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AbstractAbstractAbstractAbstract The control of aeroelastic response of a wind turbine blade is examined
through theoretical and experimental studies. Motivated by the conventional
trailing-edge flap control of flutter suppression, small-sized, low-cost, power-
efficient microtabs are utilized as active flow control device, which is capable of
affecting the flow over the blade to generate sufficient control force. The open-
loop test of proposed model is presented by pole-zero analysis for flutter study and
controllability detection. The designed Adaptive Controller responses well to the
dynamics of the system via microtabs. The robustness and effectiveness of the
controller are shown by good simulation performance within a wide range of
aerodynamic loads in closed-loop experiments. The stability of the controller is
proved theoretically by the given Adaptive Stability Theorem, which is also
demonstrated by specified cases in details.
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2 Nailu Li and Mark J. Balas

1111 IntroductionIntroductionIntroductionIntroduction

Recent developments in wind turbine capability have resulted in flutter problem of
large-sized blades, which harm the safety of wind turbine operation and reduce the
efficiency of wind power generation. For the flow control, various actuators have
been developed for the active suppression. Wing-flap on the trailing edge is a
traditional and classic device for the past decades. Li adopted the flap for active
flutter suppression of the flight[1]. A pitch-and-plunge aeroelastic system with
flap is introduced by Zeng for flutter boundary expansion study[2]. And Kukreja
also employed flap as actuator for nonlinear-system identification of aeroelastic
systems[3]. In addition, another flow control with leading-edge and trailing-edge
control was also focusing on two flap actuation devices on the aerofoil. Texas
A&M University continued their study of aeroelastic system with globally
stabilizing control achieved by using two control surfaces[4]. Multiple control
surfaces are also utilized by Rao in addressing MIMO control problem[5].

However, for recent decades, active microtabs have been proposed as an
effective and efficient device for active load control. The concepts involve that
those small tabs can be positioned near trailing edge of an airfoil with large
numbers and they can be deployed at certain rate perpendicular to the airfoil
surface with a height, as to change the flow-field surround sufficiently to generate
control force[6]. Several studies of those small-sized and low-cost devices have
been carried on for flow control[7,8].

The concept of flow control using Microtabs is similar to the idea of gurney
flaps, for which trailing edge flow development or so-called Kutta condition will
vary and result in consequent changes in lift, and drag. Effect of these tabs on lift
and moment coefficients of an airfoil has been shown to be as effective as
conventional flaps[9] . For most of study, microtabs are utilized for experimental
tests of lift and moment coefficients or open-loop control[10,11]. In this paper,
Adaptive Control is adopted as the control algorithm in flutter suppression
application.

The stability of designed controller is usually proved theoretically by
Liapunov Theory[12]. However, in this paper, Adaptive Stability Theorem will
not only be given and proved in theory, but also illustrated by proposed aeroelastic
system with a wide range of aerodynamic loads. The robustness and effectiveness
of Adaptive Controller are illustrated by good simulation results and numerical
stability demonstration.

The rest of this paper is organized as following. In Sec. 2 involves
development of system model and model analysis. Sec. 3 presents controller
design and stability analysis. Sec. 4 shows simulation results of control strategy
and demonstration of Stability Theorem with conclusions in Sec.5.
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Adaptive Control of the flow over Blade 3

2222 ModelModelModelModel DevelopmentDevelopmentDevelopmentDevelopment

2.12.12.12.1 AeroelasticAeroelasticAeroelasticAeroelastic modelmodelmodelmodel

The blade model is a degree of freedom pitch and plunge system, with the
actuator, microtab on the trailing edge, shown in Fig.1. The dynamic motion of
this aeroelastic system are plunging and pitching, presented by plunge
displacement h, down-forward and pitch angle θ, nose-up. The tabs installed on
the trailing edge can be deployed approximately perpendicular to the airfoil
surface to a height on the order of the boundary layer thickness as 2% of chord
length. Lift enhancement and mitigation are achieved simply by deploying the tab
on the pressure (bottom) and suction (upper) side of the airfoil respectively. When
extending from pressure side of the airfoil near its trailing edge, it produces
increase in lift coefficient while with suction side deployment, the lift coefficient
decreases gradiently with the change of gurney-flap height g. The dynamics of
actuator is also included for consideration.

Fig.Fig.Fig.Fig.1111 Aeroelastic
system of two
degree of
freedom motion
with Microtab on
trailing-edge
control surface.

