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Abstract. This paper presents an adaptive solution for the control of a quadrotor
operating close to the ceiling. The vicinity alters the flow resulting on a variation
on the effective thrust. A force factor is estimated in real time using an adaptive
mechanism. The full controller is proven to have global asymptotic stability with
zero tracking error using Lyapunov theory. The resulting system is validated in
simulation with approaching trajectories to the ceiling, and its robustness is shown
for mass variations of up to 20%.
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1 Introduction

Quadrotors have had a growing interest in their application for inspection and main-
tenance of infrastructures, such as concrete bridges [12]. In these applications, the
quadrotor has to be in the proximity of ceiling surfaces that affect the airflow from
the rotors and affect the thrust generated. This presents a major control concern, as it
provided an unknown in the actuation of the autonomous system. This paper focuses on
the ceiling effect, and provides an adaptive control solution for the problem at hand.

Control methods for multirotors can be seen in [18,15,11,13,2,9,17,3]. A tra-
jectory tracking controller using & adaptive control, for quadrotors with time-varying
aerodynamic effect and bounded external disturbance, is proposed in [18]. A model-free-
based terminal sliding mode control strategy, for quadrotor with parameter variations,
uncertainties, and external disturbances, is presented in [15]. A robust attitude quadrotor
control based on a fractional order PI nonlinear structure is proposed and experimentally
validated in [11]. A hierarchical control architecture using a multi-input fast nonsingular
terminal sliding mode control strategy is presented in [13]. A method based on satu-
rated feedback and backstepping control is proposed in [2], which is robust to persistent
disturbances. A state-dependent Riccati equation controller using the artificial potential
field method is proposed in [9], for collision avoidance in cooperative hexarotors with
manipulators. In [17], a global saturated tracking controller for a quadrotor is proposed,
and experimental validation is provided. An output feedback controller for quadrotors
using neural networks is delineated in [3].

The ceiling effect on quadrotors has been studied and modeled in [16,5,4]. A
potential model was developed using momentum theory, blade element theory and a
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Fig. 1: Quadrotor and Ceiling Setup.

model of “ground effects”. The resulting model is calibrated using a simulation in
ANSYS [16]. Momentum theory and blade element theory are also used in [5] to
model the ceiling effect. The model is validated using four propellers in a quadrotor
configuration and a force sensor. In [4], the lift and flow field are analyzed to model the
ceiling effect for a Crazyflie quadrotor. Additionally, this model is used to provide more
energy efficient trajectories for a quarotor traveling near surfaces.

Control approaches that account for the ceiling effect are presented in [7, 1, 10].
MPC control is considered in both [7] and [1], while [10] proposes an in-unsteady-state-
model-based controller.

This work addresses the problem of controlling a quadrotor operating near the
ceiling. The presented solution is an adaptive controller, and is tested in simulation. The
force factor is directly estimated by an adaptive mechanism, and is used to adjust the
control.

The main contribution of this paper is the proposal of an adaptive mechanism
where the force factor is directly estimated and is used to adjust the control. Moreover,
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the system is proven to have global asymptotic stability with zero tracking error and
uncertainty in the force factor using Lyapunov theory.

The notation used for scalars, vectors, and matrices is lowercase, bold lowercase,
and bold uppercase, respectively. Additionally, ||-|| represents the norm of a vector.

This paper is organized as follows: the problem is presented in Section 2. The
proposed controller is explained in Section 3. The stability of the controller is proven
in Section 4. Simulation results are presented and discussed in Section 5. Finally, some
concluding remarks are drawn in Section 6.

2 Problem Statement

Following a by now classical approach described in [8], consider an inertial reference
frame {I} of the quadrotor with upward z and forward x, as depicted in Fig. 1. The
position of the quadrotor is denoted as p € R3. The rotation matrix from the body fixed
frame {B}, relative to {I}, is given by R € R3*3. The body-frame angular velocity is
denoted by w € R3. The thrust and torque are denoted by f € Rand T € R3, respectively.
The mass of the system is m € R. The inertia of the drone is J € R3%3, and is positive
definite. The gravity constant is g € R. ej is the vector [0 0 1]7. The dynamics of a
quadrotor are, therefore,

mp = (fR —mg) e, ey
R = Rwy, 2
Jo=-0woXxJow+T. 3)

To account for the ceiling effect, a force factor a is added to (1):
mp = (afR —mg)es. €

The behavior of the ceiling effect (and ground effect) was studied in [4]. This paper
suggested the use of an inverse power law to describe the relation between the lift (/ € R)
produced in the proximity of a surface and at infinite distance (/. € R) from any surface:

a=-—==—+p. &)

This model uses two model parameters 8; and B2, and a nondimentionalized distance
d* that depends on the rotor radius » defined as

d*=—. (6)

The use of the nondimentionalized distance generalizes the model for different quadro-
tors, and is shared with other models.

