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The growth of the micro-aerial vehicle (MAYV) industry is outpacing our understanding of how MAVs behave in
cluttered environments. Search and rescue and product delivery (two key MAYV applications) occur in tight, confined
spaces filled with complex obstacles. Our current understanding of how micro-quadrotors interact with boundaries is
based primarily on helicopter models, which were designed for high-Reynolds-number single-rotor flows. To test how
well existing near-boundary models apply to micro-quadrotors, the thrust forces and wakes of a micro-quadrotor near
a ground, ceiling, and sidewall were measured. It is found that micro-quadrotors (like their larger counterparts)
experience a large boost in lift near the ground/ceiling and a slight drop in lift near the sidewall. Particle image
velocimetry is used to quantify the velocity around the rotors and evaluate the assumptions made by existing ground
and ceiling models. Complex boundary-layer interactions were observed at low altitudes, especially when the quadrotor
was tilted relative to the ground. Reduced-order modeling was also used to explore the safety implications of near
ground/ceiling flight. Tradeoffs between safety and efficiency that are sensitive to the ground/ceiling models were
discovered, highlighting the need for precise near-boundary models. The results of this study therefore offer guidance
for near-boundary model-driven controllers that could improve situational awareness and sensorless landings.

Nomenclature

rotor lift coefficient

rotor power coefficient

rotor frequency

acceleration due to gravity (9.8 m/s? in this study)

= vehicle rolling moment of inertia (2-3 X 107> kg - m? in
this study)

= rotor advance ratio (Z/[2rf])

lift

lift far from the boundary

simulated lift disturbance

distance between centers of rotors (90 mm in this study)

¢ scaled by rotor radius (£ =£/r; 3.9 in this study)

= vehicle mass (27 g in this study)

rotor radius (23 mm in this study)

in-plane flow velocity

in-plane flow velocity far from boundaries

distance from rotor center to ceiling/ground/sidewall
target height (of the rotor)

z scaled by rotor radius (Z = z/r)

7o scaled by rotor radius (Zy = z/r)

relative change in lift near a boundary, (L — L,)/L,
horizontal tilt angle between quadrotor and boundary
density of air (1.2 kg/m? in this study)
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I. Introduction

ICRO-AERIAL vehicles (MAVs) are growing in popularity due
to their low cost and high agility. Quadrotors are especially
useful because of their ability to hover and perform precise movements.
Their small size lets quadrotors navigate in narrow corridors such as
those of urbanscapes and collapsed mines, places that are inaccessible
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to conventional vehicles. However, these new environments lead to
new challenges. Micro-quadrotors are inherently unstable due to their
small size and low speeds [1-3], and they can be further destabilized
by their close proximity to boundaries like walls, grounds, and ceil-
ings [4].

One solution for handling near-boundary effects is to use data-
driven control. Reinforcement learning [4] and adaptive control [5],
for example, have been used to train quadrotors to fly near bounda-
ries, and centralized predictive interaction control has helped protect
quadrotors from crashing into the ceiling [6]. However, even in simple
environments, model uncertainty can cause data-driven quadrotor
controllers to fail [ 7]. Aerodynamic models are therefore incorporated
into many controllers to improve performance. Some state estimators
have used blade element theory [8] or wind models [9] to improve
stability. In other cases, aerodynamic models have enabled control
compensation in near-boundary maneuvers and landings [10-13].

When high-precision control is not necessary, data-driven reactive
approaches may be sufficient. However, many high-impact quadrotor
applications, package delivery in crowded buildings, search-and-rescue
in rubble corridors, coordinated swarming, etc., require centimeter-
scale precision. Data-driven control is especially problematic if sensors
are compromised by sand/dust or low lighting, because the limited
payload capacity of quadrotors may preclude redundancy in their
sensing systems [14]. Another key advantage of using model-based
control is its importance to the future of MAV regulation. As MAVs
become more mainstream, their regulation will demand physics-based
models that can guarantee provably safe operation.