Although the system is an aeroelastic system with actuator as mcriotab, effect
of these tabs on lift and moment coefficients of an airfoil has been shown to be as
effective as conventional flaps if the effect of aeroacoustic noise is neglected.
Thus, the equations of motion for a wing section with two degree of freedom
appear in the familiar form as[13]:

0 0

0 0

h hm mx b C K h Lh h

mx b I C K M

θ

θ θ θ θ θθ θ

    −         
+ + =            

               

ɺɺ ɺ

ɺɺ ɺ
(1)

where m is mass of blade section, Iθ is pitch moment of inertial about elastic axis,
b is semichord, xθ is distance from elastic axis to mass center, Ch, Cθ are plunge
and pitch damping coefficients, and Kh, Kθ are plunge and pitch spring stiffness.
The lift L and moment M are aerodynamic forces and moments, including trailing-
edge gurney flap, defined as:
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4 Nailu Li and Mark J. Balas
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where ρ is air density, U is wind velocity, a is distance from midchord to elastic
axis, and Cl,θ,Cm,θ, Cl,gf,Cm,gf are lift and moment coefficients w.r.t angle of attack
and gurney flap separately. For the control and stability analysis, the system needs
to be transformed into state-space equation. Let the state variables be plunge
displacement, pitch angle and derivatives of them and output y be pitch angle, we
can obtain the aeroelastic model:

[ ]

2 12 2 2 2

1 1 1
0 0 0 0 0 0

, 0 1 0 0.1

I
u

M K M C M R

y C C

×× ×
− − −

  
= +   − −   

= =

00
x x

x

ɺ
(3)

where the control input u is the height of gurney flap g and the matrices M0, K0,
C0, R0 are given in details in Appendix. The parameters of Eq. (1) and Eq. (2) are
given in Table 1with all the constant parameters[2]. The lift/moment coefficients
of gurney flap are derived from linear fittings of lift force/moment w.r.t gurney
flap, which are computed by numerical simulation with commercial CFD code in
FLUENT 6.3 software based on Reynolds-averaged Navier-Stokes equations. The
fitted linear formulas are y=0.187x+0.0084 for lift force and y=-0.042x-2.3e-5 for
the moment with unit of gurney flap as percent of chord length. Since the small
intercept can be negligible, lift/moment coefficients are taken as 18.7 and -4.2 for
non-dimensional gurney flap.

TableTableTableTable 1111.... Parameters of the aeroelastic model

Parameters Value

ρ 1.225 kg/m3

a -0.6

b 0.135 m

Kh 2844.4 N/m

Kθ 2.82 N/m

Ch 27.43 kg/s

Cθ 0.18 kg m2/s

m 12.387 kg

Cl,θ 6.757

Cm,θ 0
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Adaptive Control of the flow over Blade 5
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2.12.12.12.1ModelModelModelModel AnalysisAnalysisAnalysisAnalysis

Since the aeroelastic system is a time-invariant system with 4 dimensions, the
stability criterion can be decided by traditional method of eigenvalues-check. For
the aeroelastic system, it’s important to test the flutter speed, in order to identify
flutter instability. In linear time-invariant system, the eigenvalues are equal to the
poles of the system. So the figures of poles and zeros of open-loop system are
plotted in the following figures according to various wind velocity from 5 m/s to
20 m/s.

Fig. 2 shows that for low wind velocity, the aeroelastic system can be stabilized
by itself with all negative poles. As wind velocity increases, two negative poles
move slightly toward the imaginary axis in Fig. 3. And when it reaches 13m/s in
Fig. 4, there are two small poles located on right-hand side of the plane, which
shows unstable for the system. For high wind velocity in Fig. 5, the instability can
also be identified with two poles having real part around 5. Thus, we can conclude
that the flutter speed of this aeroelastic system is 13 m/s. For all preflutter wind
velocity, the open-loop system can stabilize itself without any control while the
system are unstable with all postflutter wind velocity.

Fig.Fig.Fig.Fig. 2222 Pole and zero map of
open-loop system with U=5m/s

Fig.Fig.Fig.Fig. 3333 Pole and zero map of
open-loop system with U=12
m/s
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Fig.Fig.Fig.Fig. 4444 Pole and zero map of open-
loop system with U=13 m/s

Fig.Fig.Fig.Fig. 5555 Pole and zero map of open-
loop system with U=20 m/s

It should also be noted that negative zeros are obtained for all the systems with
a wide range of wind velocity, which indicates that the aeroelastic system with
various static aerodynamic loads are applicable for Adaptive Control. The data of
poles and zeros of the system on all conditions are given in Table 2.

