In
summary, the Tones-Suppression command is generated with these gains on “ o; ” after having phase-shifted it by a
bias & plus Oiy.

E. Automatic Tuning of Critical Control Parameters

The fuel-modulation command { u, } issued to the valve is the sum of the expressions (4) and (6). For all SNR
configurations, the parameters in the predictor as well as in the described command scheme appear to be fairly
deterministic, except for the phase biases ( & and f )and the control authority represented by “b” (see Eq. (3c)). The
critical control parameters of the MSEK that require automatic tuning are: & ,  , b, u , and y. The remaining
parameters, including “/” (also of importance) can be preset based on the model, or calibrated empirically (In
particular, the parameter “/” can also be searched in real-time automatically, at a very safe and slow pace as
demonstrated on the model as in the last subsection of section V (Control Evaluation).

The three parameters &, 3 , and b are determined by the Parameters Tuning logic (Fig. 10) via sequential, global-
type searches. These searches are to minimize the Time-Scale Averaged Pressure Variance (in Fig. 10, obtained by
applying a 0.2-Hz low-pass filter on the fotal square-norm of the two vectors S', , for i = 1, 2). The searches are
activated only if performance degrades below a certain threshold (a scalable threshold based on the model). The
search neighborhood is also narrowed down if performance is improving. In parallel, fast management of x, and y
(with a common variable factor) are done to avoid aggravating the instabilities at wrong values of & , # , and b .
That is, these gains are dropped quickly to zero when an overshoot trend is detected in the pressure variances near
the instability frequencies.

The “Basic MSEK” (the core of the “Self-Tuning MSEK,” namely the control actions formulated in
Equations (4) and (6) was implemented for testing in 2002 on the HF SNR, but with only manual activation of the
real-time search for optimal a , /8 , and b . Also, the gains x and y were probed and adjusted manually during the
tests in 2002. But, for the Self-Tuning version of MSEK, multi-scale based variances and third-moments of pressure
oscillations are used as activation functions in the Parameter Tuning block to automatically trigger the searches and
fine-tunings as described. Upon search activation, the search diameter is adjusted according to a Time-Scale
Averaged Pressure Variance computed with a sufficiently large time-constant for averaging. Also, the gains “4” and
“y” in the Self-Tuning version are adjusted automatically, and continuously based on a Time-Scale Averaged
Pressure Variance computed with a much smaller time-constant for averaging.

V. Controller Evaluation

First, the “Basic MSEK” (the core logic of the “Self-Tuning MSEK”) was validated and successfully
demonstrated at UTRC in 2002 with the HF SNR, also using the high-frequency valve designed by the Georgia
Institute of Technology for fuel pulsing (Fig. 5) (Ref. 6). The validation for this part of the controller will be briefly
summarized in the next subsection.
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A. Model-Based Validation and Experimental Results of the “Basic MSEK”

The SNR was operated at a pressure, temperature, and fuel-air ratio corresponding to a mid-power engine
condition (T3 = 770 °F, P3 = 200 psia, fuel-air ratio = 0.03). This HF configuration of the SNR (Fig. 2) exhibited
roughly the same engine combustor instability behavior as shown in Figure 3. The SNR combustor pressure was
sensed about 2 inches downstream of the fuel injector. The control algorithms were implemented on a real-time
processor for an I/O rate of 5000 Hz. As in the LF case, the parameters of the (reduced-order) model for that HF
configuration (to be shown in the next paragraph) are with “psi” as unit for the pressure feedback, and Volt for the
fuel-modulation command u, issued to the fuel-valve. This valve command is limited to 2 Volts in amplitude for the
HF rig, which corresponds to the maximum valve displacement allowed about the mean positions. The mean valve
position was set for the optimal flow number regarding control-authority.

Without loss of generality, the measurement gain and the internal feedback gain for the dominant mode (Eq. (1b)
and (le), respectively) were normalized and balanced such that: ¢, = h, , = 1.0. With this balance normalization and
the mentioned unit choice, the rest of model parameters were then chosen to match empirical open-loop
characteristics of the combustor (e.g., Fig. 3). And, this was done in the order of matching mode 2 characteristics
and responses to fuel modulations first, as it is more dominant, and then mode 1:

First, p, = 20.0 psi; T = 0.0002 sec; x; = x, = 0.6 p, = 12.0; g = 0.01; and, b = 0.2322. Next, & =
3456 radians/sec; (= 0.04; and, p. = 0.09 p, (for matching mode 2 characteristics). Then, @, = 1822 radians/sec;
i =03; ¢, =038; h;; = 1.0 (for mode 1 characteristics); and %, , = h, | = 0.1 (Modal-couplings in the HF
configuration of the SNR apparently were low); T, = 0.0038; T, = 0.0033; T, = 0.0002 seconds (Empirical, mean
values).