For model completeness, both the ground and ceiling effects are considered, and the
overall model in this paper is obtained using the maximum of each effect and 1. The
resulting formulation is

Bic Big
@ + Bacs d_2+ﬁ2g9 1/, @)

a = max
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where Bic, Bac, Pig, and By are model parameters, d;. is the nondimentionalized
distance to the ceiling, and dj is the nondimentionalized distance to the ground.

The objective of this paper is to design an adaptive stable controller for the presented
formulation, capable of handling uncertainty in the ceiling effect by estimating the value

of the variable a.

3 Control

The controller presented in this paper is based on [14]. The first step in designing the
controller is determining the desired force f, € R3. At this stage, the orientation of the
quadrotor is not relevant, therefore it can be formulated as

fu=—kie, —kaoé,+bm (p,+ges), ®)

where e, = p — p, is the position error, p, is the desired position, k; € R is the
position control gain, ko € R is the velocity control gain, and b is the estimate of the
parameter b = a~'. Additionally, the desired force provides a desired heading

f
hg =% (C))
174l
To adjust the rotation of the system, a desired angular velocity wg is designed as
wg =S(e3)R" [CTha+kshy —kal|fy (eep+ép)], (10)
C = (hd'R83)I3+S(R83th), (1

where k3 € R and k4 € R are control gains, € € R is a tuning parameter, and S(a) is the
skew-symmetric matrix of a vector @ € R (a,b € R?,a x b = S(a)b).
Using f,; and w4, the actuation provided by the controller is designed as

f=fq -Res=R'f, e3, (12)
T=wxJo+Jé, —ksey, +keS (e3) RT hy, (13)

with e, = w — wg and ks € R being the angular velocity error and control gain,
respectively. Additionally, k¢ € R is also a control gain.
The final component of the control is the adaptive mechanism used to estimate b. It
is formulated as
£ ky o T .
b:—; (ges+py) (eep+ép). (14)
The behavior of the estimate is adjusted using the k7 € R gain and the tuning parameter
€.

4 Controller Stability

The stability of the proposed control solution is proven to have global asymptotic tracking
stability using a Lyapunov function V. The first part of the Lyapunov candidate function
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Fig. 2: Simulation Results for Step Trajectory.

W1, used to construct the function, is formulated as

1, ) é
wbiren v} el
_ | bmlg ebmlg

15)
- [Ebmlg (kl +€k2) 13] ’
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Fig. 3: Simulation Results for Step Trajectory Continued

To determine its derivative, the required acceleration error &, is formulated using

ep = b — b, yielding

mé, =-m(ges + py) +afRes
& bmé, = —bm (ges + py) + (Rde . e3) Re;
=epm (ges + py) + Res (Rde . 93) - kie,
—kotp — fy4
=epm (ges+ py) + R (egeg —13) R"f,

(16)

- klep - kQép
=epm (ges+ py) — RTRT f, —kiep, — kot
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Fig. 4: Simulation Results for Ramp Trajectory.

The resulting Wy is, therefore,

Wy =— e?;Qen +epm (geB + i’d)T (EeP + éP)
= Ifall R" (eep +&p) - TR hy

Q= (kQ—Ebm)Iy, 0
0 Ek113 ’

a7

So long as (ko — ebm) > 0, Q is positive definite.
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Fig. 5: Simulation Results for Ramp Trajectory Continued.

The second part of the Lyapunov candidate is Wo = 1 — hy - Res. Using the
properties ity - g = 0 (since ||hyl| = 1),and RThy -TRThy =1 (RThy - e3)2 (since
||RThdH = 1) provides

. T 2
W2:—k3(1—(R hd'e3) )—hd~RS(ew)e3

(18)
+ky||fql| R (eep+ép) - TR hy.
The third part of the Lyapunov candidate is
1
Ws = Eeﬂjew. (19

To determine its derivative, the required angular acceleration error é,, is formulated
using (3) and (13), which yields

Jéo, = —kse,, +kaS (e3) RThy. (20)
Therefore, the derivative of the third part of the Lyapunov candidate is

W3 = —kse? + kghy - RS (e,,) e3. (21)
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Combining the three parts of the Lyapunov candidate, provides

