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This paper introduces an adaptive flutter suppression contol algorithm which is based on the iterative

estimate of the aeroelastic plant and design of the feedbaatontroller.

In this algorithm, the dual-Youla

parametrization is implemented as an essential part to estiate the open loop aeroelastic model from the
closed loop experiment. The advantage of utilizing the duaYoula parametrization for the aeroelastic plant
estimation is that the possible unstable open loop aeroelés model could be estimated in the situation where
aeroelastic dynamic system is operating above the flutter ggd. Based on the estimated open loop model, a
new controller could be designed using the standard contrtéér design techniques to extend the flutter envelope
boundary. By iteratively estimating the open loop aeroelaic model and designing the controller, the flutter
boundary could be expanded. Application of this adaptive cotrol algorithm to the pitch-plunge aeroelastic
system shows that the flutter boundary can be expanded by 80%.

Nomenclature

G(q) Aeroelastic Plant

K(q) Feedback Control

(N,D) Right Coprime Factor of7(q)
(Ng, Dy) Right Coprime Factor o (q)
T(G,K) Feedback Connection betweéfiig) andK (q)
U Air Speed, m/s

f Frequency, Hz

h Plunge

Q@ Pitch

I} Flap

¢ Damping Ratio

Subscript

7

Iteration number
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[. Introduction

Flutter control becomes increasingly important as the-aftclesign moves towards lighter weight material to im-
prove the fuel efficiency and aircraft agility. Extensiveearch on active flutter suppression has been conductedyduri
the last decade, and various control methodologies hasdreployed to develop the flutter control schertiés All
of these methods provide promising results for flutter saggion.

In order to design an optimal controller for flutter suppi@ssa sufficient mathematical aeroelastic model, which
is computed with the use of finite element method, a panebgaamic method, and the minimum state space realiza-
tion of the equation of motion, is commonly adopted. Howgbecause the aeroelastic system changes significantly
with different flight conditions, the fixed controller may lgrstabilize the aeroelastic system in a small range of the
flight conditions. Therefore, different controllers arguéed to cover the entire flight envelope. The gain-schediul
controller is an option for active flutter suppresst@nHowever, these gain-scheduled controllers whose design is
based on the analytical aeroelastic model, may not accoratadie real dynamics of the aeroelastic system. An
alternative solution to overcome this drawback is to de#fignfeedback controller from the aeroelastic model which
is estimated on-line consistently using flight test data.itBsatively estimating the aeroelastic model and designin
the model based controller, the closed loop aeroelastiesysould be more robust, and the flutter boundary maybe
be largely expanded compared to the fixed control méthmdgain-scheduled control methéd.

Apparently, the aeroelastic system is open loop unstalbeealts flutter speed. To facilitate the estimate of a
unstable open loop system, a stabilized closed loop expetimust be performed to obtain a desired input/output
experiment data. Furthermore, for a direct estimation obpen loop unstable aeroelastic model, a dual-Youla
parametrization methodology will be applied in this papepressive results are obtained to illustrate the apptinat
of the proposed adaptive control algorithm to the pitchagkiaeroelastic system.

II. Open Loop Aeroelastic Model Identification Using Dual-Youla Parametrization
Assuming the feedback connecti®d((z, K ), is internally stable (Figure 1), and the open loop aerdelptant,G,
has a Right Coprime Factorization (roff,= N D!, and a stable controlleF, also has a right coprime factorization

with K = Nka‘l, then there exists By € RH that characterizes theV, D) of the plantG as

N = No+ DiRy

M)
D = Dy— NyRg

where(Ny, Do) is a rcf of any auxiliary plant that satisfyin§(Go, K) € RH. Ry is an unknown stable transfer
function. Therefore, the e§timation of the unknown statdegfer function Ry, will yield an estimatg N, D) of the
open loop aeroelastic pla6t.

N = Ny +DkR0

D = Dy— NiRy @
() d(t)l ()
r(t u(t) + y(t
.y G(q) 7O
K(q)

Figure 1. Feedback Control System.