A challenge of model-based quadrotor control near boundaries is
that existing models are rooted in helicopter theories. These classic
theories use the method of images to model a helicopter’s lift near
the ground [15]. However, quadrotors have three additional rotors,
and their smaller Reynolds numbers lead to viscous effects that are
negligible at helicopter scales [16]. Recently, classic theories have
been adapted with an empirical coefficient that accounts for the extra
rotors [17]. Ceiling and sidewall effects have no history in helicopter
research, so they are relatively unexplored in comparison. The first
attempt at a near-ceiling model was made by Hsiao and Chirarattana-
non [18], who used blade element momentum theory to predict the
increased lift seen near the ceiling. New models have inspired recent
analytical and experimental studies that clearly demonstrate the advan-
tages of near-ceiling flight, which are particularly relevant for bridge-
inspection MAVs [19-21]. How well these near-boundary models
apply to micro-quadrotors (rotor radius » < 50 mm) is unknown.

To contribute to the growing field of near-boundary quadrotor
research, we investigated the forces on a micro-quadrotor (Crazyflie
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2.0) near the ground, ceiling, and sidewall. Like groups that consid-
ered larger quadrotors [17,22], we found power law dependencies
between lift and ground proximity. In some regimes, however,
existing models underpredicted the ground’s effect and overpredicted
the ceiling’s effect. We therefore used particle image velocimetry
(PIV) to explore the time-averaged flowfields surrounding the micro-
quadrotors. We found that standing vortices beneath the quadrotor
were highly sensitive to quadrotor attitude, and we did not observe the
fountain effect seen beneath larger quadrotors [17]. These effects may
account for some of the differences experienced by micro-quadrotors.
To explore how our analyses scale, we ran reduced-order simulations
of quadrotors hovering near the ground and ceiling. Based on the
results, we show how improved near-boundary models could help to
quantify tradeoffs between efficiency and safety.

II. Experimental Methods

To investigate how boundaries affect micro-quadrotors, we built
a glass and high-density polyethylene (HDPE) flight arena (1.5 m X
1.5m x 1.5m) (Fig. 1). For our first round of tests, we mounted a
micro-quadrotor (Crazyflie 2.0, rotor radius » = 23 mm) to a 1 kg
load cell (Omega LCFD, £1.5 g accuracy) in the center of the arena.
The load cell was suspended from a custom traverse that positioned
the quadrotor near a horizontal plane or a sidewall. We chose the
Crazyflie because of its open-source support and its popularity in
the hobbyist community, and we chose a tethered arrangement so
we could measure time-averaged flowfields and collect force data
simultaneously. Boundary proximity z is the distance between the
rotor midline and the ground/ceiling/sidewall (in the sidewall cases,
proximity is measured from the rotor nearest to the wall). Ceiling tests
were done by inverting the quadrotor and using the same horizontal
plane. We checked that orientation had negligible effects by compar-
ing flowfields between upright and upside-down cases (along typical
streamlines in our setup, dynamic pressures are about 50 times higher
than gravitational pressures).

At 20 different distances from the ground/ceiling/sidewall (see
Table 1), we recorded time-averaged lift for 4 throttle levels: 25, 50,
75, and 92% (max reliable throttle). For reference, Crazyflies with
no payload hover at 60% throttle. The traverse automatically visited
each distance 15 times in a randomized order, averaging 10 s of lift at
1000 Hz for each trial. The force sensor was re-zeroed between each
trial to minimize sensor drift between trials, and no observable drift
took place within each trial. To facilitate comparisons between cases,
we calculated the percent increase of net lift compared with its value
far from boundaries: AL =(L — L)/L.

