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Current autonomous parafoil and payload aircraft are controlled by deflection of the canopy trailing edge.

Asymmetric trailing edge deflection results in a turn, symmetric deflection results in a change in speed with little

change in glide slope. The inability to control glide slopewith these traditional canopy controlmechanisms is severely

detrimental to the landing accuracy of parafoil and payload aircraft, especially when turbulent atmospheric

conditions or difficult terrain are present near the landing area. An alternative canopy control mechanism is

investigated where internal air is vented through the upper surface of the canopy to create an aerodynamic spoiler.

Flight-test results for various configurations of the spoiler concept are presented. It is shown that a dramatic change

in glide slope can be generatedwith relatively small spoiler actuations. Furthermore, it is shown that the same lateral

control authority availablewith trailing edge brakes can be achievedwith asymmetric actuation of the upper-surface

spoilers.

I. Introduction

A IRDROP systems offer the unique capability of delivering large
payloads to undeveloped and inaccessible locations. Tradi-

tionally, these systems have been unguided and, consequently, either
a large landing zone is required or a high probability of losing
individual payloads must be accepted. Autonomous-guided airdrop
systems based on steerable, ram-air parafoils were developed with
the goal of improving the precision and accuracy of air-dropped
payload delivery. These systems use trailing edge (TE) brake
deflection for control [1–9]. Differential brake deflection produces
lateral control. Symmetric brake deflection predominantly causes a
reduction in flight speed with small changes in the glide slope until
stall. Typical flight control laws for guided parafoil systems use only
lateral control and achieve a limited degree of glide slope control
using an altitude-dump maneuver in the form of a series of S-turns.
This method of terminal guidance is susceptible to atmospheric gusts
and surface conditions at the target area and can induce significant
errors in the final landing position. Numerous researchers have
developed parafoil control schemes using right and left brakes as the
control mechanism. The algorithms have become steadily more
sophisticated and have achieved better accuracy. However, with the
current TE deflection control paradigm, it appears that a point of
diminishing return is being reached in terms of landing accuracy.

The addition of glide slope control has been shown to be a powerful
means to increase landing accuracy. Slegers et al. [10] demonstrated
effective glide slope control by dynamically varying the canopy
incidence angle and estimated a factor of three improvements in
landing accuracy in simulation. Thiswas accomplished by varying the
length of the leading edge (LE) risers in concert with the TE brakes,
thereby, rotating the canopy longitudinally and controlling the trim
angle of attack directly in flight. Another means for achieving glide
slope control common to fixed-wing aircraft is the activation of
spoilers on the upper surface of a wing. Sailplanes have traditionally
used this control mechanism for altering speed and glide slope on
landing approach [11]. In the 1960s, spoiler deviceswere incorporated

on powered aircraft for direct lift control. Kohlman and Brainerd [12]
demonstrated the benefits of usingupper-surface aerodynamic spoilers
for glide path control on light aircraft.

The research reported in this paper examines an entirely new
mechanism for control of ram-air parafoil canopies based on the idea
of using upper-surface spoilers as both glide slope and turn rate
controlmechanisms. Rather than attempt to incorporate amechanical
flap into the canopy, ram air is vented through slits in the upper
surface to create an effective aerodynamic spoiler. The ability of the
upper-surface-slit spoiler to generate glide slope change and provide
turn rate control is examined via a flight-test program using a small
powered parafoil and payload system. A parametric study of the
construction geometry, size, and location of the upper-surface
spoilers is given to provide a set of design guidelines for the
incorporation of this new controlmechanism in parafoil systems. The
paper begins with a detailed description of the control mechanism,
which is followed by a description of flight hardware and flight
operation. Next, the data processing of flight measurements is
discussed. Finally, flight-test results for glide slope control and turn
rate control are presented for a variety of spoiler configurations.

II. Upper-Surface Canopy Spoiler Concept

A schematic of the upper-surface spoiler concept is shown in
Fig. 1. On the top surface of the canopy, a spanwise slit is introduced
across a number of cells in the center section of the wing. The slit
location was determined using computational fluid dynamics
simulations as a guide and corresponds to the minimum pressure
point on the upper surface. All the cells that contain a slit have a
control line attached to the LE side of the slit. These lines pass
through the bottom surface before joining and connecting to a single
winch servo. When the winch servo actuates the control line, the
material ahead of the slit is deflected downward. The remainder of the
cell on the TE side of the slit remains unperturbed, due to the internal
pressure of the canopy. This causes an airflow bubble on the upper
surface, which distorts the airflow, much like conventional aircraft
spoilers except that this slit spoiler configuration uses vented ram air
as a spoiler rather than a mechanical flap. When the slit is not
actuated, the spanwise tension in the canopy is sufficient to keep
the slit closed. Figure 2 shows the slit control mechanism as
implemented on the 2.7% canopy used for flight testing. The slit
connections are attached to a single winch servo using a cascaded
control line. The actuation of the spoiler produces the openings, and
the final spoiler shape is shown in the second part of Fig. 2.