Using a rcf pair(Ny, Do) of plantG, a rcf pair(Ny, Dy,) of the controllerk” and the stable transfer functidgy,
the representation of the feedback connecfiof, K) in terms of the dual-Youla parametrization has been degicte
in Figure 2.

In Figure 2, the intermediate signalgy) andz(¢), are related by the transfer functioRs and.Sy.

Z(t) = RQI(t) + Sod(t)
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Figure 2. Reformulation of the Feedback Control System.

whered(t) is external disturbance.

If z(¢) andz(t) are known, ther?, and/orS, can be estimated by standard system identification techsigu
From a simple mathematical derivation, the intermediageaiz(¢) can be defined as

z(t) = (Do + KNo) ' [K 1] [ Z ] 3)
and signak(t) is defined as
2(t) = (Dy + GoNy) ™[I Gy Z ] 4)

It should be noted thaR, can also be estimated with the use of the on-line systemifibation technique, such
as the recursive least square (RLS) adaptive filtering @hgur In this case, a Finite Impulse Response (FIR) filter, or

Orthonormal FIR filter structure can be applied to approxéwd. For details of the on-line modeling &y, please
refer to®®

lll.  Controller Design

With the computed aeroelastic modelfrom Eq. (2) in place, a new feedback controll&r(q), can be designed
using any standard control techniques from simple classittrol technique such as Proportional Integral Deriva-
tive(PID) control to modern/robust control technique sash.inear Quadratic Gaussian (LQG) contidl control,

H,, control , ory synthesis techniqu¥. In this paper, only a simple proportional controll&f(q), is applied to the
pitch-plunge system for flutter suppression.

IV. Summary of the Adaptive Control Algorithm

The procedure to iteratively estimate a stable/unstabteetastic system with a closed loop experiment and design
the controller is described as follows:

e A feedback controller is designed to stabilize the aerdielagstem at low airspeed, and furthermore, it can
cover a small range of airspeed locations over the open latprflspeed.

e Find a stable nominal open loop aeroelastic model below titieflspeed as a reference model.
¢ |dentify the open loop unstable aeroelastic model usindr¥oala method.
e Design the new controller using the new aeroelastic model.

The iteration stops when it is difficult to find a new controlie stabilize the open loop aeroelastic system.
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V. Application to the Pitch-Plunge Aeroelastic System

The process of iteratively estimating the aeroelasticesystnd designing of the control is applied to a pitch-plunge
system. This system is comprised of a rigid airfoil, whoseiamis restricted to pitching and plunging, mounted in a

wind tunnel at Texas A & M University®
The prototypical pitch-plunge aeroelastic system is shimwkigure 3.

c=2%b ,

- / midchord

elastic axis

Figure 3. Pitch-Plunge Aeroelastic System.

The dynamics of the pitch-plunge aeroelastic system arerithes! to within a high-degree of accuracy by Eq. (5),

mr My Tab h c, O h n kn O h |
My Tab 1, G 0 cqo Q 0 kg «
- c, (a—l—%h—l— (% —a) b%d) —l—clﬁﬁ
q2b L L b - (5)
Cma (0‘ +gh+(3-0) UO‘) + Cm 0
These dynamics describe the complete aeroelastic systesrdelrees of freedom of the rigid airfoil are described
by the plungeh, and the pitchg, parameters. The left side of the equality describes theiegi@ady aerodynamics
that are generated in response to motion of the airfoil amncanded rotations3, of a flap. The right side of the

equality describes the structural dynamics. The paramdescribing the dynamics of the system are given in Table 1.
These parameters are generally indicative of those presdanteveral references.

Table 1. Pitch-Plunge System Parameters.

parameter parameter
a =-0.6 ko =2.82
b =0.135m p  =1.225kghn?
m =12.387%g ro =0.2466
I, =0.065m2kg kn, ~=2844.4AN/m
ce =0.180m2kg/s c, =27.43kgls
¢, =6.28 cm. =-0.628
¢, =3.358 Cm, =-0.635
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The simulink block of this pitch-plunge aeroelastic systsiifiustrated in Figure 4.
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Figure 4. The Close Loop Pitch-Plunge Aeroelastic SimuliniModel.