To measure the flow around the Crazyflie, we used PIV to track
neutrally buoyant particles in the arena. The PIV system used a dual-
cavity pulse laser (Litron, 200 mJ @ 15Hz) to illuminate aerosolized
particles of glycol and water (diameter 14 xm) in a plane through
the center of two of the rotors. Particle motion was triangulated by
two high-speed cameras (Phantom SpeedSense M341, 4MP) that fed
into cross-correlation software (Dantec Dynamic Studio). Based on a
convergence test, we determined that 150 image pairs (10 s of data)
were sufficient for time-averaged velocity fields to converge to <0.1%

Table1 Distances from the boundary during
tethered experiments

Distance to
sidewall (cm)

Distance to
ground (cm)

Distance to
ceiling (cm)

5 57 15
6 58 16
7 59 17
8 60 18
9 61 19
10 62 21
11 63 22
12 64 23
14 66 24
15 68 26
18 70 28
22 74 32
25 71 35
29 82 40
34 86 44
38 90 48
55 108 66
68 121 79
90 142 101
525 571 535

of the average projection error per 10 ym. The result of the averaged
cross-correlations is a grid of velocity vectors, one for each 32 px X
32 px window.

We used the velocity grids to plot airspeed density and trace
streamlines (DensityPlot and StreamPlot in Mathematica 10). Areas
that were unobservable due to poor contrast near the illuminated
Crazyflie are shown as grayed areas in the figures. A light reflection
caused the one-pixel outlier seen in the ceiling case. Downwash
velocities were estimated by using a cross section of the wake 1 rotor
diameter beneath each rotor. The momentum jet was angled slightly
to the left in some flowfields near the ground (see Results and Fig. 4),
which motivated us to test the sensitivity to rotor angle. We therefore
ran an additional set of tests with the artificial ground plane at six
angles off the horizontal (+4.6°, +3.1°, +1.5°, —1.7°, =3.2°, —4.9°;
each +0.05°).

III. Mathematical Models

The first attempt to model rotors in ground effect was done for
helicopter landings. Cheeseman and Bennett [ 15] used mirrored source
elements (method of images) to model the lift of a rotor (L) as it
approaches the ground. Hayden [23] later added power to the model
using a correlation based on flight test data. In the model, the rotor’s
image leads to downwash velocities at the rotor plane. The result is an
increase in rotor lift compared with its value far from the ground (L ).
Near-ground lift therefore depends on the altitude z according to
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Fig.1 A glass arena was used to measure the lift of a tethered Crazyflie and the surrounding flowfield via particle image velocimetry.
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where Z is the altitude scaled by rotor radius (Z = z/r). The method,
which is based on potential flow theory, assumes that the flow is
incompressible and inviscid. It also assumes that the downwash is
constant across the rotor disk, that the rotor disk is infinitely thin, and
that Z > 0.25.

To account for the extra rotors of a quadrotor, Sanchez-Cuevas et al.
[17] modeled four sources (arranged in a square with side length ¢)
and then applied the method of images. A secondary effect of there
being four rotors comes from the quadrotor’s symmetry. The flows
from the four jets converge beneath the quadrotor, rise up in the center,
further reduce the downwash at the rotor planes, and therefore cause
an increase in lift. To account for this fountain effect [17], Sanchez-
Cuevas et al. added a semi-empirical term with a fitted coefficient K ;,.
Their modified expression for near-ground lift is

L 1
= = . s )

/70 O S S —;
® 162 142 2/ QP42 2K,/ +42)

where 7 = ¢ /r. The model is based on the same assumptions as the
original helicopter theory [15]. Sanchez-Cuevas et al. found good
agreement with experimentally calculated lift when K, ~ 2.

Ceiling effect analysis is fairly new because previous ground effect
studies were done for helicopter flight. Hsiao and Chirarattananon
[18] modeled ceiling effect using blade element momentum theory
and a control volume analysis. They found that, like in ground effect,
the presence of the boundary decreases the downwash velocity at the
rotor plane. Their model predicts a sharp increase in rotor lift near the
ceiling, an effect that has been confirmed in experiments [6]. Spe-
cifically, their model predicts that

L—1+1,/1+1 3
L, 2 2 822

where here z is the distance between the rotors and the ceiling
plane. Like ground effect theories, the model assumes that the flow
is incompressible and inviscid, that the rotor disk is infinitely thin, and
that the downwash through the rotor is uniform. They further assumed
that the flow entering a control volume above the rotors was entirely
horizontal. All of these models assume hovering flight, i.e., an advance
ratio (J =z/(2rf)) of zero, and assume lift coefficients that are
independent of Reynolds number and rotor solidity.

