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Abstract

The designof adaptive structuresfor enhanced
systemperformancein aircraft applicationsis a
highly interdisciplinarytopic. In this papera
combineddesignunderconsiderationof theaero-
dynamicaswell as thestructuralrequirementsof
a shockcontrol bump (SCB) is presented.Us-
inganew parametrisationtechniquefor theshape
of theSCB, theaerodynamicoptimisationisper-
formedwhile at the sametime producingan ac-
tuatoroptimal solutionfor eachdesign.An actu-
ationconceptwill beshown which isableto gen-
eratea bump with adaptablemaximumposition
andheightaccordingto thecurrentflight condi-
tion. A new control is presentedwhich applies
the optimal solutionto an experimentaldemon-
strator.

1 Introduction

Flight at transonic MACH numbers is charac-
terised by the problem of emerging shock waves
on the suction side of the wing causing the tran-
sonic drag rise. With new transport aircraft con-
cepts aiming at higher flight MACH numbers
measures must be taken to avoid the rapid in-
crease of the drag coefficient when flying beyond
the drag rise MACH number. One way to cope
with that problem is the geometrical adaptation of
the airfoil shape according to current flight condi-
tions. By taking advantage of the highly nonlin-
ear character of transonic flows, the region of the
airfoil to be adapted can be restricted to a small

zone. The adaptive mechanism investigated here
is the so-called shock control bump proposed in
1992 by ASHILL ET. AL . [1]. Isentropic com-
pression waves that emanate from the concave re-
gion of the upstream flank of the bump increase
the pressure upstream of the shockwave thus re-
ducing the shock strength. This leads to a lower
loss of total pressure across the shock resulting
in lower wave drag. Investigations conducted up
to now [10, 20] including the numerical optimi-
sation of several basic SCB shapes [18] and the
combined application of an SCB with a variable
camber mechanism [19] demonstrate the drag re-
duction potential.

The conventional structural concepts pro-
posed so far could not meet all requirements be-
cause of the contradiction of structural stiffness
required to counteract the aerodynamic forces
and the flexibility needed to enable a geomet-
ric adaptation [5]. By using structure integrated
actuation systems the new approach of adaptive
structures aims on enhancing the capabilities of
the structure to react on external loads or chang-
ing conditions. Since the principal design of the
aircraft should not be modified, the adaptive SCB
structure can be integrated in the wing spoilers.
This enables a geometry adaptation in the vicin-
ity of the shock without adding too much com-
plexity and weight. For the generation of the ac-
tive surface of the SCB several kinematic systems
were compared [15]. Since there are severe re-
quirements with respect to stiffness and safety,
the functional structure of the proposed arrange-
ment is separated from the supporting structure
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through a mechanical parallel actuation system.
This approach has very good capabilities for ge-
ometrical adaptation, but special attention has to
be paid to the actuation of the structure since the
system is mechanically overdetermined.

2 Tools for the Aerodynamic Design of SCBs

To investigate the aerodynamic drag reduction
potential of SCBs numerical optimisations were
performed. A modular optimisation environ-
ment was developed consisting of an optimiser,
a geometry module and an aerodynamic analysis
code [19, 18]. To increase efficiency, the code
was implemented under the MPI parallel appli-
cation interface [8]. Apool-of-tasksconcept en-
ables a uniform processor load even on heteroge-
neous parallel environments. The 2D Euler Code
MSES [7] represents the analysis module in the
optimisation environment. To account for vis-
cous effects, it is coupled with an integral bound-
ary layer method. MSES provides a robust as
well as a highly efficient solution process. An op-
timisation algorithm based on an evolution strat-
egy [16] was used. A coupled covariance ma-
trix adaptation [9] provides an adjusted individ-
ual mutation stepsize.

3 Combined Design of a SCB

As shown in previous investigations [18], the
aerodynamic effect of the bump is dominated by
the global position of the SCB on the airfoil and
the location of the bump maximum with heightζ
and local maximum positionξ (Fig. 1). The de-
tailed shape of the bump is of minor importance.
Therefore, a the new set of parametersν for the
maximum of the SCB is introduced:

ν = [ξ;ζ] (1)

Usually, the contour of a loaded beam or a
polynomial is chosen to represent the SCB shape
during the aerodynamic design. Here, an attempt
is made to derive a family of SCB shapes [17]
which account for the structural requirements of
a system with distributed actuators (Fig. 1).
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Fig. 1 Distributed Actuation System

As will be shown, with this procedure the ac-
tuator forcesFi required to obtain the correspond-
ing SCB shape are fully determined by the pa-
rametersζ andξ. Thus, for the aerodynamic op-
timisation and the control design the system ofn
forcesFi is reduced to a system of two degrees of
freedom.