TableTableTableTable 2222.... Eigenvalues and zeros of open-loop system

Wind Velocity Eigenvalues (poles) Zeros

5 m/s -1.77 +16.72i, -1.77 -16.72i

-1.41 + 6.53i, -1.40 - 6.53i

-10, -0.55 + 9.75i

-0.55 - 9.75i

12 m/s -0.63 +13.19i, -0.63 -13.19i

-2.57 + 8.11i, -2.57 - 8.11i

-10, -0.68 + 9.74i

-0.68 - 9.74i

13 m/s 0.05 +12.4i, 0.05 -12.4i

-3.25 + 8.46i, -3.25 - 8.456i

-10, -0.7 + 9.74i

-0.7 - 9.74i
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Adaptive Control of the flow over Blade 7

20 m/s 4.84 +10i, 4.84 -10i

-8 + 6i, -8 - 6i

-10, -0.83 + 9.7i

-0.83 - 9.7i
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8 Nailu Li and Mark J. Balas

3333 ControlControlControlControl DesignDesignDesignDesign andandandand StabilityStabilityStabilityStability AnalysisAnalysisAnalysisAnalysis

Since the output of the system is pitch angle, the value will vary with pitch
command in different operation regions. It’s assume that the wind turbine operates
on RegionⅢ, where the rated wind power is kept by reducing pitch angle as wind
velocity increases with rated speed 8m/s and cut-off speed 20m/s. For flutter
suppression, out control goals includes two parts: stabilize the system, force
plunge displacement and pitch angle asymptotically stable as time goes to infinity
and achieve the desired pitch angle with relatively larger initial value.

The design of the Region Ⅲ flutter suppression controller takes advantage of
the adaptive disturbance tracking control approach. In this section, we develop the
general adaptive control theory of PTS (periodic time-varying system). Although
our plant is with all constant parameters, the time-varying version of Adaptive
Control is still applicable to the time-invariant one.

The plant is assumed to be well modeled by the linear, time-varying, finite-
dimensional system[14]:

( ) ( ) ( )

( )

(0) p

D

N

D D

A t B t t

C t

R

φ

= + + Γ
 =


= ∈
 = Θ

0

x x u u

y x

x x

u L

ɺ

(4)

where y is the system output, pitch angle, A(t) is state matrix, B(t) is control
input matrix, C(t) is output matrix and uD is disturbance input: e.g. a step input,
which is composed by basic function

0( ) 1, 1D t tφ ≡ = with unknown amplitude

matrices (Θ,L).
Based on the idea of control objectives along with rejection of disturbance, we

define the output error as *

y
e y y= − . Our goal is to make output error converge

to 0 asymptotically as time goes to infinite. Then this control goal can be achieved
by an Adaptive Control Law as:

e y D D

T

e y y e

T

D y D D

φ

γ

φ γ

 = +
 = −


= −

u G e G

G e e

G e

ɺ

ɺ

(5)

where Ge and GD are adaptive gains, which are specified in Eq. (5) with
arbitrary positive definite matrices ,e Dγ γ . Here, since the output y and

disturbance ( )D tφ are one dimensional, ,e Dγ γ are positive scalars.
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Adaptive Control of the flow over Blade 9

In order to confirm the stability of the designed controller in Eq. (4), the
Adaptive Stability Theorem is given as:

DefinitionDefinitionDefinitionDefinition 1.1.1.1. ∃ positive constants
minp ,

maxp ,
minq

2 2

min max

2

min

( , ) ( )

( )

T

T

p x V t x x P t x p x

q x x Q t x

 ≤ = ≤∋ 
≤

where P(t) and Q(t) matrices satisfy Kalman-Yacubovic Lemma with feedback
system (Ac(t),B(t),C(t)):
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Theorem 1. if

1) (A(t), B(t),C(t)) satisfy Definition 1;
2) (A(t),B(t),C(t))is bounded (as is the case when time-invariant);
3) ( )D tφ is bounded;

4) * * 0D DG BG L∃ ∋ + ΓΘ = ;

Then Adaptive Control
y D Du Ge G φ= + with adaptive gains in Eq. (5) produces

0y t
e →∞→ with bounded adaptive gains(Ge, GD) .

Proof. We firstly take the system trajectory as idea trajectory (
* * *, ,x y u ) with

deviations ( , ,x y u∆ ∆ ∆ ) as follows[15]:

*

*

* y
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∆ ≡ − =
∆ ≡ − =

x x x

u u u u

y y y e

(6)

And the idea trajectory is given as[14]:
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u z

ɺ

(7)

where zD is disturbance state as
D Dφ=z L , The ideal trajectories, which are for

theorical analysis, will not be needed by actual controller.
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10 Nailu Li and Mark J. Balas

Based on Eq. (6) and Eq. (7), the deviation of control input u can be obtained
as:

*

e y e y D Dφ∆ = ∆ + + ∆u G e G e G

    

(8)

where the idea adaptive gain GD
*=S2L, Ge

* is the desired feedback gain, and the
deviations are defined as ∆Ge=Ge-Ge

*,∆GD=GD-GD
*.