IV. Numerical Methods

To investigate the implications of boundary effects on MAV safety,
we created a reduced-order simulation capturing the vertical dynam-
ics of near-boundary quadrotors to determine relative crash propen-
sities. The simulation allowed us to compare crash rates of different
boundary models across a range of flight altitudes, using the Crazy-
flie’s dimensions (r = 23 mm, £ = 90 mm) and weight (27 g) as an
example. We also analytically estimated the relative power required to
maintain a given altitude. This information, together with the crash
propensities, highlights efficiency-safety tradeoffs inherent in near-
boundary flight.

The reduced-order model considers three forces acting on the
Crazyflie: the lift force (L), the vehicle’s own weight (img), and random
vertical forces chosen to simulate disturbances (L’). These random
forces were generated by a white Gaussian noise function (mean of 0N
and standard deviation of 0.015 N). From a force balance, the vehicle’s
acceleration follows as

_Lz®) +L'(1) —mg
- m

() C)

that we solved using a Euler integration (time step of 0.1 s) to
determine velocity and position over 120 s. At every time step, L
was recalculated as a function of the vehicle’s current altitude z and the
rotor frequency f (the control variable).

To estimate L at distances far from a boundary, the simulations used
blade element theory: L = 4C, pf?r*, where C is the lift coefficient
of the rotor blade. We included the 4 to account for the four rotors, and

we held C; constant at 1.6 (in doing so, we assumed lift coefficient to
be independent of Reynolds Number). This lift force served as L, for
the calculation of the near-boundary lift indicated by the Hsiao—
Chirarattananon and Sanchez-Cuevas models [Egs. (2) and (3)]. We
used Sanchez-Cuevas’s empirically fit K;,, = 2 in our ground effect
model [17]. To avoid unreasonably large lift values (and the singu-
larity near Z = 0.25 in the ground model), we bounded L /L to its
value computed at Z = 0.5. To assess the sensitivity of vehicle safety
to the accuracy of the boundary model, we also simulated vehicle
dynamics with boundary models scaled by powers of 0.6,0.8, 1.2, and
1.4. For example, the lift in one simulation would be computed as
(L/L)", such that the liftis always greater than L /L, indicated by
the model yet still approaches L, at distances far from the boundary.

We commanded the vehicle to maintain a target height (measured
as distance from the rotor to the boundary) throughout each simu-
lation using a simple proportional-integral-derivative (PID) control-
ler on the rotor frequency. At each time step, the frequency was
determined by

f=kP(Z—Zo)+kDZ'+k1/r(Z—Zo)df+fo ()
0

where 7 is the targetheight, f is a frequency offset, and kp, kpp, and k;
are the controller gains. Gains were held constant across all simula-
tions. The kp and kp gains were chosen such that a quadrotor hypo-
thetically launched from the ground would quickly reach its desired
altitude with minimal overshoot; we decided upon kp = 316 m™' -
s~! and kp = 316 m~!. Because we ultimately wanted the vehicle
to start at and maintain a given height throughout our simulations,
we added a frequency offset sufficient to counter the Crazyflie’s
own weight (adjusted for increased lift due to the boundary effect in
applicable simulations). Although an integral gain was still necessary
to account for any asymmetry in the disturbances, including this offset
meant that a relatively small integral gain of 31.6 m™! - s™2 was
sufficient to consistently maintain a desired average altitude. The
minimum rotor frequency was also bounded at 0; i.e., the rotors could
not spin backward to provide downward thrust in the event that the
altitude far exceeded the target height.

