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Autonomous Control of Micro Aircraft Vehicles Falling
Through an Atmospheric Boundary Layer

A.J. Dorgan,* E. Loth," and E. Frazzoli*
University of lllinois at Urbana—Champaign, Urbana, Illinois 61801-2935

A trajectory control problem for simple micro air vehicles (MAVs) is introduced and studied. The MAVs are
endowed with the ability to estimate their position and velocity and can control their drag coefficient. The objective
of this work is to design a control law for the drag coefficient in order to land the MAYV close to a desired streamwise
location, after being dropped from an airborne carrier at low altitude. We use a simple model-predictive control
law, relying on a two-dimensional time-averaged atmospheric velocity field, which is validated on an unsteady
three-dimensional representation of an unstratified atmospheric boundary layer. The simulation results show that
the proposed control law results in a significant (10-fold) improvement in the accuracy of the streamwise landing
point location, with respect to the uncontrolled case. Similar results are obtained when errors are considered in
the location of the release point and in the estimate of the mean flowfield.

1. Introduction

S the miniaturization of electronic components (including
computation and communication devices) progresses at a fast
pace, there is an increasing interest and opportunity for the devel-
opment of pervasive, sensor-rich networks.! A typical objective of
such networks is the monitoring of spatially localized quantities as-
sociated with a broad set of environmental and physical phenomena.
The key perceived advantage of modern technologies in this context
is the capability of quickly deploying affordable, efficient, scalable,
and reconfigurable networks, communicating in a wireless and unsu-
pervised fashion among themselves and with a main control station
responsible for data processing and dissemination to the users.>~*
For example, ad hoc sensor networks can be used to detect the
presence, concentration, and spatial distribution of radioactive, bi-
ological, or chemical contaminants, or to monitor the traffic of ve-
hicles and personnel at a site of tactical interest. In these cases, one
would wish for a sensor network to be placed (in the air or on the
ground) in a very short time and with minimal human supervision
in order to rapidly provide time-critical information. Current sen-
sor networks rely on the careful manual deployment of sensors to
achieve area coverage. However, in many foreseeable, time-critical
applications, embedded devices would be deployed in an unattended
way (e.g., by dropping sensors from an airplane); the lack of geo-
metric optimization is compensated through redundancy of the net-
work. In contrast, if the geometric deployment of the system can
be controlled, better utilization of the available resources is attained
(e.g., requiring a lower number of sensors to cover a given area,
or allowing the coverage of a wider area given a fixed number of
sensors). The problem of self-deployment of sensor networks has
been explored recently.>~’ However, the techniques introduced in
the literature to date require the sensors to be endowed with so-
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phisticated navigation and locomotion systems, granting them the
ability to accurately control their own position. The problem of
self-deployment of networks of simple devices, in a realistic envi-
ronment subject to significant disturbances from the environment,
has not been explored.

The present work is a first step in this direction. In particular, we
consider the problem of self-deployment for a number of cheap, air-
borne sensors, with a limited ability to control their own motion. For
small vehicles (spans on the order of tens of centimeters and masses
on the order of tens of grams), one must consider the effect of the
atmospheric boundary layer on the vehicle trajectory. For such small
vehicles, the presence of wind (which is turbulent and largely unpre-
dictable) adds a convective, effectively random, dispersive effect that
can deleteriously affect the intended vehicle landing pointifignored.

