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Flight at high angle-of-attack conditions, which range beyond wing stall, has numerous advantages for mission
performance; however, that ight regime is often affected by adverse behaviors. A particularly notable behavior is
associated with uncommanded oscillations primarily about the roll axis and is known as wing rock. This paper
investigates wing rock for a small, propeller-powered aerobatic unmanned aerial vehicle with a high degree of
vertical symmetry own at high angle-of-attack conditions. Most importantly, the investigation characterizes the
nature of wing rock as a function of size and conguration of the vertical tail. The ight data indicate that wing rockis
dependent on the conguration but not on the size of the vertical tail: wing rock oscillations are present for upright
butnotinverted regardless of vertical tail size. Furthermore, a time-frequency analysis indicates that the wing rock is
actually a narrowband phenomenon for which the central frequency varies with time.

. Introduction has led to the belief that the wing rock phenomenon is a limit cycle
oscillation (LCO) caused either by the loss of dynamic roll damping
at high angles-of-attack [6,7] or an aerodynamic hysteresis that
generates the springlike forces required to drive the LG00[S

_ The presence of sideslip has been shown to have an effect on wing
rock at high angles-of-attack, both as a cause and mitigator [9,11,12].
Additionally, quite a few studies have found the uncommanded wing
rock phenomenon to be somewhat unpredictable, both in magnitude
and periodicity [11,1-316].

Some research has determined the phenomenon to be caused by
vortices from the leading edges of the wings [3,17,18], whereas other
research has determined it to be caused either largely or entirely by
vortices generated from slender forebodies impinging upon down-

ANY aspects of mission performance are dramatically
affected by the angle-of-attack conditions at which an aircraft
can operate. In particular, high angle-of-attack conditions in which
the aircraft operates beyond wing stall can provide unique charac
teristics. Such conditions include straight-and-I8igit at constant
altitude; however, some loss of altitude is also common for various
platforms and angle-of-attack conditions. Aircraft typically require a
somewhat higher thrust-to-weight ratio, lower wing loading, and
larger control surface €lections to perform sustained high angle-of-
attack maneuvers as compared to conventitight requirements.
The signficantly reduced airspeed resulting from high angle-of-

attack conditions is a primary bditeUrban operations are espe- : . X
cially impacted by airspeed. Low airspeeds can enable sensingl'eam airframe components such as the vertical tail [15:23]9

missions that want exposure to targets that are in close proximity and ‘dditional research extended théselings to analyze wing rock ona
thus quickly leave théield of view. Low airspeed coupled with a  Venicle with and without a vertical tail [24]. . _

steep descent can enable maneuvers such as perching, sensor place "€ iSsue of attitude is well known to have afiuence on wing
ment, or landing in cdined areas without safiting ingress and |0k for aerobatic aircraft in high angle-of-attdisight used by the
egress speeds [1]. Another bficiel application of high angle-of- 0Py remote-control (RC) community. In particular, itis well known
attackflight could be for rapid deceleration. that many aerobatic aircraft on an RC scale exhibit pronounced wing

High angle-of-attacKlight could also provide greater obstacle '0CK when upright as compared to inverted. Such aircraft are
avoidance capabilities wheitying in urban terrain because the relatively symmetric such that the vertical tail is the main source of
turning radius in high angle-of-attadkght is greatly reduced as ~ 9eometric difference between upright and inverted. As such, the
compared to that of conventional forwatight. Sensing capabil- vertical tail is potentially a sigficant contributor to wing rock for this
ities could also be enhanced through the L.lse of sensor pointin lass of aircraft. The actual effect of the vertical tail seems to be related

; ; ; ; ; ; 0 attitude, with upright and inverted having different levels of wing
\év::ggrgtlj%.complexny and weight of morphing aircraft or gimbaled rock along with different values for the ctiefent of yaw moment

Flight at high angle-of-attack conditions has clear Btme with respect to the angle of sideslip, knowm};@, and a different
however, it often exhibits sigfitant wing rock. This phenomenonis  interaction of that vertical tail with any vortices shed off the wing or
described as uncommanded self-induced oscillations primarily aboufuselage. _ _ L _
the bodyfixed roll axis. Some research has indicated that, although This study investigates the effect of vertical tail size andigon
dominated by roll motions, the uncommanded wing rock may uration on wing rock at high angles-of-attack using time- and
actually be a lightly damped dutch roll motior-£3. frequency-domain analysis techniques. Thefigoration of the