The analytical model of the actuation system
shown in Fig. 1 can be deduced according to eq.
(2). The deformationzof the functional structure
result form the general forcesFG acting on the
system which can be separated inn controllable
actuator forcesFi and the external forcesFe from
the aerodynamic load. The actuator forcesFi are
produced by the extensionui of the actuators in
directionpi . The resulting equations are given by
the structural stiffnessK:

FG = Ku (2)

In principle the structural stiffnessK could be
derived from the Karman plate theory [2], but for
the following 2D considerations with small de-
formations the linear theory of Euler-Bernoulli
with a tangential boundary condition for the func-
tional structure is used. Since the directionpi of
all actuators is normal to the supporting structure
the equations can be very much simplified. The
error in comparison to the nonlinear theory is less
than 1% if the derivation of the bending line ac-
counts less than 0:15: : :0:20 [3] but the compu-
tational effort is much lower.

At the locationxi of the actuator forceFi

the displacement of a clamped beam with nor-
malised length, modulus of elasticity and geo-
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metrical moment of inertia is written as follows:

zi =
x3

i (1�x3
i )

3| {z }
ai

�Fi = ai �Fi (3)

The optimal functional correlation betweenν
and the force parametersFi is defined with re-
spect to the needs of the actuators used. Stress
sensitive actuators like shape memory actuators
may focus on an absolute minimal stress in
combination with minimal energy consumption
whereas e. g. hydraulic actuators may merely
focus on the actuator displacement and stress of
the functional structure. As a compromise, for
the following investigations the criterion of mini-
mal deformation energy is used. According to the
principle of superposition the deformation energy
introduced due ton actuators amounts to:

E =
n

∑
i=1

aiF
2
i (4)

3.1 Derivation of a New SCB Shape Family

The energy term (4) is to be minimised under
consideration of a number of constraints. A suit-
able method for the solution of such an isoperi-
metric problem is described by an extended
Lagrangian-Multiplier method. Since there are
not only equality constraints prescribed but also
inequality conditions the Karush-Kuhn-Tucker
theorem [11] must be introduced additionally.
The displacement at the position of the bump-
maximumx= ξ caused byn actuator forces is:

z(ξ) =
n

∑
i=1

biFi (5)

with

bi =
(1�xi)

2

6
ξ2
h
3xi� (1+2xi)ξ

i
(6)

for all xi � ξ

bi =
(1�ξ)2

6
x2

i

h
3(1�xi)

� (1+2(1�xi))(1�ξ)
i

(7)

for all xi < ξ

The slope of the SCB contour at the positionx=
ξ amounts to:

z0(ξ) =
n

∑
i=1

ciFi (8)

with

ci =
(1�xi)

2

2
ξ
h
2xi� (1+2xi)ξ

i
(9)

for all xi � ξ

ci =�
1�ξ

2
x2

i

h
2(1�xi)

� (3�2xi)(1�ξ)
i

(10)

for all xi < ξ

The equality conditions that fix the heightζ and
the position of the bump maximumξ are:

n

∑
i=1

biFi = B with B= ζ (11)

n

∑
i=1

ciFi =C with C = 0 (12)

The inequality constraints that prevent negative
ordinate values of the contour at the positions of
the actuators are written as follows:

n

∑
j=1

d1 jFj � D1

... (13)
n

∑
j=1

dn jFj � Dn

with

di j =
(1�xj)

2

6
x2

i

h
3xj � (1+2xj)xi

i
(14)

for all xj � xi

di j =
(1�xi)

2

6
x2

j

h
3(1�xj)

� (3+2(1�xj))(1�xi)
i

(15)

for all xj < xi

and
D1; : : : ;Dn = 0 (16)
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According to [11] the function to be min-
imised contains the Lagrangian multipliersλ1;λ2

as well as the Karush-Kuhn-Tucker multipliers
µ1; : : : ;µn.

I(F1; : : : ;Fn;λ1;λ2;µ1; : : : ;µn) =

n

∑
i=1

aiF
2
i +λ1

 
n

∑
i=1

biFi�B

!
+λ2

 
n

∑
i=1

ciFi�C

!