The open loop flutter can be found easily by perturbing thepaied,U, until the aeroelastic system becomes
unstable. The calculation results of the modes of the opgmad@roelastic system is shown in Table 2.

Table 2. Open Loop Flutter Speed.

U [m/s] 10 11 12 121 | 125
1.4699| 1.6061| 1.7638| 1.789 | 1.8212
2.3696| 2.243 | 2.1142| 2.0989 | 2.0835
0.2210| 0.2400| 0.2951| 0.3102 | 0.3326
0.0877| 0.0609| 0.0086 | -0.0074 | -0.0314

Frequencyf [Hz]

Dampingé

From Table 2, it is seen that the open loop system becomeshlestbove the air speed bf = 12.1 m/s. A
simple negative feedback proportional conti&l, is designed using a stable open loop aeroelastic systeime aiirt
speed ol = 11 m/s. with K; = 0.2727, the flutter speed can be extended 303 m/s. The flutter speed result is
illustrated in Table 3.

Table 3. Close Loop Flutter Speed with/; = 0.2727.

U [m/s] 10 11 12 | 125 13 13.3
1.3572| 1.4484| 1.5657| 1.6349| 1.7033 | 1.7391
2.4461| 2.355 | 2.2405| 2.1766| 2.1197 | 2.0943
0.2283| 0.2312] 0.2496| 0.2678| 0.2951 | 0.3147
0.0942| 0.0853| 0.0659| 0.0471| 0.01841| -0.0023

Frequencyf [Hz]

Damping¢

Because the open loop aeroelastic system is unstable dimairspeed2 m/s, and the closed loop aeroelastic
system is unstable above the airspégdn /s with the controllerk, it can not be directly estimated using the input
signal,u, and output signaly, or use indirect closed loop identification method. A dualiM identification method
described in the above section is applied to estimate th&ablesopen loop aeroelastic syste@, A closed loop
experiment is performed at the airspeed/of= 13 m/s. From Eg. (1), a nominal model,, with rcf pair (Ng, Do)
is required, and in this case, a stable open loop aeroefastiel at airspeeti = 10 m/s is selected as the reference
model. Collecting the signals, u, andy, from the simulink process, the intermediate signgly andz(¢) can be
constructed. A simple 4th order output error moftedf R, is estimated. Finally, the unstable open loop aeroelastic
model,G, with a rcf pair(IV, D) can be computed via

No + DR

. 6
= Dy— NiR ©)

o =
|
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A comparison between the estimated unstable open loop lasticenodel and the true aeroelastic system at
U = 13 m/sis shown in Figure 5.
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Figure 5. Comparison of the True Unstable System and Estim&d Unstable Model atU = 13 m/s and K1 = 0.2727.

From Figure 5 it is obtained that the estimated unstable heatefit the true unstable aeroelastic system very
well. With this estimated aeroelastic model, a new corgralan be designed, and is computedas= 0.5455. With
this new designed controllefy,, the closed loop flutter speed can be extended te- 15 m/s. The flutter speed
result is shown in Table 4.

Table 4. Close Loop Flutter Speed with/o = 0.5455.

U [m/s] 10 11 12 | 125 | 13 14 15
1.2533] 1.3115| 1.3824] 1.4239| 1.4703| 1.5781| 1.6844
2.5118| 2.4458| 2.3668| 2.3215| 2.2717| 2.1623| 2.071
0.2286| 0.2340| 0.2423| 0.2483| 0.2564| 0.2846| 0.3355
0.0980| 0.0935| 0.0861| 0.0804| 0.0725| 0.0442| -0.0084

Frequencyf [Hz]

Dampingé

The unstable open loop aeroelastic model is estimated agaig the dual-Youla identification method at the
operation conditions d/ = 14 m/s and Ky = 0.5455, the estimation results are shown in Figure 6.
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Figure 6. Comparison of the True Unstable System and Estim&d Unstable Model atU = 14 m/s and K> = 0.5455 .