The source of the uncommanded wing rock is not completely
known and seems to vary by aircraft figaration. Some research
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aircraft studied is an unswept tapered wing and conventional
horizontal tail, which is a common cliguration for aircraft of many
sizes. This caliguration is potentially subject to several sources of
wing rock, including aerodynamic hysteresis and slender forebody
vortices impinging on downstream components. The relationship
betweenverticaltail size and dayuration and wing rock is examined
based on interpreting inertial data frdlight testing. The sensors
generating such inertial data do not providdisigint detail about the
aerodynamics to fully characterize flwv and, thus, the mechanism
causing wing rock; however, the data allow for a parametrization that
indicates the effect of the vertical tail on wing rock and provides

Table 1 Mini ShowTime speci cations

Parameter Value
Wingspan 1090 mm
Length 1065 mm
Wing area 26.7 dnv
Flying weight 820¢g
Wing loading 30.7-31.8 g/dn?
Flight speed 0-20 nys

Table 2 Vertical tail speci cations

Tail Height, mm  Areagnm? v,

Smaller 64.86 90.67 0.01846
Small 90.90 125.22  0.02549
Normal 115.29 162.10 0.03303
Big 140.51 201.70  0.04107

Bigger  165.91 241.73  0.04920

JOHNSON AND LIND

These results are achievediyyng both upright and inverted with
varying sizes of vertical tail; however, the symmetry of the aircraft,
resulting from issues such as lack of geometric dihedral or incidence
angles for wings or thrust, eliminates the effect of many contributors
that are typically associated with wing rock. As such, ftight
parameters, such as angle-of-attack, are identical whether upright or
inverted so that the only notable difference is thdigonation of the
vertical tail.

Il.  Experimental Testbed
A. Aircraft

The wing rock characteristics of the Mini ShowTime are studied in
a high angle-of-attack condition. This electric-powered aircraft,
shown in Fig._1, is a commercially available off-the-shelf platform
that is commonly used by the RC community.

This aircraft is constructed from a lightweight balsa wood
structure that allows a low wing loading and high thrust-to-weight

motivation for further studies using advanced measurements of
aerodynamics in awind tunnel.

This study makes several contributions to the community that

supplements previous research. First, it is determined through time-

frequency analysis that wing rock with this &igaration is a
narrow frequency band phenomenon, but with frequency variations
in time. Second, wing rock magnitude and frequency do not depend
on the size of the vertical tail. Third, wing rock is essentially
eliminated when cdigured with a lower vertical tail of any size due

to either the presence of the lower vertical tail or the absence of the

upper vertical tail.

Fig. 3 Interchangeable vertical tail mounted on fuselage.
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Fig. 2 Vertical tails: a) drawing, and b) actual.
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Fig. 8 Power spectral density in upright conguration: a) roll rate, and b) aileron de ection. Smaller tail: dashed line, small tail: dotted-dashed line,
normal tail: line, big tail: dotted line, bigger tail: dashed line with x.
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Fig. 9 Wavelet transforms of roll rate in upright con guration: a) smaller tail, b) small tail, ¢) normal tail, d) big tail, and e) bigger tail.

__ 10 — 10 —~ 10
2 6 3 6 3 6
B g g
= = = 4
>
g 3 2 2 3
[0} (4} Q
=3 2.5 =3 2.5 3 2.5|
o o <
L 2 o 2 - 2
0 20 40 60 80 0 20 40 60 80 100 0O 10 20 30 40 50 60 70
Time (s) Time (s) Time (s)
a) b) c)
~ 10 —
(2] [
T 6 3
< g
= 4 >
2 3 2
S 25 g
o = o
1< o
L 2 (TR
0 20 40 60 80 100 0O 20 40 60 80 100 120 140 160
Time (s) Time (s)
d) €)

Fig. 10 Wavelet transforms of aileron deection in upright con guration: a) smaller tail, b) small tail, ) normal tail, d) big tail, and e) bigger tail.
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Fig. 11 Time responses in inverted corguration: a) smaller tail, b) small tail, c) normal tail, d) big tail, and e) bigger tail, where the roll rate is denoted
with a thin line and the aileron de ection is denoted with a thick line.

