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Nomenclature
g = gravitation constant
iy 1 = integral of horizontal velocity error
iy, = integral of vertical velocity error
Keon = collective control proportionality
constant
Kaus kay = helicopter horizontal aerodynamic

drag coefficients
ki . ki, = integral gains for horizontal velocity
control loop

ki, = integral gain for vertical velocity
) control loop

k: = vertical drag coefficient

kg, kg, ky = helicopter attitude control gains

m = helicopter mass

R = helicopter orientation (rotation matrix)

Rona = commanded orientation (rotation

matrix)

R, = orientation error (rotation matrix)

Teon = helicopter rotor thrust

u, v = horizontal velocity in helicopter

reference frame
Uemds> Vemd = commanded horizontal velocity in
helicopter reference frame

Vema = commanded velocity amplitude
Vinaxs Vz.mins Vzmax = velocity thresholds
Uy, Uy, U, = helicopter speed in inertial reference

frame

= commanded velocity in inertial
reference frame
auxiliary commanded velocity in
inertial reference frame

vx,cmd’ v_v,cmd’ Uz,cmd

Uy emd, > Uy4cmd4[7 Uz cmd,!
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X, 9,z = helicopter position in inertial reference
frame

Xemds> Yemds Zemd = commanded position in inertial
reference frame

Xewitch = horizontal position threshold

Sroll> Spitch = roll and pitch cyclic command inputs

rud = rudder command input

€err = orientation error (rotation matrix
logarithm)

Aps A, = proportional gains for position control
loop

Aus Ay = proportional gains for horizontal
velocity control loop

Ay, = proportional gain for vertical velocity

) control loop
o, 0, % = helicopter orientation (Euler angles)

Demds Oemds Yemd = commanded orientation (Euler angles)

I. Introduction

NMANNED aerial vehicles have encountered growing

popularity among civilian and military users alike, with
hundreds of fixed-wing, unmanned aircraft operated every day
throughout the world for surveillance and payload delivery missions
[1]. With shrinking electronics size and increasing computer power,
small airborne systems offer a wealth of new opportunities never
imagined before the twenty-first century. The conjunction of
growing interest for micro air vehicles with their easy operation in
small, laboratory-sized environments has led academia and industry
to launch many research efforts aimed at improving their agility and
explore the boundaries of their flight envelope. It may rightfully be
argued that high agility of small unmanned vehicles began with the
era of missiles in the 1940s and 1950s. However, the novelty of the
research opportunities offered by modern, small-sized machines is
justified by the fact that many of them are expected to be recoverable
and to be able to land and spend significant amounts of time within
the theater of operations before taking off again, much like birds do in
nature. As aresult, there is a strong incentive to study the possibility
for small machines not only to fly well and navigate properly during
flight, but also to land in possibly constrained locations for the
purpose of either replenishing their resources or performing a
surveillance task. Words such as “perching” have become part of the
popular jargon associated with such research activities, and much
effort (discussed thereafter) has been devoted to performing landing
maneuvers in constrained environments. Industry has leveraged the
size of small fixed-wing unmanned vehicles to develop adapted
recovery solutions such as Insitu’s “skyhook” concept.? Similar
developments are currently not available for small unmanned
helicopters, despite their important operational relevance, and the
need to expand the range of weather conditions for which landings
are feasible, on a moving ship deck, for example.

Among noted and recent research contributions to the helicopter
landing problem we find results from a control systems perspective
[2—4] and from a vision-based sensing perspective [5,6]. Other teams
have integrated control and vision together to demonstrate landings
in various conditions [7-12], and there has also been significant