III. Flight-Test Description

The control authority of the upper-surface-slit spoiler concept was
evaluated experimentally. The data for the results presented below
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was gathered during approximately 20flights. To obtain high-quality
data, test flying was conducted only in very calm, atmospheric
conditions (normally just after sunrise, right before sunset, or
at night).

The canopy used for testing is shown in Fig. 3. It is a 2:7 m2

paragliding-style canopy with 16 cells. The center eight cells
compose 56% of the constructed span and 68%of the projected span.
The canopy has a constructed aspect ratio of 3.35 and a projected
aspect ratio of 2.4. The canopy has an elliptical planform with a root
chord of 1.1 m and a tip chord of 0.4 m. The constructed wingspan is
3.12 m and the projected span is 2.52 m.

The canopy was flown with a self-powered payload shown in
Fig. 4. The payload mass is 3.8 kg, resulting in a wing loading of
1:4 kg=m2 (0:29 lb=ft2). The system has a nominal glide ratio of 3.8
and a nominal airspeed of 8 m=s.

The payload consists of a wooden frame to which the flight
components are attached. The wheeled landing gear and a 10-cc
(0:60 in3) model airplane engine allow for self-powered flight with
rolling takeoffs. Three main servos are used to achieve basic control
of the system. Two servos attach to different halves of the TE and are
used for steering and braking in the conventional manner. The LE
lines are attached to a single servo and are used for incidence angle
control in conjunction with symmetric brake deflection. Spoiler
actuation is performedwith an auxiliarywinch servo. The instrument
package includes a Global Positioning System (GPS) sensor,
barometric altimeter, accelerometers, rate gyros, and magnetometer.
During data acquisition, the payload is controlled through the
instrument package. Both payload position and control actuation are
recorded in the output data. A set of lights provide illumination for
night flying. The fuel tank can hold a maximum of half a pound of
fuel, which is used up completely during the climb to the test altitude.
This ensures consistent payload weight between tests. Using this
scheme data acquisition runs from up to 4000 ft. Above ground level
can be performed.

A typical flight-test profile is illustrated in Fig. 5. Takeoff is
followed by a powered climb to high altitude, during which the
payload is configured for optimal climb performance (dashed line).
The climb is terminated when the fuel supply is exhausted. Data
acquisition is initiatedwhile the system is in glidingflight (dotted line
in figure). When sufficient data is collected, or the payload descends
to a low altitude, the data acquisition is terminated and a manual
landing is performed. This flight-test setup eliminates the issues of
canopy deployment from free-fall, reduces overall cost, and reduces
the time between test runs.

For the purpose of glide slope estimation, the ratio of forward
velocity to vertical velocity is needed. The computation of the
forward velocity of the vehicle relative to the air mass requires the
knowledge of the atmospheric wind conditions. To achieve this, test
flights are conducted with the vehicle flying at a constant and small
turn rate. Figure 6 shows typical position data obtained during a
single flight using GPS. This particular flight includes three data

Fig. 1 Upper-surface-slit spoiler concept.

Fig. 2 Upper-surface-slit spoiler on test flight canopy.

Fig. 3 Front view of tested canopy.

Fig. 4 Flight-test hardware.
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acquisition sequences. The drift in the ground tracks for each
sequence in Fig. 6 indicate thewind vector. The total vehicle velocity
then contains sinusoidal variations due to the wind, allowing simple
estimation of the horizontal airspeed, shown in Fig. 7.

The vertical component of airspeed is obtained by differentiating
altitude data from a barometric altimeter. Barometric altimeter data is
useful since it is available at a higher frequency than the GPS
measurement and is more precise than GPS in the vertical direction.
This yields sufficient information to estimate the glide slope of the
vehicle. In addition, the control inputs are recorded and a relationship
between glide slope and control input can be established.

The turn rate is estimated by differentiating the heading angle
information extracted from theGPSdata. This turn rate data is used to

evaluate the lateral control authority of the asymmetric spoiler
configurations.A simple average of the turn rate obtained froma long
segment of constant control input is used to determine the steady-
state turn rate resulting from a particular spoiler configuration and
deflection.