in rudder trim existed between upright and inverted due to the largebody-axis roll rate measured during these tests is shown in Fig. 7
yaw moment fronp factor in high angle-of-attadkght. Eaclflight along with the associated ailerorfldetions. The aileron dlection
consisted of establishing the aircraft in either upright or inverted highis dramatically smaller than the roll rate. Clearly the roll rate shows
angle-of-attacklight to determine approximate trim conditions. A some amount of periodicity among all the tails; consequently, wing
minimum offive straight, horizontal passes in high angle-of-attack rock appears for any size of these tails. Also, the magnitude of the roll
flightwere performed with each tail dauration. An assistantwitha  rate shows variation during the response; however, this magnitude is
stopwatch recorded the times at which each pass began and endedctually somewhat consistent despite variations in the tail size.
After eachflight, the data from the FDR was downloaded to a  The uncertainty in the gyro sensor has minim#uence on the
computer and the FDRmemory was cleared. important trends observed in the data. The noise is very small

Multiple passes with each tail size were performed and later compared to the magnitude of the roll rates. The drift rate has very
condensed into individual data sets consisting of all the valid data forlittle impact on the periodic trend, which is analyzed in this study,
each tail and cdiguration. This approach was taken to create a larger although it could impact other uses of the sensor such as attitude
data set to minimize the fluence from external disturbances. estimation.
Additionally, this approach decreases the impact on the analysis A previous study with the same aircraft and avionics determined
results if a single run is performed at a slightly different condition a model of the roll rate due to aileronfidetion while in the same
than intended. upright flight condition of an angle of attack of approximately
45 deg. The model was based on aileron doublets of various sizes,
. found to be fairly linear, and indicated that the lateral dynamics are

IV. Wing Rock dominated by a typical mode of roll convergence. This model was

A.  Upright Tail then applied to segments of steady high angle-of-atthghkt

A series offlight tests were performed with the airplane in a similar to those used in this study to remove the commanded roll
standard cdiiguration with the vertical tail pointed upright. The rates from the data and extract the uncommanded roll rates.
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Fig. 12 Power spectral density in inverted corguration: a) roll rate, and b) aileron de ection. Smaller tail: dashed line, small tail: dotted-dashed line,
normal tail: line, big tail: dotted line, bigger tail: dashed line with x.
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Fig. 13 Wavelet transforms of roll rate in inverted con guration: a) smaller tail, b) small tail, c) normal tail, d) big tail, and e) bigger tail.

Removal of these small commanded roll rates did notfgignily The frequency-domain representations shown in_Fig. 8 show that a
alter the frequency content or magnitude of the measured roll ratespike in energy between 2 afdad/sis present in the roll rate but
[27]. Therefore, it can be assumed that the aileron commands innot the aileron déection for all sizes of tafflown in the upright
these runs do not sidigantly alter the nature of the measured roll  attitude, indicating that wing rock present in that frequency range is
rate either, as the tefights were performed nearly identically and not being induced by the aileron inputs.
the data exhibit similar traits. A time-frequency representation is computed for the roll rate to
A frequency-domain representation of the roll rates and aileroninvestigate the temporal nature of any instantaneous frequenciesinthe
deflections from Fig. 7 is computed and shown in Fig. 8 using a wingrock. These representations are shown in Fig. 9 as computed by
power spectral density (PSD). The roll rate shows a consistentwavelettransformsusingaMorletwavelet[28,29]. Thelightershaded
amount of energy arourirad/s, which correlates to the consistent  regions indicate little-to-no correlation, whereas the darker shaded
magnitude observed in the time-domain responses. Also, this peak imegions indicate a higher correlation. The wing rock is evident from
energy is actually somewhat broad for every tail and ranges fromthe high correlations shown arouddad/s; however, this repre-
approximately 2 t@ rad/s, indicating the wing rock is a broadband  sentation is notably different than the frequency-domain character-
phenomenon. The aileron respondkerts the self-induced nature of  ization in Fig. 8. The wing rock is shown to actually have a narrow
the wing rock because there is no peak in energy introduced by theéband of energy when localized in time using Fig. 9. The broadband
aileron aroundt rad/s. Rudder déection is found to be primarily nature observed in Fig. 8 results from the variations observedin Fig. 9
low frequency and indicates no correlation to roll rate Aeaid/s in the central frequency of that narrow band.
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Fig. 14 Wauvelet transforms of aileron deection in inverted con guration: a) smaller tail, b) small tail, c) normal tail, d) big tail, and e) bigger tail.
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