Vehicle target heights ranged from Z, ~ 0.5 to 2 above ground and
Zp ~ 1t02.5 below the ceiling (where Z, = z/r). If at any time during
the simulation Z < 0, we considered the vehicle to have crashed into
the boundary and thus stopped the simulation, adding to a counter
whenever this happened. Simulations of each combination of setpoint
and boundary model magnitude were repeated 1000 times to deter-
mine an average crash rate at each parameter combination.

In contrast, the relative energy cost of hovering near a boundary
can be determined analytically because it reduces to a function of our
boundary model. We combined our lift models with blade element
theory, which provides the mechanical power generated by a rotor as
Cppf3r, where Cp is the power coefficient. For the small advance
ratios (J = z/(2rf)) of hovering, C; and Cp are relatively constant
(e.g., <5% change for J < 0.2 for a typical rotor [24]). The ratio of
power consumed in two different flight conditions 1 and 2 is therefore
~(f1/f>)}. Inverting L = Cpf*r* gives the frequency f required
for hover as a function of +/L. Therefore, the mechanical power
generated near a boundary compared with the power far from the
boundary (“relative energy cost”) is (L/L,)~>/?, where L/L, fol-
lows from Egs. (2) and (3).

V. Results

A. Tethered Force Measurements

Our tethered force measurements confirm that micro-quadrotors,
like their larger counterparts [17], see a boost in lift near the ground
(Fig.2a). Thelift increase that we measured (up to 20%) was more than
twice what classic theory predicts [15]. Sanchez-Cuevas et al. [17]
observed similarly high lift values and attributed the deviation from
theory to the fountain effect. When we use their one-parameter fit for
modeling fountain effect [Eq. (2)], we see a good match (R? = 0.956)
for 1 < Z < 3. This suggests that their semi-empirical model scales
well to smaller quadrotors. Figure 2 includes all four of the throttles we
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considered; the collapse to a single curve illustrates that the relative
lift increase near boundaries is insensitive to air flow speeds. For
comparison, we show existing quadrotor data, classic helicopter
theory [C-B Model; Eq. (1)], and the Sanchez-Cuevas model [S-C
model; Eq. (2)] with its original fit (PQuad; » = 120 mm, K, = 2)
and a new fit (Crazyflie; r = 23 mm, K, = 2).

Near the ceiling, the Crazyflie experienced a sharp increase in lift
(up to 60%) very close to the boundary (Fig. 2b). Our data go to lower
Z values near the ceiling because the underside of the quadrotor
prevents closer ground proximities. Like larger quadrotors, the Cra-
zyflie had to be closer to the ceiling than the ground to experience the
same increase in lift [17,22]. Near the ground, effects on rotor lift
were significant when Z < 4; near the ceiling, effects were significant
only when Z < 1. The ceiling model of Hsiao and Chirarattananon
[18] gives a good estimate of the lift increase except for very low Z
values, where the model overpredicts our measurements.

Unlike near the ground and ceiling, the lift decreases slightly
(<5%) near a sidewall (Fig. 2c). The sidewall effects are small in
comparison to those seen near the ground and ceiling. The quadrotor
has to be very close to the wall before changes in lift are noticeable
(|AL| > 2% for Z < 0.3). This proximity, corresponding to just a few
millimeters, would be outside the scope of most applications. How-
ever, unlike the ceiling and ground, which has a symmetric effect on
the rotors, the sidewall presumably affects the rotors unequally, which
would lead to destabilizing rolling torques. These torques are known
to affect larger quadrotors [5]. For the Crazyflie, it appears that
differential lifts of up to ~0.03L, are possible very close to the wall
(Fig. 2¢). Using the mass and moment of inertia of the Crazyflie (27 g,
2-3x 1073 kg - m? [25]), we estimate rolling torques of ~0.2 N mm
and angular accelerations of ~400 deg /s.