The airspeed, glide slope, and turn rate estimates are all
determined by taking the average over a set of measurements, so
confidence intervals may be easily calculated to yield an uncertainty
estimate for each data point. For a data segment of length n, with
mean xmean and sample standard deviation s, a conservative estimate
of the 95% confidence interval for the estimated quantity x is
obtained according to Eq. (1) [13]:

x� xmean � 2s=
���

n
p

(1)

Due to the extremely time-consuming nature of the flight-testing
process, only nine of the canopy configuration and control input
combinations testedwere repeated to verify these confidence interval
estimates. While repeated estimates of turn rate fall within the
estimated uncertainty levels, the variation in repeated airspeed and
glide slope estimates is significantly higher than what the confidence
intervals predict. This is thought to be primarily a result of the
sensitivity of the airspeed and glide slope estimates to atmospheric
winds. In particular, the atmospheric wind does not vary
instantaneously in time, implying that disturbances to the airspeed
are correlated in time. Thismeans that the assumption of independent
disturbances for each measurement assumed during the confidence
interval calculation is not valid, resulting in an underestimate of the
actual uncertainty level. To provide a better estimate of the
uncertainty levels for airspeed and glide slope, confidence intervals
are estimated directly from the observed variation in the repeated data
points. In a similar method to the standard confidence interval
calculation, the uncertainty bounds are calculated as twice the
standard deviation of the difference in the repeated airspeed and glide
slope estimates. The resulting error bounds are �8% for repeated
airspeed estimates and �11% for repeated glide slope estimates.
These error bounds are used as the confidence intervals for all of the
presented airspeed and glide slope estimates. Confidence intervals
for the turn rate estimates are calculated for each data point according
to Eq. (1).

IV. Results

Parametric studies of both symmetric and asymmetric spoiler
configurations were conducted experimentally. The goal of the
symmetric spoiler is to reduce glide slope in a controllable manner,
and the goal of the asymmetric spoiler is to produce a turn rate. A
limit on control travel is imposed by the local cell height at the spoiler
location. When the upper surface is maximally actuated, the upper
and lower surfaces of the canopy come in contact. It was observed in
the flight test that actuation up to approximately 90% of this limit
began to cause large canopy deformations (of the lower surface, as
well as the upper surface) and possibly stall, so the actual limit on
spoiler deflection was configuration dependent and is discussed
below. All spoiler deflections are presented as fractions of the cell
height at the chordwise location of the spoiler slit. The cell heights at
the 15, 30, and 50% chord locations are 17.2, 17.7, and 13.5 cm,
respectively.

A. Symmetric Spoiler Configurations

A parametric study of symmetric spoiler configurations was
performed by varying the construction, span, and chordwise position
of the upper-surface slits. The construction of the slits was varied by
moving the attachment points from the LE side of the slits to the TE
side and by testing the effect of adding sealing flaps to the slits. All of
these configurations have slits across the center eight cells at the 30%
chord location. The span of the spoilers was varied by testing
configurations with slits across the center two, four, six, and eight
cells, resulting in spoiler widths of 14, 28, 42, and 56% of the
constructed span. All of these slits were made at the 30% chord line.

Fig. 5 Flight-test profile.

Fig. 6 Example ground tracks generated during one flight.

Fig. 7 Extracting horizontal airspeed from velocity data.
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The effect of chordwise locationwas tested using configurationswith
slits across the center eight cells at 15, 30, and 50% chord locations.

The first basic construction variation tested was the location of the
spoiler actuation line attachment. The actuation of the LE side of the
slit causes the fabric in front of the slit to deflect downward while
leaving the fabric aft of the slit in its original shape, as shown in
Fig. 2. This causes the air to be vented from the canopy in an
opposing direction to the freestream airflow. The actuation of the TE
side of the slit causes the fabric aft of the slit to be deformed while
leaving the fabric in front of the slit in its original shape, venting air
along the direction of the freestreamflow.This situation is depicted in
Fig. 8.

The second construction variation was the addition of internal
flaps to help seal the slits when the spoilers are not actuated. The
sealing flaps effectively extend the fabric on the LE side of the slit as
shown in Fig. 9. When the spoilers are not actuated, the internal
pressure presses the flap against the slit and creates a seal, preventing
any air from venting into the freestream and disturbing the airflow
over the upper surface. When actuated, the shape of the opening is
very similar to that of the simple slit, except that slightly more
actuation is required to make up for the extra length of the flap.

Flight-test results comparing these variations in spoiler construc-
tion are shown in Fig. 10. Overall, the deflection of the spoiler
produces a reduction in lift, resulting in a lower value for glide slope.
Glide slope reduction occurs in a smooth fashion up to themaximum
deflection. The descent rate is increased, and the forward velocity is
decreased, resulting in a net reduction in airspeed.