Then we have the deviation of feedback system from idea trajectory:

*

C

y

C e

A Bw

C

A A BG C
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∆ = ∆ =
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x x

y x e

ɺ

(9)

Now, we define the lyapynov candidate function of the system as;

( , ) ( )TV t x x P t x= ∆ ∆ (10)

Then, we can check the derivative of V(t,x) as follows:
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It’s also defined that
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Therefore,
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∴all trajectories ( , )x G∆ ∆ are bounded.

Also
2

min( )W x q x≡ ∆ satisfies:
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Adaptive Control of the flow over Blade 11

min min( ) ( ( ) ( ) )T T

CW x q x x q x A t x B t w= ∆ ∆ = ∆ ∆ +ɺ ɺ ,which is bounded

when
Dφ is bounded, and ( ( ), ( ), ( ))A t B t C t are bounded. Applying Barbalat’s

Lemma to ( )W x∆ , we’ll have ( ) 0
t

W x →∞∆ → ,which leads to

0
t

x →∞∆ → as desired. Thus 0y t
e C x →∞= ∆ → .

4444 SimulationSimulationSimulationSimulation andandandand ResultsResultsResultsResults

Since the wind turbine blade operates on Region Ⅲ, it’s assumed that the desired
pitch angle is 10 deg with initial value 15 deg. With the rated speed of 8m/s, the
experiments are complemented at 10m/s, 13m/s, 15m/s and 20m/s separately. For
consideration of practical condition of microtab, gurney flap g is saturated to vary
between ±2% of chord length. Moreover, the input disturbance is not considered
in this paper. In order to have an insight into the control behavior of the designed
Adaptive Controller, the simulation results of state responses of both open-loop
and closed-loop systems are shown as follows with initial condition
(h(0),θ(t))=(0,15 deg) .

4.14.14.14.1 SimulationsSimulationsSimulationsSimulations ofofofof StateStateStateState ResponsesResponsesResponsesResponses

For lower wind velocity, the open-loop system is stable as shown in Fig. 6.
However, without any control, the pitch angle only converges to some constant
rather then the desired 10 deg, which reveals that the system still needs to be
adapted to the reach the control aim even at preflutter speed. At the same time,
the pitch angle response reaches 10 deg with initial value 15 deg as expected. And
the response of plunge displacement h in closed-loop system is also well stabilized
with smaller overshoot in a estimated settling time of 4 second compared with the
one in open-loop system. It should be noted that the steady state of closed-loop h
response is a small non-zero constant instead of zero, due to the fact that our
desired pitch angle is no longer 0, which will make the plunge displacement
balance at a position rather than horizontal line.

Fig.7 shows that open-loop responses tend to be unstable with a high frequency
when the system achieves the flutter speed U=13 m/s while the Adaptive Control
still performs well in suppressing pitching and plunging, and attaining desired
pitch angle. In addition, h response is stable at a little further position away from
horizontal line.

As postflutter speed is gained, the response of open-loop system totally blow
up after around 8 second simulation time shown in Fig.8. In contrast, Adaptive
Controller does a good job in forcing pitch angle reach 10 deg and stabilizing the
system.
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12 Nailu Li and Mark J. Balas

Fig.Fig.Fig.Fig. 6666 State responses of open-loop and closed-loop systems at U=10 m/s
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Fig.Fig.Fig.Fig. 7777 State responses of open-loop and closed-loop systems at U=13 m/s
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With high wind velocity 20 m/s in Fig. 9, the state responses of open-loop
system blow up in a more extreme way while the Adaptive Controller can stabilize
the system with small plunge displacement. Thus, we can conclude that the
simulation results are in good agreement with the outcomes of model analysis in
Table 2.
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Adaptive Control of the flow over Blade 13

Fig.Fig.Fig.Fig. 8888 State responses of open-loop and closed-loop systems at U=15 m/s
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Fig.Fig.Fig.Fig. 9999 State responses of open-loop and closed-loop systems at U=20 m/s
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4.24.24.24.2 SimulationsSimulationsSimulationsSimulations ofofofof ControlControlControlControl SurfaceSurfaceSurfaceSurface

In this part, to demonstrate control ability of microtab, several simulation tests are
implemented with diverse wind velocity, showing the responses as plunge
displacement, pitch angle and gurney flap separately in Fig. 10 to Fig. 13. It’s
noted that the unit of gurney flap is non-dimensional.
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Fig.Fig.Fig.Fig. 10101010 Closed-loop plunge
displacement, pitch angle and
control input at U=10 m/s<UF

Fig. 10 shows that the closed-loop system can response well to the saturated
gurney flap g within the range of ±2%. For this preflutter velocity, the desired
pitch angle can be attained in a settling time, 4 seconds.