The most common class of micro air vehicles (MAVs) include a
propulsion system for thrust and can be used to achieve accurate tra-
jectory control. However, this class can be severely limited in terms
of range and duration as aresult of the energy storage limit associated
with small vehicle scales. If we consider a second class of MAVs,
ones that do not carry onboard propulsion, substantial reductions in
weight, size, and complexity are obtained; all of which can substan-
tially reduce cost of such a system and/or allow more allotment of
power and space to the sensor devices. For unpowered MAVs, the
network can be released above the intended target with a conven-
tional aircraft in order to eliminate the need for the MAV to transport
itself to the general target area. After deployment, control of the aero-
dynamic lift and/or drag of these vehicles can be used to achieve the
desired trajectory and landing location. Such vehicles are essentially
gliders (e.g., a sailplane) when lift dominates, terminal-velocity ve-
hicles (e.g., a parachute) when drag dominates, or hybrids (e.g., a
parasail) when both lift and drag are important in determining the
trajectory. In the present case of no lift (a terminal-velocity vehicle),
the MAV design can be simple allowing focus on the atmospheric
interaction control. In this study, we will consider autonomous con-
trol of the terminal-velocity class of vehicles with respect to landing
close to a prespecified streamwise landing location. In particular, the
coupling of the turbulence in the atmospheric boundary layer with
the dynamic behavior of airborne microvehicles is investigated.

II. Methodology

A. Terminal-Velocity Microvehicle

To investigate possible autonomous control systems capable of
controlling the deployment of a sensor network of the type just de-
scribed, a scenario was considered in which a large number of mi-
crovehicles (1000) are released into a turbulent boundary layer with
a freestream velocity of 10 m/s. The vehicles are deployed upstream
of the target site by a full-scale or meso-scale aircraft (see Fig. 1).
This concept of release allows gravity and atmospheric convection
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mean velocity profile

Fig. 1 Schematic of sensors (MAVs) being released from a UAV within an atmospheric boundary layer (contours denote instantaneous streamwise
velocity).

Fig. 2 Schematic showing
the configuration of the MAYV,
where the expansion angle 6
can vary from 10 to 80 deg.

16.4 cm

/ Sensor Payload

to be exploited in transporting the vehicles to the target area. For the
present study, a single goal of landing on the preassigned streamwise
target location was imposed (i.e., the target is simply a line along
the ground normal to the freestream flow). Landing in the vicinity of
the target is achieved by controlling each vehicle’s terminal velocity.

Although the methodology and results discussed herein are ap-
plicable to any MAYV that can control its terminal velocity, the basic
concept the authors have in mind is a downward-pointing conical
structure (used for controlling the drag), as shown in Fig. 2. The sen-
sor payload could be slung beneath the vehicle and would provide
stability of the structure’s orientation. This concept is similar to the
pyramid shaped vehicles built by Zussman et al.,®> shown in Fig. 3.
A total vehicle mass of 30 g was assumed for all of the results pre-
sented herein. This was based on a reasonable minimum mass for a
craft that only carried microsensors, a micro global positioning sys-
tem device, and microcommunications. To allow for a large range
of terminal velocities, the vehicle can vary its cone vertex angle 0
as shown in Fig. 2. The vertex angle is chosen as the control input
and is allowed to vary from 10 to 80 deg. Thus, the vehicles will
be capable of trajectory modification via changes in the terminal
velocity with only modest expenditures of energy.

The slant height of the cone was chosen as 16.7 cm with a nominal
vertex angle of 45 deg to give a vehicle a terminal velocity of 4 m/s
in the nominal configuration. A far-surface wind speed of 10 m/s
was assumed, which results in a friction velocity of 0.6 m/s for the
present direct numerical simulation of a zero-stratification turbulent
boundary layer. Thus, the ratio of the vehicle’s baseline terminal
velocity to the friction velocity is 6.7 for the assumed craft size
and wind conditions, but significantly lower and higher values are
possible.

B. Simulation of the Atmospheric Boundary Layer

The physical atmospheric boundary layer (ABL) flows over the
Earth’s surface, which influences the thickness and spatial growth
of the layer, in such a way that a typical ABL extends roughly
300 m above ground level. Such a flowfield is illustrated in Fig. 1
for the MAV release, where the spatial coordinates are scaled by the
reference boundary-layer thickness.