Comparing the results for LE vs. TE actuation, it is clear that
actuation of the LE of the slit is more effective in reducing glide
slope. The actuation of the LE allows a 64% reduction in glide slope
compared to a 43% reduction when actuated the TE of the slit. Also,
the canopy maintains a significantly higher airspeed under the
actuation of the TE until the actuation reaches 90% of the cell height,

where there is a sudden drop in airspeed. This is most likely due to
large-scale canopy deformation caused by the extreme actuation of
the spoiler.

Comparing the simple slit and sealed slit construction with the
actuation of the LE side, it is apparent that the nominal glide slope
corresponding to zero spoiler actuation is slightly reduced due to air
leaking through the simple slits. When sealing flaps are incorporated
into each slit, the nominal glide slope loss is recovered and the zero
spoiler deflection glide slope increases from 3.2 to 3.8. As expected,
the minimum glide slope achieved with the sealed slit design is the
same as that achieved with the simple slits, though a slightly higher
spoiler deflection is required to take up the extra fabric introduced by
the sealing flaps. By improving the seal of the closed slits, the sealing
flaps increase the effective control authority of the spoilers from a
64% reduction in glide slope to a 70% reduction.

The effect of spoiler span on the glide slope and airspeed control
authority is shown in Fig. 11. All of these configurations use simple,
unsealed slits with LE actuation. As expected, the effectiveness of the
spoiler increases as the span is increased.With two cells, the nominal
glide slope of 3.2 can be reduced to 2.5, andwith eight cells, the glide
slope can be reduced to 1.1. The general trend in airspeed is that there
is a reduction in airspeed proportional to the reduction in glide slope.
With eight cells actuated to produce a 64% reduction in glide
slope, there is a corresponding reduction in airspeed of 25%. For
comparison, with the heavy deflection of the TE brakes, the same
canopy experiences a 30% reduction in airspeed with only a 0.5%
reduction in glide slope.

Figure 12 depicts the growth in spoiler effectiveness by increasing
the number of cells containing actuated slits. The maximum spoiler
deflection for the two- to six-cell configurations was determined by
the observation of significant canopy deformation. For the eight-cell
configuration, the maximum spoiler deflection was determined by
the flight condition. At lower glide ratios, the system became difficult

TE Side Deflected – Vented Air Directed Along Freestream Flow  

LE Side Deflected – Vented Air Opposes Freestream Flow  

Fig. 8 LE vs. TE deflection of slit.
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Fig. 9 Addition of sealing flaps to simple slits.
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to control and prone to stall, implying that a minimum practical glide
ratio limit for this particular canopy was reached. This means that
increasing the span of the spoiler beyond eight cells will not increase
the range of glide slope control authority. In addition, the canopy
becomes increasingly sensitive to small variations in the slit and
actuation line construction as the spoiler span is increased, which
suggests that, practically speaking, the spoiler span should not be
increased beyond the minimum span necessary to reach the
minimum glide ratio limit of a particular canopy’s flight envelope.

The final variation in symmetric spoiler configuration examined
was the chordwise location of the upper-surface slits. The effect of
moving the slit locations aft from 30 to 50% of the canopy chord on
glide slope and airspeed is shown in Fig. 13. Both configurations had
simple, unsealed slits across eight cells. The slits at 50% chord are
less effective than the slits at 30% chord. A similar reduction in glide
slope and corresponding reduction in airspeed are obtained with the

slits at 50% chord, but a much higher spoiler deflection is required.
The simple explanation is that the flow over a smaller portion of the
wing is affected when the slits are moved aft, so the spoiler becomes
less effective.

The slit locations were also moved forward to 15% of the canopy
chord. This configurationwas originally flownwith simple, unsealed
slits, but the small amount of air leakage and canopy deformation
caused by the slits was so detrimental to the canopy performance that
the system was unable to climb under power. With sealing slits
added, the performance of the canopy improved enough to allow the
system climb and obtain data. The effectiveness of the spoiler with
slits at 15%of the canopy chord is compared to the spoilerwith slits at
30% chord in Fig. 14. Both of these configurations use sealing flaps,
but it is interesting to note that a maximum glide slope of only 3.0 is
achieved with the slits at the 15% chord location, while the full
nominal glide ratio of 3.8 was achieved with the sealed slits at the
30% chord location. This indicates that the canopy is extremely
sensitive to any modifications near the LE. Furthermore, under large
deflections of the slits at the 15% chord location, the entire section of
the canopy in front of the slit actually collapses, and the spoiler
opening becomes the new ram-air inlet of the cell. This situation
produces a similar minimum glide ratio of 1.1 to that achieved with
the slits at 30% chord, but the LE collapse results in a severely
deformed canopy shape, which makes the system extremely difficult
to control. The canopy does not recover from this collapse when the
spoiler actuation line is released. This situation was captured in the
photograph in Fig. 15.