*Data available online at http://www.insitu.com/uas [retrieved 25
September 2008].
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efforts aimed at understanding the landing strategies followed by
bats and insects, in conjunction with their limited sensing capabilities
[13-15]. However, the available experimental research literature
focuses on autonomous helicopters landing on horizontal or quasi-
horizontal surfaces: From a control systems perspective, the
achieved vehicle performance does not differ much from technology
available as far back as the 1950s.8 On the side of theory, probably
one of the most significant recent research concerns the control of
tethered helicopters during landing [16], where the authors analyze
the controlled dynamics of helicopters attached to a ship by means of
a towing cable. On the side of operations, landing a helicopter on
nonhorizontal terrain is considered to be a difficult task. According to
experienced helicopter pilots, landing on sloped terrain requires
slowly lowering the helicopter nacelle down to the ground, making
sure that the rotor remains approximately horizontal as the nacelle
slowly adjusts to local terrain orientation. This tends to produce
significant structural stresses on the rotor of helicopters with
semirigid or rigid hubs.

This Note focuses on the experimental demonstration of small
helicopter landings at high nose-up attitudes (on surfaces inclined by
as much as 60 deg) and the control methods used to achieve this
result. Such a contribution is a useful intermediate step toward
enabling all-attitude vehicle landing or alighting in geometrically
constrained areas.

This Note is organized as follows. First, we describe the
experimental setup used to perform the research, including the
research vehicle, available instrumentation, and airspace layout.
Then we briefly report human-in-the-loop experiments for helicopter
landing on sloped platforms. The principles of automated vehicle
landing are then presented, together with the control laws that were
designed. Finally, experimental results are presented.

II. Experimental Setup

The experimental setup used for helicopter landing consists of
1) the flight test article, 2) the landing pad, and 3) the instrumentation
system.

A. Flight Test Article

The flight test article chosen for the experiment is the Robbe Eolo
Pro electric helicopter. This machine can be purchased for a
relatively low price, making it a good candidate for experimentation.
The technical specifications of the machine used for our experiments
are given in Table ]. It can also be seen from the pictures that the rotor
features Bell-Hiller stabilizer bars. In addition, the engine rpm is
held constant using an on-board governor. For flight testing
purposes, the helicopter has been modified as follows. First, the
landing gear was modified to be compatible with the landing pad
described thereafter. Second, the helicopter was painted with matte,
gray paint to avoid unwanted reflections that would have interfered
with the ground-based navigation system. Moreover, lightweight
carbon rods were added to the landing gear. These rods support
highly reflective beacons (see Fig. 1, right) used by the navigation
system.

B. Instrumentation

A key element that enables aggressive maneuvers of small
vehicles is the recent availability of reliable, ground-based
navigation systems requiring only minimal on-board instrumenta-
tion. The VICON system! provides such a turnkey navigation
system. The system was originally designed to track human and
animal motion. Its ground infrastructure consists of several cameras
(typically six or more) which actively illuminate the tracked object
via light-emitting diodes. With highly reflective coating over
designated markers such as small-sized, styrofoam balls, the VICON

$Data available online at http://www.gyrodynehelicopters.com/ or http://
www.vtol.org/uavpaper/NavyUAV htm [retrieved 25 September 2008].

IData available online at http://www.vicon.com [retrieved 25 September
2008].
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Table 1 Helicopter characteristics

Main rotor diameter: 870 mm

Tail rotor diameter: 178 mm

All-up weight: 1300 g

Height: 256 mm

Length: 725 mm

Propulsion system: brushless electric motor
Medusa Research MR-028-056-2800

system can track one or several rigid bodies in terms of position and
orientation [17], provided the ambient light is low. For the purpose of
avoiding any geometric ambiguity, it is important to place markers
on the vehicle so as to break any symmetry (see Fig. 1). With such
precautions taken and with an appropriate spatial distribution of the
cameras, vehicle position and orientation can be obtained with
position and attitude accuracy on the order of 1 cm and 1 deg,
respectively, following a short calibration procedure. The sampling
rate is 100 Hz and the latency is less than 1/25 s.

C. Landing Pad

The landing pad consists of a square 1.2 x 1.2 m? piece of
plywood covered with Velcro. This piece of plywood can be easily
tilted at various angles. Complementary Velcro material is mounted
under the helicopter landing skids, so that upon contact the two
elements (the landing pad and the helicopter landing gear) would
effectively bond and notably eliminate the risk of helicopter
overturn. Although it may be argued that such a solution creates
artificially favorable conditions for successful landings, we consider
that it constitutes a useful intermediate step toward performing
landings in unequipped areas at nonhorizontal attitudes.