Because the ABL is turbulent, a time-averaged description does
not account for all of the velocity fluctuations and turbulent dis-
persion. To model the three-dimensional unsteady motion, a direct
numerical simulation (DNS) of the incompressible Navier—Stokes
equations is employed for Re, =270, where Re, is the Reynolds
number based on the boundary-layer thickness and u, is the wall
friction velocity (based on the shear stress). Because DNS does not

require empirical modeling for the turbulence, this seemingly mod-
est Reynolds number (by atmospheric standards) requires very large
CPU resources. However, the variation caused by Reynolds number
in a turbulent boundary layer is generally weak enough so that the
DNS will give areasonable representation of the ABL. Zero-density
stratification is assumed (consistent with a neutrally stable ABL), as
this assumption substantially simplified the computations, though it
should be recognized that the turbulence levels will be modified if
a stable or unstable density distribution were imposed.

The DNS boundary-layer code used herein was developed by
Spalart and Watmuff? to simulate a three-dimensional spatially de-
veloping turbulent boundary layer, which is ergodically stationary
in time. The DNS solution is spectrally accurate in the three spatial
directions and second-order accurate in time. The solution domain
is discretized by 256 nodes in the stream direction, 96 in the span
direction, and 55 in the vertical direction. (Further details are avail-
able in Dorgan and Loth.'®) The two-dimensional mean streamwise
fluid velocity field [u;(x, y)] is shown in Fig. 4, where [---] is a
long time average over all spanwise locations. The nondimensional
profiles of mean streamwise velocity u and turbulent kinetic en-
ergy k taken at a typical streamwise station are shown in Fig. 5
in terms of y* = yu,/v (where v is the kinematic viscosity). In
Fig. 5a, the mean streamwise velocity profile yields a viscous sub-
layer below y* ~ 10, and the boundary-layer edge is seen at roughly
y* =270—corresponding to the reference boundary-layer thick-
ness 8. The common law of the wall and log-law expressions are
included for comparison with high-Reynolds-number boundary lay-
ers. The departure from the typical log-layer behavior is typical of
DNS and is attributed to the low Reynolds number of the simulation.
Figure 5b shows the turbulent kinetic energy profile, which is based
on the three velocity autocorrelations, that is, k = [u;u}]/2, where
the repeated subscript i denotes summation over the three velocity
components and the prime denotes a fluctuation about the mean. Be-
low y* =1, the energy is nearly zero and approaches a maximum at
around y* = 10 before returning to zero toward the boundary-layer
edge and is similar to the results of Klebanov, reported by Hinze,'!
for Re, =2.8 x 10°.

C. Simulation of the Vehicle Trajectories

The MAVs are modeled as rigid bodies of finite adjustable drag
and zero lift (i.e., no lifting surfaces are included) with densities
much greater than that of the surrounding continuum. Therefore,
a Lagrangian equation of motion is employed herein and has the
following form:

Uy,
dr

where m, is the vehicle mass, F) is the steady-state drag force,
Fy is the gravitational force, and i indicates the directional compo-
nents. These assumptions can be reasonable if the MAVs are simply
sensor-carrying devices with little aerodynamic construction. Ap-
plying point force formulations,'? the vehicle-aerodynamic forces
for this study are summarized as

Fp, = =30y Vet (Veet, ) (Cp A); )

FGI- = Mmy&i (3)

m, = Fp, + Fg, (D)
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Fig. 3 Figure from Zussman et al. showing their pyramid shaped vehicles: a) an actual vehicle with ~25-cm maximum dimension and b) schematic

of a general vehicle.
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Fig. 4 DNS statistics for the two-dimensional mean velocity field normalized by the freestream conditions. (Contours denote mean streamwise

velocity.)
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Fig. 5 DNS statistics for a) the mean velocity profile normalized by u- and b) the turbulent kinetic energy profile a normalized by uf_

where Vi, = u,, —uy, with subscripts v and f distinguishing vehi-
cle velocities from fluid velocities and V, is the magnitude of the
relative velocity vector (which is equal to the terminal vehicle ve-
locity Viem in quiescent conditions). As the vehicle is modeled as a
conical structure, the drag coefficient will be anisotropic, that is, the
drag coefficients along and perpendicular to the axis of symmetry
will be different. The C, for a cone along the line of symmetry is
available in White!? for a variety of cone angles and was thus used
for the vertical direction. Perpendicularly, the cone drag coefficient
is not well known so that a Cp appropriate for a cylinder that has
the same surface area as the cone'? is used for the horizontal direc-
tions. In both cases, this assumes the axis of symmetry of the cone
is aligned with the gravity vector, which is reasonable because the
payload (sensor package) is assumed to be heavy enough to keep
the vehicle in this configuration.