+µ1

 
n

∑
j=1

d1 jFj �D1

!
+ : : :

+µn

 
n

∑
j=1

dn jFj �Dn

!
(17)

To determine the values ofλ1;λ2 the partial
derivatives for then forces are calculated:

Fs =�λ1
bs

2as
�λ2

cs

2as
�

n

∑
k=1

µk
dks

2as
(18)

for s= 1; : : : ;n

Inserting (18) into (11) and (12) leads to a 2x2
linear equation system with the parametersµk

still unknown. By applying Cramer’s rule [4] the
Lagrangian multipliers become:

λ1 =
�Ba22+Ca12

D
+

n

∑
k=1

µk
�Bka22+Cka12

D
(19)

λ2 =
�Ca11+Ba12

D
+

n

∑
k=1

µk
�Cka11+Bka12

D
(20)

with

Bk =
n

∑
s=1

bsdks

2as
Ck =

n

∑
s=1

csdks

2as
(21)

Inserting (19) and (20) into (18) an equation
forms that provides the optimum actuator forces

Fs:

Fs =
bs

2as

"
Ba22�Ca12

D
�

n

∑
k=1

µk
�Bka22+Cka12

D

#

+
cs

2as

"
Ca11�Ba12

D
�

n

∑
k=1

µk
�Cka11+Bka12

D

#

�
n

∑
k=1

µk
dks

2as

=

�
Ba22�Ca12

2asD
bs+

Ca11�Ba12

2asD
cs

�
| {z }

Ps

+
n

∑
k=1

µk

�
Bka22�Cka12

2asD
bs

+
Cka11�Ba12

2asD
cs�

dks

2as

�
(22)

! Fs = Ps+
n

∑
k=1

µk �Qsk (23)

The parametersµk are fixed by the inequality
conditions (13):

n

∑
s=1

dls

"
Ps+

n

∑
k=1

µkQsk

#
� Dl

n

∑
s=1

dlsPs| {z }
P̃l

+
n

∑
k=1

µk

"
n

∑
s=1

dlsQsk

#
| {z }

Q̃lk

� Dl

n

∑
k=1

µk � Q̃lk � Dl � P̃l (24)

for l = 1; : : : ;n

The inequality system is transformed into a linear
equation system by the following rule according
to the Karush-Kuhn-Tucker theorem:

If Dl � P̃l � 0 µl = 0 (25)

If Dl � P̃l > 0 RHS= Dl � P̃l (26)

The values ofµk are determined by a LU-
decomposition followed by a forward / backward
substitution. Inserting theµk into eq. (23) the val-
ues of the actuator forcesFs can be calculated.

Fig. 2 shows an actuator optimal contour with
ζ = 0:005 andξ = 0:7. The actual forces act-
ing on the functional structure (black bars) re-
sult from the superposition of the actuator forces
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(grey bar) and the inner forces caused by pre-
stress.
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Fig. 2 Actuator forces and bending line for a
SCB withζ = 0:005 andxi = 0:7 [17]

Furthermore, the comparison of the minimal
energy consumption criterion with other objec-
tive functions like the maximum force criterion
shows that there is only a slight difference in the
distribution of the forces between all objective
functions which utilise force terms by a power
of greater than 1. The resulting shapes turn out to
be quite similar as well.

3.2 Drag Reduction Potential of the Actua-
tor Optimum SCB

In this section it is shown that the low-
dimensional parametrisation technique described
above yields almost the same aerodynamic drag
reduction potential as a higher DOF polynomial
SCB shape. Two optimisations were performed
for a transonic DA VA2 airfoil atM = 0:765,
cl = 0:524 andRe= 1 �107 [17]. The optimised
polynomial bump of the basic parametrisation

z(x) =
11

∑
i=0

ai �xi (27)

with 8 DOF leads to an overall drag reduction of
15% while the actuator optimal SCB described
above yields 14% (Fig. 3).

These results confirm the assumption that the
aerodynamic optimisation towards drag reduc-
tion is not hampered by the additional considera-
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Fig. 3 Possible drag reductions for different
parametrisations, DA VA2 airfoil,M = 0:765,
cl = 0:524,Re= 1 �107

tion of constraints introduced by a potential actu-
ator system.

4 Proposed Structural Concept

In the considerations above the system is rep-
resented by idealised forces and bending lines.
In the real application the bending line must be
generated by available actuators and a kinematic
structure. Therefore, possible combinations were
compared [15]. In order to create a lightweight
system, a prestressed moonie kinematics in com-
bination with shape memory actuators was sug-
gested. The kinematics fulfils several tasks [6]:

- It provides a mechanical parallel support of
the functional structure

- It redirects the in-plane contraction to an
out-plane motion

- It transmits the motion of the actuator to an
extension of∆h=h > 100%

- It creates an elasticity for the unidirectional
actuators.

h 0

∆h

S h a p e  M e m o r y  A c t u a t o rS u p p o r t i n g  S t r u c t u r e

F u n c t i o n a l  S t r u c t u r e
F p r e s t r e s s

Fig. 4 Kinematics of the proposed system

The inner forces caused by the prestress of
the kinematics have the following effects [15]:

- The inner forces generate an offset force
which enhances unidirectional actuators to
apply negative forces on the functional
structure.
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- The active forces needed could be reduced
by a system with nonlinear stiffness.