The overall effectiveness of the upper-surface spoiler in reducing
glide slope as a function of chordwise location is summarized in
Fig. 16. To make a fair comparison, the effectiveness of the spoiler
with the slits at the 50%chord locationwas adjusted by assuming that
the nominal glide slope of 3.8 would be reached with the addition of
sealing flaps.
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B. Asymmetric Spoiler Configurations

Asymmetric upper-surface spoiler configurations were evaluated
for their utility as a lateral controlmechanism.All asymmetric spoiler
configurations have a simple slit with LE control line attachments
and no sealing mechanism. These configurations varied in size from
one to four cells on one side of the canopy. Configurations with less
than four cells were tested as “inboard” spoilers, where the modified
cells begin at the centerline and count outward, and also as
“outboard” spoilers, where the modified cells begin with the fourth
cell from the centerline and count inward. Figure 17 shows the
steady-state turn rate achieved vs. spoiler deflection for all of the
tested asymmetric spoiler configurations. Error bars are not shown in
this plot because the estimated error for each data point is on the order
of 1 deg =s, which is approximately the size of the markers used for

the data points. Increasing the spoiler size produces a direct increase
in turn rate authority and spoilers that are at a greater distance from
the centerline (“outboard” vs. “inboard” spoilers) generate higher
turn rates at lower slit deflections. The control authority of the
majority of the asymmetric spoiler configurations tested is sufficient
to achieve a spiral dive. This condition produces a turn rate of 50� per
second for this particular parafoil and payload system, which is
considered as the upper limit of the useful turn rate.

Fig. 15 LE collapse under large forward spoiler deflection.
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The maximum turn rate achieved for each asymmetric spoiler
configuration is plotted as a function of the number of actuated cells
in Fig. 18. The ability to achieve a spiral dive indicates that a
particular asymmetric spoiler configuration is able to generate the
maximum practical turn rate, which also means that a particular
asymmetric spoiler configuration is able to generate the same lateral
control authority as the TE brakes. It is interesting to note that for this
particular canopy, the actuation of the slits on only two canopy cells
is required to achieve the full turn rate capability of this particular
parafoil and payload aircraft. Overall, the asymmetric actuation of
the upper-surface spoilers is clearly an effective lateral control
mechanism.

V. Conclusions

Current guided airdrop systems employ right and left brakes that
yield effective control of airspeed and turn rate. The addition of
control channels, particularly ones that enable effective glide slope
control, promises to enable substantial improvements in the impact
point accuracy of autonomous airdrop systems. This paper explores
the generation of glide slope and turn rate control with the use of a
novel control technique for ram-air parafoils based on the idea of
upper-surface spoilers. The spoilers vent the canopy’s internal ram
air through slits in the upper surface to produce an effective
aerodynamic spoiler in the flow over the canopy. The spoiler can be
actuated symmetrically to produce dramatic reductions in glide slope
and asymmetrically for effective lateral control. The spoiler is most
effectivewhen the leading edge (LE) side of the slit is deflected and a
simple sealing flap is added to prevent air leakagewhen the spoiler is
not actuated. It was shown that actuation of slits across the center
56% of the canopy was sufficient to achieve the minimum practical
glide slope of the tested canopy, and the most effective configuration
was able to achieve smooth control of glide slope from 3.8 down to
1.1, a 70% reduction. The spoilerwas found to bemost efficientwhen
the slits are located at 30% of the canopy chord. Moving the slits to
50% chord diminished the spoiler effectiveness, while moving the

slits forward to 15% chord produced a degradation of canopy
performance with no spoiler actuation and an unrecoverable LE
collapse under large spoiler actuation. Finally, the asymmetric
actuation of the upper-surface canopy spoilers is shown to produce
effective lateral control with maximum practical turn rates achieved
using as few as two actuated cells. The flight-test results demonstrate
that upper-surface spoilers have tremendous potential for improving
the control authority of parafoil and payload aircraft. In addition to
extremely simple construction and rigging, upper-surface spoilers
produce a tremendous effect on the parafoilflight characteristics with
much smaller canopy deformations than the standard control
mechanism of trailing edge (TE) brake deflection. The resulting
reduction in required actuation force implies that the incorporation of
upper-surface spoiler control could provide significant cost savings,
especially on large parafoil and payload systems.
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Fig. 18 Lateral control authority vs. asymmetric spoiler configuration.
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