Figure 11 shows the predicted Amplitude Spectra and Probability Density of combustor pressure oscillations; the
control-ON compared to the control-OFF case for a rather high level of disturbances comparable to the actual HF'
SNR environment. Figure 12 shows similar results from test data in 2002 with the Basic MSEK controller on the HF
SNR. Both the model prediction and test data show a reduction of about 30 percent in pressure oscillation amplitude
at the HF peak. Reference 6 also includes some analytical results showing the controlled “absolute stability”
achieved by this core logic. Note that, controlled “absolute stability” is possible if the time-delay of fuel-modulation
effect (“1,”, Eq. (1a)) are comparable to, if not less than, that of the internal heat-release feedback (“z,”).

Amplitude Spectrum -- MSEK ACC simulation at high random disturbances
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Figure 11.—MSEK, HF SNR Simulation: pressure
oscillations amplitude-spectrum (Upper) and
probability density of pressure oscillations
(Lower), with/without control.

Figure 12.—(9-11-02 HF SNR test) Amplitude spectra
showing the effects of the Basic MSEK controller on
the combustion instability peak pressure oscillation.
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B. Model-Based Validation and Experimental Results of the “Self-Tuning MSEK”

The “Mid-Frequency” (MF) and “Low-Frequency” (LF) SNR configuration were also used in the 2004 ACC
demonstrations at NASA Glenn. The MSEK and it self-tuning features and parameters were designed and validated
on the Reduced-Order model shown in sections II and /11, and also on a Sectored 1-D model (1-D CFD, by Paxson,
Ref. 14) before testing on the SNR (see Figs. 13 and 14 for some validation results of this controller on the Sectored
1-D model).

The main findings for the optimal operation of the Self-Tuning MSEK on the LF rig include: The setting of the

valve “flow-number” for optimal fuel-modulation effects; the nominal search steps (for &, , and b ); the threshold
for initiating global search; and lastly the optimal loop-shaping fraction “/”. Initially, “/” had been set at 0.5. With
that value of “/” and the optimal search steps and threshold, the automatic tuning actions of the MSEK controller
was able to suppress the instabilities by 80 percent after having been engaged for about 5 sec. However, such
suppression could not be held steady with setting / = 0.5 because of some low-frequency oscillations (see Fig. 15).
Such low-frequency oscillations are most likely due to the mutual “beating” between mode-1 instability (315 Hz)
with the fuel-modulation effects by the controller near 320 Hz that appeared to have suppressed mode-I almost
completely. The left subplot of Figure 15 shows the amplitude-spectrum of the pressure oscillations of the middle
subplot for this case; and the right subplot shows the spectrum of the valve command signal. This command
spectrum is broadband, but concentrated mostly around 300 Hz. This setting reduced the peak of the pressure
amplitude spectrum down to about 1.2 psi/Hz. This is a significant reduction of the instability, as compared to when
the controller is turned off, which is about 11 psi/Hz (e.g., the case of Fig. 6).

When “/” is set near 1.0 such as in the case of Figure 16, the resulting command spectrum was sharper and more
concentrated at 300 Hz. But, the instabilities appeared to be suppressed by only 70 percent and yet not steady, again
because of some low-frequency oscillations. Although the original instability that had been at 315 Hz was
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eliminated entirely this time, the fuel-modulation produced an undesirable disturbance at 273 Hz with unsteady
amplitude.

The instability suppression by the Self-Tuning MSEK was best and steady when the command was more
broadband towards the high-frequency range as shown in Figure 17. This was when “I” was set near (./. Under this
setting, the controller was able to suppress the oscillation (rms) amplitude from about 10 psi (e.g., shown in the
upper subplots of Fig. 6) to about 1.7 psi. This was so because the instabilities were concentrated mostly at 315 Hz
while fuel-modulation with the GT valve was able to affect this frequency most deeply over a fairly wide range of
commanded frequencies. Apparently, fuel-modulation at high-frequencies for the LF configuration would not excite
the higher modes, but instead affects significant energy transfer towards suppressing the low-frequency instability.
So, the role of “ 0 < /<1 ” is clearly that of #ypical loop-shaping with a sensitive control parameter. This seems to
be essentially the same phenomenon discovered previously by Kopasakis on the same rig when focusing control on
the “2nd harmonic ” with an adaptive phase-shifting controller (Ref. 3).