The motion is generated by shape memory
actuators. They produce high stresses (up to
200N=mm2) in combination with relatively large
strains (up to 3:5%) and could be minimised to
the size needed. An actuation system with en-
hanced bandwidth and moderate currents could
be obtained by the use of a mechanical parallel
and electrical serial multi-actuator system [14].
In comparison to a single actuator element the in-
crease of the electrical resistivity of an actuator
element withn electrical serial sections is given
by:

Rn

R0
=

ρAnLn

ρA0L0
= n2 (28)

The increase in the dynamics can be calculated
by the dominating heat convection:

Qconv= α �A � (ϑ∞�ϑactuator) (29)

The characteristic heat transfer ratioα can be
calculated by similarity considerations using the
Nusselt ratio [21]. An approximation of the
heat transfer ratioα depending on the number of
mechanical parallel sections and the bandwidth
gained is described by:

α = 0:167�λ
�

Pr(ϑAktor�ϑ)
ν2da

�1=4

(30)

The evaluation of eqs. (29) and (30) with mean
values forλ, Pr andν leads to a dependency as
shown in Fig. 5. The parallel actuator element,
used for the experimental realisation consists of
n= 10 wires of a diameter of 0:38mm which re-
sults in a resistance of 9:4Ω and a bandwidth of
about 0:3Hz.

The sensor information of the demonstrator is
gained by absolute and relative position sensors
along with force sensors located at each actuator
(see Fig. 6).

5 Control Concept

To generate a controlled shape adaptation accord-
ing to the desired values, the actuatorsGP have
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Fig. 5 Improvement of a multi-actuator system
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Fig. 6 Proposed sensor systems

to be heated in a closed control loop. One spe-
cial aspect of using solid state actuators work-
ing in parallel which also have a load carrying
function is that the control device has to consider
structural issues additionally. Therefore, astruc-
ture sensitivecontroller was developed which is
divided inn inner SISO single Actuator Control
Loops (GACL;i) and an outer MIMO Sensor Con-
trol Loop (GSCL) [12]. The structure of the con-
trol concept is depicted in Fig. 7. For the sake of
simplicity the Laplace variables is omitted in the
block diagrams.

G S C L G A C L , i G P

G S e n s 1 , i

G S e n s 2 , i

F i

u i

v d e s

A C L , iS C L

Fig. 7 Block diagram of the Control

The ACL works on the basis of the directly
measured actuator forcesGSens1;i and is imple-
mented by robust PI-controllers with the follow-
ing transfer function:

GACL;i = Kp

�
1+

1
Tn �s

�
(31)

One issue of shape memory actuators is the
long dead time at the beginning of the phase
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transformation. Therefore an Anti-Windup-
Algorithm has to be implemented:

Tn! ∞ if ν̇des 6= 0 (32)

Furthermore, the stress on the structure and ac-
tuators can be reduced by limiting the maximum
contraction ratėε for the stress induced marten-
site generation (eq. (33)) and an adaptation of the
control parameters if the structure overshoots its
desired shape (34):

Kp! 0 if ε̇� ε̇max (33)

Tn! 0 if ui > ui;des (34)

The main task of the SCL controller is to reg-
ulate the exact shape and concurrently the opti-
mal distribution of the actuator forcesFi . The ob-
jective function used will be namedGOF and is a
general term ofui andFi :

GOF= f (ui;Fi) (35)

For the further discussion of the SCL the vari-
ablesGACL, GP and GSens1 will be merged to
HACL:

HACL;i =
GACL;i �GP

1+GACL;i �GP �GSens1;i
(36)

The calculation of the global maximum given by
(1) from the local displacements of the actuators
u is done by means of the transformationTuν:

ν = Tuνu (37)

A closed solution ofTuν can be implemented by
a normalised polynomial approximation(xi�1 =
�1;xi = 0;xi+1 = 1).