B. Flowfield Measurements

Motivated by the slight differences between our measurements,
existing models, and existing data for larger quadrotors, we con-
ducted PIV to measure the time-averaged flowfields around the
Crazyflie (Fig. 3). To avoid a laser shadow, we measured the flow
around one rotor and reflected across the midplane the Crazyflie. The
wake of the rotors is significantly different near boundaries, particu-
larly near the ground. The ground causes each rotor wake to diverge
into two momentum jets. Near both the ground and the ceiling, PIV
reveals a reduction in the rotor downwash of ~22% (ceiling) and 6%
(ground). In comparison, the classic model of Cheeseman and Ben-
nett predicts only a 0.4% decrease in downwash at the same ground
proximity. This discrepancy helps to explain why our lift increase
near the ground was higher than what classic theory predicts (Fig. 2a).

To better understand how the ground affected the flow, we consid-
ered multiple ground proximities and compared with the control case
(Fig. 4). In the comparison, negative values imply that the flow is
slower than the control case; positive values imply that the flow is
faster. As the Crazyflie approaches the ground, the momentum of the
rotor wake is directed to either side, leaving a triangular stagnation
zone beneath the rotor. As Z decreases further, the stagnation zone
grows until it nearly reaches the bottom of the quadrotor. Quasi-steady
analyses would suggest high pressures in this zone, which could help
to explain why the ground causes lift to increase even at relatively high
Z values (up to ~4). Compared with the control case, the near ground
wakes also show relatively high airspeeds just outside the stagnation
zone. These higher airspeeds are particularly pronounced very close to
the wall (Fig. 4, Z = 2.6, Z = 1.8), suggesting that near-ground
dynamics may also be affecting jet entrainment below the rotor.

In comparison to the ground, the change in downwash of the ceiling
on the flow was less pronounced (Fig. 4). For the first two cases we

Ground Ceiling Sidewall
75% - -
i 20% ; 27% q
= : % v )
& ) — - =
50% - " L | el
[2: = =
AL & = B
25% dE 16% Tt %
[ i‘I..
0% : -»E. o3 . o . . violboas
0 2 40 2 40 2 4
Z=z/r 2 z
1 7 =23 mm (This study) I 7 =23 mm (This study) I =23 mm (This study)
o =40 mm [25] ¢ 7 =40 mm [25]
o 7=120 mm [17] e =23 mm [18]
H-C Model [18]

S-C Model [17] (PQuad)
- S-C Model [17] (Crazyflie)

Fig.2 A comparison of recent modeled and experimental data for quadrotors near the sidewall, ceiling, and ground.
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Fig. 3
(z > 1, left). Velocity cross sections shown below.

Time-averaged velocities near the ground (Z = 3.4, center) and ceiling (z = 2, right) differ in direction and strength compared with the control
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+10m/s

-8m/s

Fig. 4 Time-averaged velocities near the ceiling/ground are compared against the control to highlight areas of high variation.

considered (z = 3, Z = 2), the flowfields are almost identical to the
control case. In contrast, even when Z = 4 near the ground, the flow is
significantly altered by the boundary (Fig. 4). This difference is
consistent with our lift results (Figs. 2a and 2b), which showed how
lift was affected at higher Z values near the ground compared with the
ceiling. As Z reduces further near the ceiling (Z = 0.7 and Z = 0.3),
the flow both above and below the rotor becomes less uniform than in
the control case. The streamlines bringing air to the rotors now
approach at an upward angle, and the airspeeds are slower just above
the rotor and beneath the rotor tips.

To test the sensitivity of rotor angle, we also performed PIV with
rotated ground planes (Fig. 5). We observed no noticeable effects of
rotor tilt angle on the flow above the rotor. In contrast, the wake
beneath the rotor was considerably affected by tilt angle. In all cases,
the jet beneath the rotor split in two and left a region of slow-moving
flow, as we had seen previously. However, the topology of the split
and the streamlines in the slow-moving region were very sensitive to

tilt angle. At some tilt angles (0, = +4.6°, +3.1°), two stable pairs
of counter-rotating vortices are seen beneath the rotor. As the tilt angle
decreases, the vortices are replaced by a single counterclockwise
vortex. This sensitivity could explain some of the asymmetries seen
in the jet near the ground. Even slight imperfections in rotor tilt angle
could cause different wake dynamics in and around the stagnation
zones beneath the rotors.