Lastly, the MF SNR exhibited an instability at 340 Hz (Fig. 18(a)), a frequency fairly close to the LF; but, its
nature is more like that of the HF instability. The plots shown in Figure 18(b) are from a preliminary study of the
MSEK on the MF configuration that show some moderate reduction in instabilities; about 50 percent reduction of
the amplitude spectra peak relative to the noise floor compared to open-loop. Also, the rms amplitude of overall
pressure oscillation was reduced to about 1.4 psi. This is probably the limit for active fuel-modulation effect with
this valve (Fig. 5) for this case. This is consistent

with the 2002 results on the HF rig, and the test Run 425, 040602 , Point pt0g0
results on the LF rig shown in Figure 17 (Noting 14 PLMCIESL 50 PLAICIpSI R
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reduced-order model are presented here for further
understanding of the control dynamics and for validating
the model against test data for the close-loop case. First,
Figure 19(a) shows the self-tuning control in action on the
LF model, and the combustion pressure being quickly
reduced to a level comparable to an actual test case on the
LF SNR (Compare Fig. 17 of an actual test case with a
“zoomed-in” portion of the simulation run case in
Fig. 19(a), as shown in Fig. 19(b)). The “mode-1 fraction,
I” of Equations (4) and (6) of the Damper and Tone
Suppressor actions, used as a “loop-shaping” parameter,
is shown in the third subplot of Figure “19(a)”. Note that,
comparing to those results within the first second time
interval when the control had not been activated, the
pressure oscillations afterwards have never been
worsened by the tuning actions. Figure 19(c) shows the
difference in the unsteadiness of heat-addition of two
zoomed-in time portions in Figure 19(a): one portion at
0.5 sec from start when the controller had not been
activated; and another at time 20 sec when the controller
parameters has already converged to a good region. It
shows that, fuel-modulation under good control likely has
the effects of preventing the heat addition from dropping
too low in resonance with the acoustics. Thus, fuel-
modulation might also be effective for stabilizing the
flame when the combustor is operated near its “/ean-
blowout” margin. Such potential application of active
fuel-modulation  (e.g., to “lean-direct injection
combustors), however, needs further investigations.

VI. Conclusion

This combustion stability control scheme, the self-
tuning Multi-Scale Extended Kalman (MSEK) controller,
has been used to experimentally suppress thermo-acoustic
instabilities up to 90 percent. The controller employed a
Quadratures Filter Bank to perform multi-scale analyses
in real-time on the sensed pressure signals for control
feedback. An approximate evolution equation of the
extracted “Quadratures” (representing the acoustics
states) was used to formulate a Kalman predictor for these
acoustics states for the damper logic. The variable gains,
phase bias, and other automatic control tuning logics were
based on such multi-scale analysis. This model-based,
self-tuning control scheme was thoroughly tested on a
liquid-fuel combustor rig operated at engine-like
conditions, for three configurations emulating different
cases of combustion instability. The combustion control
study on this rig confirmed earlier NASA observations
and provided a plausible explanation about an important
internal mechanism of cross-frequency couplings in
combustion thermo-acoustics. The dynamic couplings are
very prominent in its Low-Frequency configuration, and
in general could be strongly affected by local fuel/air
modulations. The reduced-order thermo-acoustics model
for control development, using a simplistic parametric
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A Simulation of the Self-Tuning MSEK on the Reduced-Order Model
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formulation for the non-linear heat-fluctuations that drive the acoustics, exhibits the same response characteristics of
the rig on both the frequency-domain and time-domain. The self-tuning MSEK based on this model was able to
adjust it own parameters and control gains to suppress nearly completely the combustion instabilities by modulating
the fuel injector flow with a high-frequency valve. The main contributors to the effective suppression of combustion
instabilities as demonstrated by this controller were the control-authority of the high-bandwidth fuel valve and the
cross-frequency couplings in heat-release under fuel modulation.

N —

10.

11.

12.

13.

14.

References

. Lefebvre, A.H.: Gas Turbine Combustion, 2nd edition, Taylor & Francis, 1999.
. Annaswamy, A.M. and Ghoniem, A.F.: “Active Combustion Instability: Theory and Practice,” IEEE Control

Systems Magazine, December 2002, Vol. 22, Number 6.

. Kopasakis, G., DeLaat J.C., and Chang C.T.: “Validation of an Adaptive Combustion Instability Control Method

for Gas-Turbine Engines,” presented at the AIAA/ASME/SAE/ASEE Joint Propulsion Conference, Fort
Lauderdale, Florida, July 2004, NASA/TM—2004-213198, ATAA-2004-4028.

. Kopasakis, G.: “Systems Characterization of Combustor instabilities with Controls Design Emphasis,” presented

at the 42nd AIAA Aecrospace Sciences Meeting and Exhibit, Reno, Nevada, January 2004, NASA/TM—2004—
212912, AIAA-2004-0638.