W=W;+—+ , 22
v ke (22)
that is a positive definite function. However, its derivative
. k- 2
W=-elQe, -2 (1 ~ (R7hq - es) )
! (23)
k5 2 . .
- e, +(ges+py) - (eep+ep),
kakg
is not negative definite. To remove the concerning parts of W, the function
m? 9
V=W+%€b>0 (24)
is defined, which has a derivative
. k- 2 k
T 3 T 5 o2
vz—e,,Qe,,—k—4(1—(R hd-e3) )_Tkﬁe‘“' (25)

So long as Q is positive definite for any value of b, V < 0 assuring that the system has
tracking stability. This is achieved by selecting a large enough k5, see (17). To prove that
the system has globally asymptotic stability, Barbalat’s Lemma [6] is used. Therefore,
it is necessary to analyze V.

Since it was proven that V < 0, it follows that e p» €p, €, and e, are bounded. The
derivative of (25) yields

. k , k ,
V =2k, (ﬁ—2e)egel,+2k2 (ﬁ—e)ei,
o K2 7 | Lgrg? p
+2| o mem|e, | fa—eb(ges+py)
2%;
4
2%
ky

(26)

+ 28 RTh, - ey (RThd e +RThy - S (w) eg)
T y-1 ks T
e, J k—ew—S(eg)R hyl,

6

where f,, hq, and hg are bounded. p 4 1s provided by the proposed trajectory, which
ensures it is bounded. Therefore, V is bounded and V is uniformly continuous in ¢ €
[0, o0) and negative definite. From Barbalat’s Lemma, it follows that the zero equilibrium
of tracking errors is globally asymptotically stable.

5 Simulation Results

The proposed solution is tested in simulation with trajectories that gradually approach
the ceiling. The first trajectory uses steps for the approach, and the second uses a ramp.
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The ceiling is 2 meters high. The adaptive estimation is only activated after a 1 meter
height is reached. The model parameters are presented in Table 1. The control gains,
obtained through tuning, used are presented in Table 2. Furthermore, for robustness
study purposes, the tests are performed with mass variations of up to 20% from the
model mass used for the design of the controller.

Table 1: Model Parameters.

Parameter Value

m (kg) 0.42
Jy (kg m?) 2.2383 x 1073
Jy (kg m?) 2.9858 x 1073
J, (kg m?) 4.8334 x 1073

Table 2: Control Gains.

Gain Value Gain  Value
k1 2 ks 1072
ko 4 kg 0.8
ks 1.25x1071 ky 5x1072
kg 3 € 0.6

The results of the first set of simulations are presented in Figs. 2 and 3. The settling
times (95%) are of 5 seconds and there is no overshoot. Furthermore, the ceiling height
is never reached, despite the presence of sensor noise in the simulations. The estimate of
the force factor converges in under 1 second in the following steps. The estimate for the
baseline case (100%) follows the real value in terms of height. As expected, the estimate
and the thrust vary between the different cases. However, the performance does not
degrade with deviations from the model mass. The thrust evolves as desired, decreasing
as the quadrotor approaches the ceiling. Finally, the controller was also capable of
maintain the x and y positions in the vicinity of the origin with millimetric deviation
using adequate torque.

The results of the second set of simulations are presented in Figs. 4 and 5(c). The
control is capable of tracking the trajectory in the baseline case, despite the estimation
activating after the lift-off. For the other cases, the tracking performance is poor before
the estimation begins and improves drastically after its activation. The worst performance
is observed in the 120% case, only catching up to the trajectory after 14 seconds. The
ceiling height is never reached, despite the presence of sensor noise in the simulations.
The estimate of the force factor for the baseline case converges in under 1 second, and
accompanies closely the real value in terms of height. As expected, the estimate and the
thrust vary between the different cases. However, the performance only decreased while
catching up to the trajectory after the estimation began. The added noise after 1.7 meters
is due to the slower velocity of the second ramp, which results in more frequent smaller
adjustments of the position. The thrust evolves as desired, decreasing as the quadrotor
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approaches the ceiling. Finally, the controller was also capable of maintain the x and y
positions in the vicinity of the origin with millimetric deviation using adequate torque.

6 Conclusion

This paper presented an adaptive solution for the control of a quadrotor considering
ceiling effect. The full controller is proven to have global asymptotic tracking stability
using a Lyapunov theory. Simulations results with mass variations of up to 20% were
presented with fast settling times and good tracking. Furthermore, tests performed under
nominal conditions yielded accurate estimates of the ceiling effect. With mass variations,
the estimates were inaccurate (as expected), but only caused a minor performance drop
when testing using a ramp trajectory. Furthermore, the controller was capable of holding
the x and y positions with minimal deviation.
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