D. Experimental Layout

Flight tests were conducted in the courtyard of Georgia Institute of
Technology’s School of Aerospace. The VICON cameras were
located in such a way that accurate position, velocity, attitude, and
angular velocity information could be obtained for the helicopterin a
corridor containing the helicopter initial position and the landing
area. This corridor is 6 m deep, 1 m wide at maneuver inception, and
greater than 3 m wide near the landing area. The available corridor
height is about 3 m.

III. Experiments with Humans in the Loop

The first set of experiments involved an expert human pilot aiming
at landing the helicopter on a moderately pitched target (25 deg). The
human pilot was chosen for his ability to perform advanced aerobatic
maneuvers (including inverted flight, loops, flips, rolls, etc.). The
flight was performed at night as required by the VICON system. This
challenged the pilot’s ability to precisely locate the helicopter
relative to the target. In particular, the strategy followed by the pilot
to land the helicopter failed to exhibit many of the desired
characteristics for landing at high pitch angles: The precise
navigation requirements associated with helicopter landing forced
the pilot to give up on adjusting the helicopter pitch angle so as to
match that of the landing pad. Instead, the pilot chose to hover the
helicopter horizontally above the landing pad and then dropped the
helicopter on the pad by bringing the collective control down. This
experiment showed that previously developed human-inspired
strategies for aggressive flight control [18-21] could not be applied
to the task described in this Note.

One of the benefits of the piloted experiments, however, was to
demonstrate the validity of the “Velcro” landing pad concept, since
the helicopter successfully and systematically bonded with the
landing pad.

IV. Landing Maneuver Design

This section presents our landing maneuver design philosophy,
followed by a detailed presentation of the control laws used to
perform the maneuver.
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Fig. 1 Flight test article. Left: Commercial configuration. Right: Flight test configuration.
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Fig. 2 Landing procedure.

A. Overall Philosophy

The landing maneuver was designed as a two-step process,
illustrated by Fig. 2. What makes the landing maneuver challenging
is the underactuated nature of the helicopter, where underactuated
refers to the impossibility of controlling all degrees of freedom
simultaneously. Indeed, assuming constant helicopter rotor speed,
four actuation mechanisms are available (collective, pitch and roll,
cyclic, and yaw). However, 6 degrees of freedom must be controlled
(geometric position and attitude). Our landing maneuver is divided
into two phases, as follows:

1) During approach, the lateral position y, altitude z, forward
velocity x, and yaw angle ¥ of the helicopter are primarily controlled.

2) During flare and eventual landing, the pitch 6 and yaw y angles
of the helicopter are primarily controlled, together with the helicopter
lateral position y and altitude z.

Thus, the vehicle undergoes a controller mode switch during the
maneuver so as to enable the landing maneuver. This mode switch is
reminiscent of strategies used in previous demonstrations of
aerobatic flight by miniature helicopters [18,22]. The mode switch is
triggered when the longitudinal vehicle position x crosses a specific
threshold Xy, During the experiments that led to this note, Xgyiicn
was determined empirically.

B. Recovery Procedure

The landing sequence was designed so that the vehicle could
recover in case of a missed landing: Upon the crossing of a threshold
distance Xy,esno1q OT at the operator’s discretion, the vehicle aborts its
flight and is commanded to return to its starting point and hover there.