. Kopasakis, G.: “High Frequency Adaptive Instability Suppression Controls in a Liquid-Fueled Combustor,”

ATAA 39th Joint Propulsion Conference and Exhibit, Huntsville, AL, July 2003, NASA/TM—2003-212535,
ATAA-2003-9581.

. Le, D.K., Delaat J.C., and Chang C.T.: “Control of Thermo-Acoustics Instabilities: The Multi-Scale Extended

Kalman Approach,” NASA/TM—2003-212536, AIAA-3003-4934 presented at the 39th Joint Propulsion
Conference, Huntsville, Alabama, July 20-23, 2003.

. Meyer Y., 1991, Wavelets: Algorithms and Applications, English translation and revision by Robert D. Ryan,

SIAM edition 1994.

. Houdre, C., 1993: “Wavelets, probability, and statistics: Some bridges,” Wavelets Mathematics and Applications

(Studies in Advanced Mathematics), edited by J.J. Benedetto and Michael W. Frazier, GRC Press, 1994 edition.

. Misawa, E.A. and Hedrick, J.K.: “Nonlinear Observers—A State-of-the-Art Survey,” Transaction of the ASME,

Journal of Dynamic Systems, Measurement, and Control, Vol. 111, pp. 344-352, September 1989.

Jazwinski A.H., “Stochastic Processes and Filtering Theory,” Mathematics in Science and Engineering Vol. 64,
Academic Press, 1970.

Cohen, J.M. et al.: “Experimental Replication of an Aeroengine Combustion Instability,” International Gas
Turbine and Aero-Engine Congress and Exhibition, Munich, Germany, 2000.

DeLaat, J.C. and Chang, C.T.: “Active Control of High Frequency Combustion Instability in Aircraft Gas-
Turbine Engines,” presented at the 16th International Symposium on Air breathing Engines, Cleveland, Ohio,
August 31-September 5, 2003.

Barooah, P., Anderson, T.J., and Cohen, J.M.: “Active Combustion Instability Control with Spinning Valve
Actuator,” Proceedings of ASME Turbo Expo, Amsterdam, Netherlands, 2002. GT-2002-30042.

Paxson, D.E.: “A Sectored-One-Dimensional Model for Simulating Combustion Instabilities in Premix
Combustors,” presented at the 38th AIAA Aerospace Sciences Meeting & Exhibit, Reno, Nevada, January 2000,
NASA/TM—1999-209771, AIAA-2000-0313.

NASA/TM—2006-213855 15



Form Approved
OMB No. 0704-0188

REPORT DOCUMENTATION PAGE

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson

Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1.

AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

February 2006 Technical Memorandum
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Model-Based Self-Tuning Multiscale Method for Combustion Control
& AUTHORE) WBS-22-714-70-33
Dzu K. Le, John C. DeLaat, Clarence T. Chang, and Daniel R. Vrnak
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

REPORT NUMBER
National Aeronautics and Space Administration

John H. Glenn Research Center at Lewis Field
Cleveland, Ohio 44135-3191

E-15225

SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING

AGENCY REPORT NUMBER
National Aeronautics and Space Administration

Washington, DC 20546-0001 NASA TM—2006-213855

ATAA-2005-3593

11. SUPPLEMENTARY NOTES

Prepared for the 41st Joint Propulsion Conference and Exhibit cosponsored by the AIAA, ASME, SAE, and ASEE,
Tucson, Arizona, July 10-13, 2005. Responsible person, Dzu K. Le, organization code DEI, 216-433-5640.

12a.

DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified - Unlimited
Subject Category: 07

Available electronically at http://gltrs.grc.nasa.gov
This publication is available from the NASA Center for AeroSpace Information, 301-621-0390.

13. ABSTRACT (Maximum 200 words)

A multi-scale representation of the combustor dynamics was used to create a self-tuning, scalable controller to suppress
multiple instability modes in a liquid-fueled aero engine-derived combustor operating at engine-like conditions. Its self-
tuning features designed to handle the uncertainties in the combustor dynamics and time-delays are essential for control
performance and robustness. The controller was implemented to modulate a high-frequency fuel valve with feedback
from dynamic pressure sensors. This scalable algorithm suppressed pressure oscillations of different instability modes by
as much as 90 percent without the “peak-splitting” effect. The self-tuning logic guided the adjustment of controller
parameters and converged quickly toward phase-lock for optimal suppression of the instabilities. The forced-response
characteristics of the control model compare well with those of the test rig on both the frequency-domain and the time-
domain.

14. SUBJECT TERMS

15. NUMBER OF PAGES

Active combustion control

21

16. PRICE CODE

17. SECURITY CLASSIFICATION
OF REPORT

Unclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT

Unclassified

20. LIMITATION OF ABSTRACT

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102










	E-15225 Cover.pdf
	E-15225 Layout.pdf
	E-15225 RDP.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