C. Near-Boundary Simulations

Our reduced-order simulations demonstrate that the ground has a
stabilizing effect while the ceiling has a destabilizing effect. Random
fluctuations cause the quadrotor to deviate from its target height, which
could potentially lead to crashes with a nearby boundary. However, as
a quadrotor approaches the ground, the heightened lift pushes the
quadrotor upward and prevents a crash (Fig. 6a). In contrast, approach-
ing a ceiling leads to higher forces toward the boundary, which can
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Fig. 5 Time-averaged velocities near a horizontally tilted ground plane show the sensitivity of the Crazyflie’s wake to tilt angle.
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Fig.6 Reduced-order quadrotor simulation. a,b) Sample time histories with and without the ground/ceiling models. c,d) Average crash frequencies with

and without ground/ceiling models (scaled by exponentiation).

result in a crash (Fig. 6b). To explore the likelihood of crashes, we
aggregated hundreds of trials and looked at average crash rates.

On average, the simulated quadrotor crashes less near the ground
when a ground model is included in the simulation. With no boundary
model, random fluctuations cause crashes as high as 7, ~ 1.5
(Fig. 6¢). When a ground model is added, the quadrotor can be about
half of a rotor radius closer to the ground before this rise in crash rate.
Scaling the ground model causes only slight changes in the 7, value at
which this rise occurs.

Unlike a quadrotor near the ground, a quadrotor near the ceiling
experiences more crashes. On average, the quadrotor is likely to crash
into the ceiling when Zz, < ~2 (Fig. 6d). Scaling the models has a
stronger effect on the safe Z, range near the ceiling than it does for the
safe range near the ground. The effects differ in magnitude because
they are caused by different mechanisms. The ground acts as a buffer
that pushes the quadrotor away; crashes require large random fluc-
tuations. The ceiling acts as an attractor, pulling the quadrotor into a
positive lift feedback loop; crashes are inevitable unless the controller
can reverse course in time.

For comparison, we also plotted the relative energy costs of near-
boundary flight in order to highlight the tradeoff between safety and
efficiency. This relation makes it clear why near-boundary flight is more
efficient: as Z drops, L /L, goes up, requiring a smaller rotor frequency
and less energy to maintain altitude. Chances of crashing increase with
smaller Z,, however, so accurate models are critical for balancing safety
and efficiency near the ground/ceiling (Figs. 6¢c and 6d).

Note that the value of the safe/unsafe Z values depends on the
disturbance intensity and the PID gains injected into our model.
Varying the intensity or the gains would rescale the Z values in Fig. 6,
though the relative positioning of the curves, and therefore our con-
clusions about crash frequency, would be unaffected. If the equation of
motion [Eq. (4)] were nondimensionalized, say, by using rotor radius

and gravity to scale lengths and times (¢ = z/r, 7 = t//r/g), it could
be written as

% A A A (RN ror
z=(a(z—zo)+ﬁz+yf(z—zo)dt+6) + (6)
0

|
mg

where the four dimensionless groups a, 3, y, and § are the controller

gains and offset scaled by physical variables: kp+/4Cp pr®/(mg),
kp/ACLpr [m, kiy/4CLpr’ [(mg?), and fo+/4Cipr*/(mg), res-
pectively. If lift coefficient were not assumed to be independent of
the blade-tip Reynolds number (see Numerical Methods section),
Reynolds number would be an additional dimensionless group that
includes viscosity (pfr/u, where p is viscosity). Therefore, although
our simulations were run with variables specific to a Crazyflie, they
could be tested for quadrotors more generally by tuning a, f, ¥, 6, and
the disturbance function scaled by vehicle weight (L' /mg).