With the new estimated open loop aeroelastic model, a newaltar, K3 = 0.82885, can be designed to extend
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the flutter speed t&/ = 17.5 m/s. The result of the flutter speed is illustrated in Table 5.

Table 5. Close Loop Flutter Speed withK's = 0.82885.

U [m/s] 12 13 14 15 16 17 17.5
1.2169| 1.2593| 1.3098| 1.3705| 1.4427| 1.5217| 1.5588

Frequencyf [Hz]
2.4711| 2.4094| 2.3385| 2.2573| 2.1669| 2.0770| 2.0389
Dampingé 0.2499| 0.2578| 0.2681| 0.2826| 0.3048| 0.3398| 0.3624
0.0949| 0.0901| 0.0828| 0.0711| 0.0512| 0.0176| -0.0047

Keep iteratively estimating the unstable open loop aestielanodel, and using this model to design a new con-
troller, the flutter speed can be further extended towéfrds 23 m/s, which is almost double the open loop flutter
U = 12.1m/s. Figure 7 is the comparison of the estimated open loop a&stiemodel and the true aeroelastic model
atU = 17m/s and K3 = 0.82885. Figure 8 is the comparison of the estimated open loop asteimodel and the
true aeroelastic model & = 19.5 m/s and K, = 0.9905. Table 6 is the closed loop flutter speed computed with the
controller, i, = 0.9905. Table 7 is the closed loop flutter speed computed with thérolber K5 = 1.1125. The final

results of the flutter speed with differeRt are illustrated in Figure 9(a) and Figure 9(b).
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Figure 7. Comparison of the True Unstable System and Estima&d Unstable Model atU = 17 m/s and K3 = 0.82885 .

10"

10°

Frequency[Hz]

10

Table 6. Close Loop Flutter Speed withK4 = 0.9905.

U [m/s] 16 17 17.5 18 19 19.5 20
1.2406| 1.2818| 1.3048| 1.3294| 1.3815| 1.4074| 1.4320
Frequencyf [Hz]
2.2925| 2.2184| 2.1791| 2.1387| 2.0578| 2.0197| 1.9849
Dampinge 0.2999| 0.3166| 0.3269| 0.3389| 0.3690| 0.3874| 0.4078
0.0779| 0.0666| 0.0590| 0.0497| 0.0243| 0.0079| -0.0107
Table 7. Close Loop Flutter Speed with/Ks = 1.1125.
U [m/s] 18.0 19.0 19.5 20 21 22 23
1.1288| 1.1461| 1.1555| 1.1653| 1.1856| 1.2055| 1.2229
Frequencyf [Hz]
2.2540| 2.1878| 2.1532| 2.1179| 2.0461| 1.9748| 1.9075
Damping¢ 0.3432| 0.3633| 0.3747| 0.3872| 0.4159| 0.4500| 0.4895
’ 0.0751| 0.0655| 0.0595| 0.0526| 0.0355| 0.0133| -0.0141
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Figure 8. Comparison of the True Unstable System and Estim&d Unstable Model atU = 19.5 m/s and K4 = 0.9905.
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Figure 9. Frequency/Damping Varying of the Critical Mode asa Function of Air SpeedU..

From Figure 9(a) and Figure 9(b) it is demonstrated that Withproposed adaptive control method, the flutter
speed of the pitch-plunge aeroelastic system can be laeg&ynded.

VI. Conclusions

In this paper, an adaptive feedback control algorithm basetthe iteratively estimate of the aeroelastic plant and
design of the feedback controller is introduced. The achgabf this adaptive algorithm lies in the fact that firstly
the open loop unstable aeroelastic model can be directipa&sd with the use of the dual-Youla parametrization;
secondly a new model-based controller can be easily desigsiag the standard control techniques. As a result,
a better performance of the controller for flutter supp@ssian be obtained. Application of this adaptive control
algorithm to the pitch-plunge aeroelastic system showtsthigaflutter boundary is largely expanded.
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