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Abgtract :
ghility of improvement of arcraft rolling power isinvestigated. The difference between the modd with
aleron deflection and the mode without aileron (fictitious control surface, FCS is studied. The andyti-
cd results show that these two cases are substantial different.

Pezodectric actuators are distributed on both sde of a rectangular wing modd ,and the pos

In aleron deflection case, the aerodagtic
efect is disadvantageous, o the structura iff ness should be high until the eectrical voltage is not nec
essary. But in the caze of FCS,the aerodagtic efect is advantageous and it means that lower structural
gtiff ness can lead to lower voltage. Compared with aileron project , the FCS project can save structure
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Traditionaly , a pilot provides a rolling mer
neuver for turning of the arcraft with an aleron
system by rotation of trailing edge control surfaces
on the right and left wing in a differential sense.
The aleron system increases the lift on one wing
and decreaseslift on the opposte wing, resultingin
a rolling moment producing the rolling maneuver.
However, if the arcraft is operating at high dy-
namic pressures where the deformation of the wing
is ggnificant , the roll rate is reduced until aileron
reversa occurs. The agpplication of piezoelectric ac
tuator may provide a novel method for the rolling
maneuver. N.S. Knot, F. E. Eastep, D. E. Veey
etc. published a seriesof papers about the improve-
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(Fctitious Control Surface)

1 V212.12 A

ment of arcraft roll power by usng piezoelectric
actuators as the struts of the ribs of a wing!*®!,
and the fictitious control surface (FCS) technique,
usng eagic wing twist and camber to achieve a
gecified roll rate at al dynamic pressure, was put
forward. In the present investigation the piezoelec-
tric actuatorsare distributed on both sdesof a rect-
angular wing mode for the sake of not only de-
forming the mode , but < undertaking the aero-
dynamic load. The difference between the tradi-
tiona aileron system and the FCSis studied under a
seriesof mode «iff nesses and dynamic pressures.

1 Modd

Asshownin Fig. 1, arectangular wing mode
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with agect ratio 4.0 is used. The modd is comr
posed of a number of rectangular aerodynamic pan-
els. The aerodynamic load of each pand is located
at 1/ 4 chord point at mickgpan of the pand (pres
sure point) and boundary condition isfulfilled at 3/
4 chord point at mic-an of the pand (downwash
point) .

Structuraly, the moded is a plate with equal
thickness, and piezoelectric plates are bounded on
both ddes. The sructure coordinate is condstent
with the aerodynamic coordinate. Finite element
model shown in Fig. 2 is constructed by bending
plate eement with 4 nodes and 5 degree of freedom
for each node. The gray area represents aileron.
The digtribution of piezodectric plates is cond stent
with that of aerodynamic panels, as shown in
Fig. 2.
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Fg.1 Aerodynamic pandsof the wing model
FE

Agrodynamic panel
actuator

Aileron

FHg.2 Fnite dement mode of the wing model

The materia of wing modd isL Y12CZ whose
dastic modulus E, =70GPa, Poison sratiod m =
0.3, mass dendty p ,» = 2700kg/ m®. The parame-
tersof piezoeectric actuator used are E, = 70GPa,
M, =0.3,0, = 7000kg/ m* , piezoelectric constant
da; = dspis250x10° m/ V.

2 Static Aerodastic Equation

The governing equationsof static aerodladticity
are asfollows:

Of =0g+0g+0y (1)
ar = (1 - g@,A) *@g+0ay) (2)
B = RA(l - q@,A) "(Oo+0ay) (3

whered isthe column vector of angle of attack of
each aerodynamic pand. Subscript 0,e and V de
note initia , elastic deformation and electric voltage
of actuator , repectively. q=pov¥ 2 is the dy-
namic pressure, Po is the densty of air, v isthe
velocity of airflow. Gis the flexibility matrix ,and
Cij o, donates the streamrwise angle at downwash
point of the i-th aerodynamic panel due to vertica
load at pressure point of the j-th aerodynamic pan-
d. A isthe matrix of aerodynamic force. Aj; de
notes the lift divided by g on the i-th pand due to
unit angle of attack at the j-th pand. R isa row
vector. By setting R =1, X, Y, the lift and the
aerodynamic moment about y axisor x axiscan be
obtained. I, X, Y represent a row vector of unit,
x ooordinate and y coordinate of pressure point ,
regectively.