C. Control Architecture

The control architecture is given by the diagram in Fig. 3.
Depending on the phase of the flight, only part or all of the controller
architecture is used: For example, when hover control is desired, the
entire control architecture is used. However, the vehicle forward
velocity u may be commanded directly as well. Likewise, the
helicopter pitch angle can be commanded directly. Three controllers
are mounted in a series, corresponding to three successive loop
closures. First, the position controller controls the forward and lateral
motions of the helicopter, corresponding to the horizontal absolute
coordinates x and y. The control laws (in terms of commanded speeds
Vy emds Uy,emd» @0d U, opq) are proportional laws subject to saturation.
Define

Uq Yena=0

A 1
g 78+1
emd U, )
Tema_ — , o Atttude | “eolenks
w em F’Ianarvelomty_:\q;m coritrolier itch cyclic
«_|Planar hover ’6 controller md. S,
Y, |position controller R
Zem Altitude V,.na| Vertical

4 controller v velocity 5
controller o

VICON system

Fig. 3 Helicopter control architecture.

Ux.emd! = _)‘p(-x - xcmd) Uy.cmd.l = _}"p(y - ycmd)

6]

Vzemd! = _)‘z(z - Zcmd)

where X md»> Yemd»> ad Zemg are the commanded coordinates and x, y,
and z are the measured coordinates of the helicopter in inertial
coordinates. Defining

— 2 2
chd - Ux,cmd.l + Uy,cmd.l

we then write

SAT(chd/Vmax)
vx,cmd = s x,cmd,/
chd/vmax
_ SAT(chd/Vmax) (2)
Uy,cmd =~ xr v

y,cmd, !
chd/vmax e
VUzemd = min(max(vz.cmd.lv vz,min)v vz.max)

The operator SAT is the usual saturation function. In practice,
Ve = 1.5m/s, v, =—1m/s, and v ., =2m/s. The
commanded velocities are then converted from an inertial frame of
reference to the helicopter frame of reference:

Uemd — COs 1// sin w Ux.emd (3)
Vemd —siny cos Y || Vyema
Alternatively, the forward velocity u,q may be controlled directly,
as shown in Fig. 3. In these expressions, A, and A, are appropriately
chosen positive constants.

The planar velocity command loop is computed as follows. A first-
order velocity response is sought, such that

%Mz)‘u(ucmd_u_’—iu) %vzkv(vcmd_v_’—iv)
d C))

iu = ki,, (ucmd - u) iu = kiu (vcmd - l))

dr dr
The presence of integrators (with states i, and i,) aims at
guaranteeing zero tracking error. In these expressions, A,,, A,, k; ,and
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k;, are appropriately chosen positive constants. For control design
purposes, we assume the simplified helicopter planar dynamics

d 1
—Uu=— (_Tcollecmd + kdu|u|u)
o« )
d

1
=2 k
a’ m( collPema T+ kay[V[V)

where T, is the helicopter rotor thrust setting (collective), m is the
mass of the helicopter, and the aerodynamic drag coefficients kg4, and
kg, are computed by assuming the helicopter to be an ellipsoid
[23,24]. This model is a considerable simplification of the more
complex models found in the literature [25], but it is satisfactory for
controller design purposes. Inverting the helicopter dynamics [26]
leads to expressions for 6,4 and @.nq

1
Ocmd = _T_()‘um(iu + Uemag — M) - kdu“'”')
coll (6)

1
¢cmd = ()"vm(iv + Uemd — U) - deU|U|)
chll

by combining Egs. (4) and (5) together. Alternatively, the pitch angle
0 may be directly commanded via the input 6,,. To avoid exciting the
helicopter’s high-frequency pitch dynamics, 6, is subject to low-pass
(first-order) filtering. Together with the desired heading ¥/,4, the
Euler angles 6., and ¢4 allow us to form the desired attitude,
expressed by the rotation matrix R4 [27]. Computing the rotation
error matrix R., = R;},R=RL ,R, where R is the measured
orientation of the helicopter (obtained from the measured Euler
angles ¢, 6, and V), and computing €., = log R, [28], we obtain

0 —e ¢
€err = € 0 —€ (7)
%y €x 0

Standard results about rotations indicate that the orientation error R,
is a rotation whose axis is [€, €, €,]7 and whose angular

4

amplitude is /€2 + €2 + €2. The proportional control law

5mll = kd)éx Spilch = kefy (Smd = kwez (8)
was chosen for its simplicity and ability to steer the helicopter
attitude R toward R, Damping is provided by the helicopter
dynamics, including the stabilizer bars and the built-in gyroscopic
yaw damper.