In the present study, groups of 50 vehicles evenly distributed
across the span of the domain were released every other time step
in the freestream flow at the mean boundary-layer edge § and at a
streamwise location of A, /3. This process was continued until a
total of 1000 vehicles had been released in the simulation. In all
cases, the vehicle’s objective was to reach a static streamwise target
set on the ground X located downstream of the release location
(a schematic is shown in Fig. 6).

The vehicles are released into the three-dimensional unsteady
simulation with the vector sum of the mean velocity and the terminal

velocity for initial conditions, that is,
Uy = [Mﬁ] + Vtermi (4)

such that the streamwise injection velocity is caused by the mean
fluid velocity and there is no initial spanwise component. The vehi-
cle trajectories are computed by integrating the equation of motion
[Eq. (1)] subject to the point-force approximations [Egs. (2) and (3)]
using a Lagrangian tracking technique similar to Dorgan'* but with
a nonlinear drag.

The flowfield and the trajectories for the microvehicles were
solved using the identical time-step discretizations. The integra-
tion is performed using an Adams—Bashforth, predictor-corrector
method and gives second-order accuracy in time.'* Therefore, the
time step was set at the maximum of that prescribed by the DNS
for accuracy and stability of the fluid solution or a hard value of
approximately 1072 (if normalized by u? /v, the wall timescale of
the fluid) to ensure accurate vehicle tracking.'* This was found to
be statistically sufficient for the results presented herein.

D. Control of the Vehicle Trajectories

The only parameter for altering the vehicle trajectories herein
is the vehicle’s drag coefficient via a change in the opening angle
of the cone. However, the cone angle can drastically change the
vehicle’s descent trajectory because this allows for more than a factor
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Fig. 6 Schematic illustrating the parameters used in control law (note trajectories represent integrations made in the mean flowfield).

of 10 variation in terminal velocity. In particular, the trajectory at
0 = 80 deg is strongly influenced by turbulent dispersion and will be
dominated by the wind motion; however, at 8 = 10 deg the trajectory
is dominated by the effects of terminal velocity, with little deflection
of the trajectory due to turbulence.

The control law discussed in this paper takes the form of a non-
linear feedback on the estimated landing error. After each time step,
the simulation used the vehicle’s instantaneous velocity and posi-
tion (obtained from the three-dimensional unsteady DNS solution)
as initial conditions for integration of the vehicle equation of motion.
Because it was assumed that the future flowfield was not known to
the vehicle, the predicted landing location for the control law was
computed using an estimated trajectory, which is based only on the
two-dimensional steady flowfield. Note, this will differ from the
actual trajectory, which is based on the full DNS solution. This low-
cost numerical integration using the estimated trajectory is done for
two craft configurations as shown in Fig. 6. The first uses the cur-
rent aerodynamic configuration (i.e., current opening angle 6, which
is directly related to Cp) and determines the expected error from
the target location. The second configuration uses an incrementally
changed 6 (though with the same initial velocity and position) to
estimate the correlation between the landing position and 6. Thus,
the two landing sites have the following functional dependence:

J j

Xianan = ()0 x0.0),  Xuwan = f(u) . x) .0+ AO) (5)

p.i’

where xj,,q.1 refers to the first shot, xj,yq 2 represents the second shot,
i indicates the directional components, and j indicates the time step
of the DNS. The error in the current trajectory at time ¢/ is then
given by

xejrror = Xland,1 — Xtarget (6)

and the dependency of 6 on the landing position is approximated by

3\’ A
= @)
0X1and Xland,2 — Xland, 1

As such, a new 6, and thus a new Cp, can be calculated (based on
the error in the trajectory and the dependency relationship) at 7/,
which will land the vehicle closer to the intended target, that is,