Aerodynamic force is calculated by horseshoe
vortex lattice method'®,

3 Angleof Attack a

Angle of attack o induced by piezodectric
force due to voltage is expressed as:
oy :afG)MXMx"' QMVMJV (4)
where Gy and @My are another flexibility matri-
ces. Cijpm and Cj oM, denote streanrwise angle of
the i-th downwash point due to unit moment about
x and y axes gpplied at the j-th node of the actuar
tors. V isthe column vector of gpplied voltage.
For the i-th par piezoeectric actuators, as
shownin Fig. 2, the moments due to unit-applied

voltage are:
My = d32 1 - u - a(tm + tp) (5&)
My = C|3]_ 1 - u o b(tm + tp) (5b)

where E, and U, are elastic modulus and Poison’ s
ratio of piezodectric actuator regectively. ty, and
t, are thickness of the basc plate and actuator re-

soectively. a and b are length and width of actua
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tor regectively. M, and M, are gpplied to the
nodes of the actuator as shown in Fig. 3. Asin
Fig.1l, each nodeisreated to 1,2, or 4 actuators,
D matrices M, and M, are congtituted by M, and
M, of the related actuators.

4 Rolling Power

The rolling rate pis defined by

p= MJ My p=1 (6)
where M, denotes the rolling moment due to defor-
mation caused by piezodectric actuator (O from
Eq. (4)) and deflection of aleron (0o =[03]").
M. p=1 denotes the rolling moment due to damping
when p=1 (0y=y/ v 0y =0). The rolling pow-
er isinvestigated at power Mach number 0. 8 under
different thicknesses of structura plate tm, and the
different dynamic pressures.

a

1 1 1 1
M, M, oM,

Fig.3 Actuator and rdated structure

5 Optimization of Voltage Distribution

Blectrica voltage applied to each actuator is
used as desgn variable. The consumed eectric
power is used as ohjective function and should be
expresed as

W = Ni:‘;CJVJ“ Ni:AZ‘.
i=1

e

(My Byi + My By 1)V, (7)
where ¢ is the capacitance of the actuator. N de-
notes the number of actuators. M,; ;and My ; are
the moments about x axis and y axis goplied on

the i-th node of the j-th actuator under unit volt-
age, repectively. 85 and6}; are the angles of de-
flection correponding to My and My;. The first
item at the right Sde of Eq. (7) representsthe en
ergy deposted in actuators, and the second item
represents mechanical work done by voltage ap-
plied. The ratio of the second item to W is K?,
named mechanica-electrica coupling constant of
piezoelectric actuators. In genera , under a fixed
work mode the parameter K can be assumed as a
congtant. In the present investigation, Eq. (8) is
used as objective function instead of Eq. (7) ,

N
W' - 21_12- CJV? (8)
i=

The congtraints are taken as the prescribed
rolling rate and the maximum val ue of goplied volt-
age. Optimization is conducted by useable feasble
direction method™. Sendtivities o M,/ aV; and
dp/ dV;are obtained by anaytical way which can
be obtained from Eqg. (3) and Eq. (6) . Typica re
sultsof dp/ 0V are shown in Fig. 4. Setting p =
60(°)/ s, the typica result of optimal voltage dis

tribution is shown in Fig. 5.
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6 Results and Discusson

First , for different thickness modds, the cal-
culation curves of the divergence dynamic pressure
and aileron reverse dynamic pressure are shown in

Fig. 6.
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FHg.6 The divergence and aileron reverse dynamic

pressure versus thickness

Second , the control power (voltage) for the
same rolling rate in the cases of aleron defiection
and FCSis examined. Seiting Mach number 0.8,
dynamic pressure 45315Pa, and rolling rate p =
60°/s per 1° of aleron deflection, the differences
between the modd with aileron deflection and FCS
are studied. The thickness of modd is taken more
than to = 3. 35mm to avoid divergence. Different
models require different quanties of control energy
to reach the same rolling rate. The cdculation re-
sults of control energy versus thicknessof the mod
el are shownin Fg.7 in which curve 1 correponds
to aleron deflection and curve 2 corregponds to
FCS. The power W' is normaized by maximum
value corregponding to to = 3. 35mm aileron deflec
tion 1°. Being normalized by to, the thickness of
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Fg.7 The control energy versus thickness of modd

model is named tpm. It can be sen that two
curves are substantial different. When the thick-
ness tromis 1. 37 in the aileron deflection case, the
rolling rate requirement could be satified without
eectric voltage. When the thickness of modd de-
creaes, the rolling rate requirement can not be sat-
idied because of the aerodastic efect , © the dec
tric voltage must be applied and the control energy
will increase. But for FCS, the control energy will
increase with the increase of the thickness of mod-
€. Inother words, in the aleron deflection case,
aerodagtic éfect is disadvantageous, 9 the struc
tura siff ness should be higher until the eectrica
voltage is not necessary. But in the case of FCS,
the aeroelagtic efect is advantageous, and it means
that when the plate thickness decreases the mode
iseasy to be dformed by lower voltage. Compar-
ing to the model with aileron deflection without
voltage, the FCS mode can reach the same rolling
rate with lower structura siffness. In case of the
same lower thickness, the FCS needs lower electri-
ca voltage.