The velocity controller about the z inertial axis was computed
using the desired behavior

d
ivz = )Luz (V,ema — U, + ivx) —i,

=k (Vg —
dl dl iy, (vwcmd Uz) (9)

Using the simplified vertical dynamics
. 1
vV, = 7(Tc011 COSGCOS¢_ mg — kivz) (10)
m

and
Teon = keonBeon (11)

where k; and k are computed separately as functions of the rotor
characteristics assuming the helicopter is near hover, yields the
desired control law

mg + m)‘v: (vz,cmd + ivz - vz) + kz'vz
ko cOs B cos ¢

Scoll = (] 2)

Such a control architecture enables a high-level, discrete control of
the helicopter. The landing sequence may be seen as a discrete
sequence of step inputs to the control architecture as shown in Fig. 4.
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Operator

Hover
xcmd=2mJ Y cmdzomJ
Zoma=1m, v .= 0deg

Approach
ug= 4m/sec, . ;~=0m
zcmdzlm' Yemd™ Odeg

X Ewitch

Recovery
Ko d= 20, Y =0m,
Z.mq=0-5m, y_ .= Odeg

Pitch-up
6,=60deg, v, ,~0m
zcmd:]‘m’ Wemd— Odeg

command

Fig. 4 Landing maneuver sequence.

V. Experimental Results

The controlled helicopter was able to perform several landings,
eventually reaching a 60-deg pitch angle at landing. Initial landings
were performed at much smaller pitch angles (e.g., 10 deg) for the
purpose of calibrating the landing procedure and the abort process,
should it be needed. The pitch angle of the landing pad was then
progressively increased so as to eventually reach 60 deg. Figure 5
shows the trajectory followed by the helicopter during a successful
landing.

The corresponding time histories for attitude/attitude rates and
position/speeds are given in Figs. 6 and 7. It must be noted that the
landing maneuver is, so far, performed “open loop,” that is, the exact
location of the landing pad relative to the helicopter was not
measured in real time, leading to several aborted maneuvers. In
addition, the orientation of the landing pad was not measured online.
The operator measured the landing pad pitch angle before the flight,
and entered it manually as 6, in the flight control computer. During
these experiments, the thresholds were set to be X, = 5.7 m and
Xaport = 7-85 m. The actual landing took place at x = 7.73 m.

VI. Further Research

This Note shows that the concept of landing a small, unmanned
hover-capable vehicle on a near-vertical surface is feasible. From
there, several avenues of research are possible. First, it is necessary to
improve the reliability and repeatability of the landing maneuvers, by
improving the control laws used, and by sensing the proximity of the
vehicle to the landing surface. Recently developed control strategies
for helicopterlike vehicles might prove useful [29]. Second, the range
of helicopter attitudes at landing should ideally be extended to
incorporate all possible attitudes. Third, effective and reversible
bonding mechanisms should be designed to replace the Velcro-based
system used so far.

3
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Fig. 5 Successful landing: Top: Side view. Bottom: Top view.
Helicopter attitude is represented by successive segments. Consecutive
segments are separated by 0.06 s. All units are in meters.
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Fig. 7 Successful landing: Helicopter position/velocity. Top: Along
track position/velocity; Middle: Cross-track position/velocity. Bottom:
Altitude/vertical speed. Positions are continuous lines; velocities are
dashed lines.

VII. Conclusions

This Note presented the first published landing of a small
helicopter at high pitch angle, with landings on platforms with up to
60 deg pitch. Such maneuvers contribute to forming the core
knowledge that is necessary to enable birdlike behaviors for small
unmanned air vehicles, including the ability for these vehicles to
alight at nonhorizontal attitudes. This interim result shows that these
high-agility behaviors are now within reach of small unmanned air
vehicles and navigation systems.
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