0\
N
axland error 1

47
9

|2

gt =9/ ( with <6< (8)

[ee)

and

Cp.cone = 0.61566 + 0.2012

Cp cylinder = 0.0944 {n(1.5tan 6 cos 0) + 0.6172 9

based on curve fits to data given by White.'* This procedure is con-
tinued until the vehicle lands (at y =0). In the first part of the study,
the control law was given exact information about the vehicle’s po-
sition and the freestream velocity of the boundary layer. However,
the vehicle position and wind velocity would be known to within
some experimental uncertainty in actual applications or the mean
wind could change over time. Thus a second set of simulations was
conducted to investigate the influence of these errors in terms of the
control law. The cases that imparted an error in the vehicle location
simply showed that the target error increased linearly proportional
to this error, for example, a 10-m error in vehicle position to the
control law resulted in a 10-m deviation in the landing location, on
average. As such only the velocity error studies are shown in the
results section. Finally, a third set of simulations were conducted to
note the effect of varying release location with a fixed downstream
landing location.

III. Results

A. Single Release Study

The first study investigated the ability of the preceding control
law (i.e., adaptable Cp) to improve the vehicles’ streamwise land-
ing location as compared to the uncontrolled case (i.e., fixed Cp).
Figure 7 shows sample trajectories of five vehicles without control
(Fig. 7a) and with control (Fig. 7b). The effect of including adapt-
ability is quite evident, as the self-controlled vehicles all land near
the target location. Figure 8 shows a comparison of controlled and
uncontrolled vehicle landing locations for a release location pre-
dicted to be ideal by mean flowfield integrations (i.e., trajectory
integrations considering only [u ;] and [v ;] and neglecting the fluc-
tuating component predicted this release location would exactly land
an uncontrolled vehicle at the specified landing location). Figure 8a
shows that the landing locations of the 1000 controlled vehicles land
very close to the target with little diffusion. This is in contrast to the
uncontrolled vehicles (Fig. 8b), where the landing locations take on
the randomly dispersed nature that is expected of turbulent particle
diffusion. Not only is there a high degree of diffusion, but also a
significant error in the mean location. This is not a general result,
and is instead a consequence of the time chosen for release. In par-
ticular, this chosen time corresponded to a large updraft during the
flight of the vehicles. Other release times could have experienced
a large downdraft and a corresponding undershoot. Thus the mean
velocity field is not sufficient for predicting mean trajectories if only
one release time is chosen.

The improvement of vehicle performance with control can be
quantified by the error in the mean landing location as well as the
mean deviation about the landing location. These values were ob-
tained and shown in Table 1 for both no control and control. For
no control, a spread of about /2 around the mean landing location
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Table 1 Statistics for the single release point studies

Simulation condition (xland - xlargel>/‘S <(xland - xtargel)2>/62

Uncontrolled 4.07E—-01 2.32E-01

Controlled —6.83E-03 1.27E-04

Controlled, but with £10% —2.54E-02 2.61E—04
error in mean fluid velocities

Controlled, but with £20% —1.36 E—02 7.32E—-04
error in mean fluid velocities

Controlled, but with +50% 2.55E—-02 7.68E—03

error in mean fluid velocities

(2]
~
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b) <X - xtarget> / 6

Fig. 7 Vehicle trajectories a) with and b) without control.

is seen along with a mean variance of (§/2)2. However, the control
law provides nearly 100 times more accuracy in the mean landing
and 1000 times less diffusion of the vehicle cloud around the target,
where (- - ) refers to an average over all vehicles.