Third, the thicknessof model istaken as4mm
(trom=1.19) , and the Mach number is 0.8, the
rolling ratesof different cases are calculated under a
seriesof dynamic pressures. The results are shown
in Fig.8. Curve 1 correponds to aleron deflection
1° and without eectric voltage. When dynamic
pressure increases, the rolling rate decreases until
aileron reversal occurs.

Curve 2 correponds to the same aileron de
flection but with a fixed voltage digtribution as
shownin Fig.5. The curve is amilar to curve 1,
except that the rolling rate is higher.
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Fig.8 The rolling rate versus dynamic pressure
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Curve 3 is the result of FCS in which the
mode is deformed by the same fixed voltage with
Curve 2. Curve 3 shows subgtantia difference from
curve land 2, i. e. ,the rolling rate increases with
the increase of dynamic pressure.

In the region of low dynamic pressure, the
project with aileron deflecting without voltage can
reach higher rolling rate. But for higher dynamic
pressure the project of FCS can reach the required
rolling rate with lower gructure giffness. The
cross pointsof curves 1,3 and 2,3 depend upon the
structura giffness. The cross moves left with
smaller tpmand moves right with larger toom.

7 Ground Test Verification

The reliability of the previous caculated re
sults depends upon the accuracy of the calculation
of the flexibility matrices Cijpm and Ci,-,eMy. S
the ground test verification are conducted. Some
beams and plates with actuators are used to exanr
ine the badc characterigticsof actuatorsand the re-
sultsof test and calculation are compared.

Because of the low giff nessof mode , the laser
measurement is taken to avoid adding iff ness.
The digplacement precison of the laser equipment
is nearly 10nm.

Firgt , the linearity of actuating effect is stud-
ied. A serid of voltages are gpplied at a selected ac-
tuator, which thickness is about 0. 3mm and the
deflections of auminum plate are recorded. The
applied voltage varies from - 300V to + 700V.
The results with three actuators at different locar
tions are shownin Fig.9. When postive voltageis
applied, the linear region of gpplied voltage can
reach 500V . If the voltage isover 500V , the depo-
larization will present and the actuating capability
of PZT dropsrapidy. The same dtuation would be
presented when negative voltage is applied , but the
voltage can only reach - 150V. The maximum dif-
ference between voltage increasng and decreasng
loop isabout 10 %. For a gtatic dtuationinthein
vegtigation of rolling power , the loop efect is not
important. An gpproximate linear relationship be-
tween diglacement and voltage can be assumed in

the range of gpplied voltage.
12 , |

lacement/(10*pum)

Voltage/(10*V)

Fg.9 The deflection versus goplied voltage

Second, The caculated results are compared
with the experimented results. The voltage is ap-
plied on certain actuators at different location and
the deflections are measured at several points. The
corregponding calculation is done and the compari-
2on of calculated and experimented resultsis shown
in Fgs.10,11. In Fig. 10 the voltage is applied to
actuator at root chord of the modd , andin Fig. 11
at tip of modd. Figs.9,10 shows that both the
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tendency and the quantity of calculations are coin-
cided with those of experiments. The deformation
obtained from experiment is smoother than that of
caculation. That maybe due to the fact that the
concentrated load is employed in calculation.

8 Concluding Remarks

Piezoelectric actuators are distributed on both
sdes of a rectangular wing model. Posshility of
improvement of aircraft rolling power isinvestigat-
ed. The difference between the cases with aleron
deflection and the FCS is studied under a series of
model giff nesses and dynamic pressures. The anal-
yds results show that these two projects are sub-
gantia different.

(1) In the aileron deflection case ,the aeroelas
tic effect is disadvantageous, 2 the structura iff-
ness should be higher until the dectrical voltage is
not necessary. But as in the cae of FCS, the
aeroelagtic efect is advantageous, it means that
when the plate thickness decreases the modd is
easy to be deformed.

(2) In low dynamic pressure environment , the
project with aleron deflection can reach higher
rolling rate without voltage. But in the high dy-
namic pressure case where the deformation of the
wing is dgnificant , the project of FCS can reach
higher rolling moment with the same voltage distri-
bution.

(3) Ground experiment shows that the linear
relationship between deflection and gpplied voltage ,
and the regularity and quantity of calculations coin-

cide with experiment results.
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