ξ =
ui�1�ui+1

2(ui�1�2ui +ui+1)
(38)

ζ =�
u2

i�1+16u2
i +u2

i+1�8ui�1ui

8(ui�1�2ui +ui+1)

�
�2ui�1ui+1�8uiui+1

8(ui�1�2ui +ui+1)
(39)

The SCL can be implemented as an online or of-
fline optimisation controller:

The offline optimisationcontrol uses pre-
calculated values of a model of the structure.
With the model of eq. (2) and the objective func-
tion described by eq. (23) the optimal forces of
the actuation system for a given shape are pre-
determined and stored in a lookup tableTν f . In
order to eliminate deviations caused by external
forces and deviations of the model the input val-
ues of the transformationTν f will be adjusted by
the PI control algorithmGOpt.

T v f

v d e s

G O p t

H A C L

G S e n s 2 , i

F

uv a c t T u v

Fig. 8 Block diagram of the off-line SCL-
controller

The advantages of the offline SCL-Controller
are higher adjustable control parameters and the
greater robustness against errors. However, the
individual forces Fi show a greater deviation
compared to the theoretical optimum.

The online optimisationcontrol needs no
model of the plant since in every time step the
forces will be adjusted due to the input of the PI
control algorithmGOpt which has the input of the
weighted signal from the deviation ofν according
to eq. (37) with gainKν and the signal from the
objective functionGOF with gainKO. Since there
is a strong mechanical coupling between the sin-
gle actuation systems, they will adapt their height
due to the exact maximum position by the upper
branch of the weighting function (Kν;i) and try to
optimise their force due to the lower branch (KO).
Fig. 9 illustrates the concept of the controller.

G O F

v d e s

K O

K v , i G O p t H A C L

G S e n s 2 , i

F

uv a c t
T u v

Fig. 9 Block diagram of the online SCL-
controller

The online optimisation has the benefit of a
very precise adaptation of the forces because no
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model of the structure is used but on the other
hand only lower control parameters are possible.

6 Demonstrator of an Adaptive Spoiler

The proposed combined design and control con-
cept was tested in a model of an adaptive spoiler
which is manufactured as a sandwich structure
with integrated moonie kinematics actuated by
shape memory actuators. The bottom side is de-
picted in Fig. 10. The sensors used are absolute
position and force sensors in the mounting of the
actuator elements.

A c t u a t o r

A b s o l u t e  P o s i t i o n
S e n s o r

H o n e y c o m b
S t r u c t u r e

A c t u a t o r  M o u n t i n g
w i t h  I n t e g r a t e d
F o r c e  S e n s o r

P o w e r  S u p p l y
o f  t h e  A c t u a t o r s

Fig. 10 Model of an adaptive spoiler

For the experimental comparison of the con-
trol structures Fig. 11 shows the measured actu-
ator forces for a SCB shape with position con-
trolled ACLs according to the force optimised
position values. Actuator 2 has obviously the
lowest dead time and applies a great force to gen-
erate the bump. After a while the remaining actu-
ators follow which results in a better distribution
of the load. However, an optimal distribution of
the forces is not achieved due to manufacturing
inaccuracies and external forces even if the opti-
mal shape is gained.
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Fig. 11 Actuator forces without force control

The applied force control with force optimi-
sation in centred position is shown in Fig. 12.
During every time step the force of each actuator
is adapted according to a maximum force crite-
rion through the inner branchGOF of Fig. 9. In
the shown centre position all actuator forces fea-
ture the same value.
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Fig. 12 Actuator forces with force control

The comparison of the bending lines of both
controls show no visible difference. This means
that the effect on the bending lines caused by un-
evenly distributed forces are so small that it can
not be detected by position sensors.

7 Conclusion

In this paper, a new design approach for an
adaptive SCB was introduced which considers
both aerodynamic and structural requirements
and leads to systems with minimised actuator
forces and deformation energy. By means of
analytical optimisation this approach inherently
produces an actuator optimal SCB contour for a
given height and position of the SCB maximum.

With the application of a numerical optimisa-
tion scheme it was shown that the drag reduction
potential of a SCB is not hampered by the intro-
duction of the proposed basic shape parametrisa-
tion. The possible drag reduction is comparable
to that of a higher order polynomial contour ap-
proach.

A structural concept for an adaptive spoiler
was developed which utilises a moonie actuation
system in combination with shape memory al-
loys. A "structural sensitive" controller was de-
veloped which consists of a sensor control loop
for exact position control and cascaded actuator
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control loops for the even distribution of the ac-
tuator forces. To prove the proposed concepts a
small scale demonstrator was built. This adap-
tive SCB showed the desirable geometric accu-
racy and a great robustness against external dis-
turbances. The actuator forces are only moderate
so that long term durability of the actuators can
be anticipated.
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