VI. Conclusions

In general, the Sanchez-Cuevas model works well to model the lift
forces we observed near the ground. The same K, value that they used
to account for the fountain effect (2) also fit our data well (Fig. 2). In
the final few altitudes we tested, just before the quadrotor touched the
ground, our lift results began to deviate from the Sanchez-Cuevas
model. We did not see strong evidence of an upward jet beneath the
rotors (Figs. 3 and 4), which could perhaps explain the discrepancy.
However, there may be an upward jet beneath the center of the
quadrotor, out of the plane of the laser. Understanding these subtle
changes in the rotor wakes is important for developing more advanced
near-boundary models, especially because rotor—rotor interactions
also affect performance [26].
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In light of our tilt analysis (Fig. 5), modeling secondary vortices
may also help improve near-ground MAV models. The robust appear-
ance of the vortices in time-averaged flowfields suggests that they are
stable. However, their topology is sensitive to tilt angle, and they can
disappear with even slight (~3°) changes in attitude (Fig. 5). We did
notrecord any significant sensitivity to tilt angle in the thrust, so these
vortices may play a minor role in scaling the time-averaged forces/
torques on the vehicle, but their appearance could have important
implications for landing stability or ground particle dispersion.

Except for very close ceiling proximities, the ceiling model from
Hsiao and Chirarattananon [18] also gives good estimates of our
lift results. It appears that both the Sanchez-Cuevas model and Hsiao
and Chirarattananon model can scale down to micro-quadrotors. As
for the deviation from model predictions that we see very close to the
ceiling (Fig. 2, Z < 0.5), we suspect that viscous effects are no longer
negligible over such small length scales. In the inviscid model of
Hsiao and Chirarattananon, rotor downwash is assumed constant, the
streamlines entering the control volume above the rotor are horizontal.
Our PIV measurements reveal that these assumptions begin to break
down very close to the ceiling. However, we expect that the more
dominant effect is a change in pressure above the quadrotor caused by
interactions between the rotor and the boundary layer on the ceiling.

One application of near-boundary models is sensorless boundary
detection. Using known lift-altitude relations, a quadrotor could
predict its proximity to a boundary based on throttle alone. This type
of heightened situational awareness would be particularly helpful in
situations where other sensing modalities may be compromised.
Using a ground model has, for example, been shown to facilitate
sensorless landings [11-13] and swarm-based blind terrain mapping
[10]. Our force measurements and simulations offer design sugges-
tions for this technique. The collapse we observed with throttle
(Fig. 2) implies that model-based boundary detection could work
with the same calibration even with different payloads. Sensorless
sidewall detection is unlikely to be accurate enough based on changes
in lift (Fig. 2¢). The safety tradeoffs we demonstrated (Fig. 6) show
that ground detection would be safer than ceiling detection. Our
analysis further suggests that crash likelihood is not only a function
of target height and boundary effects but also a function of dimen-
sionless parameter groups involving the noise and the controller gains
[Eq. (6)]. This could help formalize future design via nondimension-
alization. For example, for different payloads (varying m), controller
gains could be adapted to maintain the same «, , and y.

Perhaps the most promising application of near-boundary models
is safer, more efficient path planning, especially in boundary-rich
environments. It has been shown that flying near boundaries can save
energy [18,19], and thus path-planning algorithms can be made more
efficient by incorporating near-boundary models [13]. As the quad-
rotor approaches the ceiling/ground, energy savings increase (Figs. 2a,
2b, 6b, and 6d), but so do the chances of crashing (Figs. 6b and 6d).
Path-planning algorithms that incorporate both safety and efficiency
could balance the kind of tradeoffs we observed in our reduced-order
modeling (Fig. 6). In applications where some crashes may be toler-
able, the efficiency of near-boundary flight may be worth the added
risk. Alternatively, a physical barrier could prevent ceiling crashes
while maintaining the advantages of near-boundary flight, as has been
demoed in bridge inspection MAVs [19]. Because of the sensitivity of
these tradeoffs to model scale (Fig. 6d), it is critical to have near-
boundary models with centimeter-scale precision. Our work confirms
the effectiveness of recent ground and ceiling models [17,18] for
micro-quadrotors and offers new ideas for improving the models
further using near-boundary viscous effects.
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