Fig.Fig.Fig.Fig. 11111111 Closed-loop plunge
displacement, pitch angle and
control input at U=13 m/s=UF

When it comes to the flutter speed, the saturated control input still performs
well in stabilizing all state responses within a relatively longer settling time as
around 5 seconds, due to the fact that the divergent open-loop system at flutter
speed takes more time to be stabilized than the convergent one at preflutter speed.

For postflutter speed in Fig.12 and Fig.13, the smaller g is needed to reach the
control aim with increasing wind velocity because the larger gain is obtained by
the Adaptive Controller at high velocity with a shorter settling time.
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Fig.Fig.Fig.Fig. 12121212 Closed-loop plunge
displacement, pitch angle and
control input at U=15 m/s>UF

Fig.Fig.Fig.Fig. 13131313 Closed-loop plunge
displacement, pitch angle and
control input at U=20 m/s>UF

Therefore, Adaptive Control can still perform well in reaching a non-zero
desired output with nonzero initial value using saturated gurney flap for diverse
wind velocity. Note that non-zero reference tracking for Adaptive Control is
because of the nonzero plunge displacement. But h response can converge to a
very small constant with small overshoot in a relative short settling time,
estimated 4 second, which can be treated as effective plunging suppression.

4.24.24.24.2 DemonstrationDemonstrationDemonstrationDemonstration ofofofof AdaptiveAdaptiveAdaptiveAdaptive StabilityStabilityStabilityStability TheoremTheoremTheoremTheorem

Stability of the given Adaptive Controller is firstly shown by good simulations
above. In this part, the proposed stability theorem is also demonstrated
numerically by our feedback aeroelastic system. Since our plant is time invariant
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system at each wind velocity, the K-Y equations in Definition 1 will be solved for
the demonstration with constant (Ac,B,C).

The first case is the aeroelastic system with U=10 m/s. Our goal is to find
positive definite matrices P and Q with positive pmin, pmax and qmin . The solved P
and Q for this case are shown as follows:

13.4546  0.8859    0.0142    0.0015

0.8859    1.1087    0.0291    0.0060
,

0.0142    0.0291    0.1426    0.0151

0.0015    0.0060    0.0151    0.0019

2.7174   -2.5377     0.1697    0.0180

-2.

P

Q

 
 
 =
 
 
 

=
5377   10.3474   0.1827    0.0193

 0.1697    0.1827    0.3408    0.0259

 0.0180    0.0193    0.0259    0.0988

 
 
 
 
 
 

Thus, we can obtain that pmin=2.82e-4, pmax=13.54, qmin=0.096, which are all
positive. We can conclude that the feasible P and Q matrices have been found.

The solutions of the system with the rest of wind velocity cases are illustrated
in Table 3, where solved P and Q are positive definite with all positive pmin, pmax
and qmin for every single case. The solutions illustrate the stability of closed-loop
system, showing good agreement with simulation results. So, the Adaptive
Stability Theorem is successfully demonstrated for all wind velocity.

TableTableTableTable 3333.... Solutions of Stability Theorem for different wind velocity cases

Wind Velocity(m/s) pmin pmax qmin

13 1.689e-4 13.74 0.0972

15 1.274e-4 12.5 0.0976

20 7.2e-5 8.33 0.0981
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5555 ConclusionConclusionConclusionConclusion

A pitch and plunge aeroelastic system is established for the study in demonstrating
the aeroelastic control capabilities of Microtabs and for exploring Adaptive
Control techniques. Model analysis has been completed with the flutter speed
study and controllability checking. The gurney flap is saturated as the control
input, showing the control capability of Microtabs. The Adaptive Controller is
designed to adapt to unsteady dynamics of postflutter system and to achieve the
control objective. Closed-loop test is then implemented to successfully reveal
Microtabs’ ability in flutter suppression. The good application of Microtabs with a
wide range of wind velocity is illustrated by simulation results and numerical
demonstration of Adaptive Stability Theorem.

AppendixAppendixAppendixAppendix

The matrices in Eq. (3) can be given as:
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