The preceding results can also be viewed in terms of probability
distributions for landing. Figure 9a shows a discrete representation
of the vehicle concentration and was taken from the data presented
in Fig. 8. The vehicles’ streamwise landing locations were placed
into bins with a width of 0.0336 and presented here as a percent of
the total vehicle cloud. The effect of the control law (with no wind
error) is again quite evident as more than 80% of the vehicles landed
in the bin centered on the target, which is 20 fold better than the
uncontrolled case. Note that the remaining vehicles (~20%) land
only one bin upstream of the intended landing bin. Thus, the drag-
modification scheme (which should require little power if physi-
cally implemented) can give good streamwise targeting accuracy.
This plot also demonstrates the dispersed nature of the uncontrolled
vehicles as no bin contains more than 6% of the total, with vehicles
distributed over a range of about §.
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Fig. 8 Vehicle landing positions for a) controlled and b) uncontrolled
simulations.

B. Tolerance of the Control Law to Estimated Wind Velocity Errors

The tolerance of the control law to errors in the fluid velocity
measurements was assessed by introducing a positive and negative
error in the assumed velocity of the mean field used in calculating
the estimated trajectory. As in the preceding study, the vehicles were
allowed precise and accurate knowledge of their position. A total of
six simulations were conducted with positive and negative 10, 20,
and 50% errors in the mean velocity field. The results for a particu-
lar positive and negative error (e.g., +10 and —10%) were averaged
together to represent the ability of the control law to tolerate errors
associated with that particular error range (e.g., £210%). Thus, the
study considered three error ranges: £10, £20, and £50%, repre-
senting increasing levels of potential uncertainty in the mean fluid
velocity. These averaged results are presented in Table 1. One notes
an increase in landing location deviation and variance with an in-
crease in wind velocity error, as expected. However, the controlled
case was consistently more successful, that is, an order of magnitude
better even with wind velocity uncertainties of +50%. The proba-
bility distribution comparison of the controlled cases with various
errors in the mean velocity field for the estimated trajectory is given
as Figs. 9b-9d.

C. Influence of Release Location

In the results discussed earlier, the streamwise release location
was fixed with respect to the target landing location. The distance
between these two locations was consistent with the vehicle’s base-
line terminal velocity and the exact mean wind velocity. However, it
might often be the case that the release location is not optimized or
the target location changes after the release. In this case it is impor-
tant to understand the sensitivity of the control law to variations in
the release location. To consider this, a range of streamwise release
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Fig. 9 Probability distribution of vehicle landings for a) vehicles knowing the true mean fluid velocities and vehicles subjected to b) :10%, ¢) £20%,

and d) £50% errors in the mean fluid velocity.

locations at the mean boundary-layer edge was investigated for a
fixed target point.

Figure 10 shows scatter plots of the landing locations in the
plane of the ground for three selected cases of this study. For
(Xrelease — Xtarget) /8 = —3.67 (Fig. 10a), it is seen that the centroid of
the controlled vehicles is much closer to the target than that of the
uncontrolled vehicles, but the vehicles appear to spread the same
amount in both cases. This is a result of this particular injection
condition—the target is almost too far downstream for the con-
trolled vehicles to reach. In this situation, the vehicles will decrease
their Vieyy to its minimum value (which corresponds to 6 = 80 deg)
and travel as far downstream as possible. In this configuration the
vehicles are quite susceptible to turbulent dispersion as their rel-
ative speed is not large compared to the turbulent fluctuations. In
addition, the vehicles are at or near the adaptability limit (near maxi-
mum 6) so that the effective dynamic range of control is quite small.
Thus, the cloud disperses significantly as is travels towards the tar-
get. Figure 10c, (Xrelease — Xtarger) /8 = 0.9, shows the other extreme,
a release point farther downstream than the target location. As the
vehicles have no ability to move upstream (recall that no lifting sur-
faces are included), they have no chance of landing on the target.
In this situation the control law still attempts to place the vehicles
as close to the target as possible and thus sets the vehicles to their
maximum terminal velocity (corresponding to the minimum 6 of
10 deg). The controlled vehicles land closer to the target than the
uncontrolled vehicles (as in Fig. 10a), but this time the vehicles land
at nearly the same streamwise position as the high terminal velocity
prevents significant turbulent dispersion. Figure 10b represents an
intermediate case between these two extremes and shows that the
controlled vehicles can land very near the target x location. The
uncontrolled vehicles are reasonably close to the target as well but
are substantially spread out as a result of turbulence.

The mean landing and mean-square landing statistics are pre-
sented in Fig. 11. Figure 11a shows the results for the mean landing
location for various release points. Three data sets are included
on this plot: 1) the predicted landing for the uncontrolled vehicle
(based on mean-velocity field integrations), 2) the actual uncon-
trolled landing location (based on the DNS calculations), and 3) the
actual controlled vehicle landing locations (based on the DNS cal-
culations). Although the predicted landing locations lie on a straight
line (as expected based on a net horizontal movement of about 24), it
is seen that the actual landing locations do not necessarily coincide
with these points and tend to deviate somewhat from the straight
line. This can be expected because of the complex structure of the
boundary layer and the fact that vehicles are released for a small
amount of time and thus tend to see only a few different turbulent
structures on their descent to the ground.'> If many realizations were
considered over a very long period of time (approaching infinity),
the DNS uncontrolled data and the integrations based on the mean
statistic field should provide identical results for the mean landing
location. Thus, as already mentioned, the mean field integrations
might only be an approximate representation of the mean landing
location for the uncontrolled vehicles in the turbulent field.

The uncontrolled vehicle results can be compared to the con-
trolled cases for which the vehicles autonomously adjust the tra-
jectory throughout the flight. In general, the controlled vehicles re-
leased from the intermediate points land very near the intended target
over a large range of release locations (nearly 46). At the extreme
release locations one would expect the error in the controlled vehi-
cles’ mean landing location to grow linearly as in the uncontrolled
case; this is seen clearly for the vehicles released downstream of
the target. In these two limits (far upstream and far downstream of
the target), the vehicle is essentially uncontrolled as the control law
simply imposes either the maximum or minimum terminal velocity
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Fig. 10 Vehicle landing positions for controlled and uncontrolled ve-
hicles for (xrelease — Xtarget)/6 = a) —3.67,b) —1.71, and c) 0.9.

allowed for the configuration in an attempt to place the vehicle as
close as possible to the target.

Figure 11b shows the mean-square error in the landing location
normalized by the square of the boundary-layer thickness. This er-
ror indicates the degree of variance around the target location. Note
that in all cases the mean-square error for the controlled vehicles is
less than that of the uncontrolled vehicles. This indicates that the
controlled vehicles are less dispersed when they land for all release
locations considered. Also note that the smallest mean-square er-
ror for the controlled vehicle is associated with a release point of
approximately & upstream of the target while an upstream release
point of 28 is best for the uncontrolled case. This difference is a
result of the control law working more effectively with higher ter-
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Fig. 11 Statistics for the one-dimensional objective parametric study
for a) mean and b) mean-square landing locations.

minal velocity values, such that the trajectories are less influenced
by the wind turbulence.

IV. Conclusions

Trajectory control of terminal-velocity micro air vehicles (mod-
eled as downward-pointing conical structures) in a turbulent atmo-
spheric boundary layer was studied. A direct numerical simulation
of the Navier—Stokes equations was employed to model the un-
steady, three-dimensional, neutrally stable atmospheric boundary
layer. Implementation of a simple control law that uses estimates
of a vehicle’s trajectory to appropriately vary its terminal velocity
showed substantial improvements over uncontrolled vehicle distri-
butions. A second study examined the influence of wind velocity
error used for the estimated trajectory calculations. The control law
was seen to tolerate as much as a =50% error in the mean velocity
field and still outperform the uncontrolled case. A third study con-
sidered a broad range of streamwise release locations, where it was
found that a high concentration of vehicles could still be placed on
the target streamwise location.
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