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Abstract

This paper presents a robust altitude control that merges the prin-
ciples of active disturbance rejection control (ADRC) with the in-
ground-effect model (IGE). To this end, a nonlinear extended state
observer is designed along the vertical axis, taking attitude and alti-
tude measurements. Then, the forces generated by low-level flight,
ground effect and other external disturbances are estimated and used
(as an anticipation term) together with a non-linear control law (as
a feedback term) to reject them. Closed-loop stability is analyzed
in the Lyapunov sense. Extensive numerical simulations and real-
time experiments validate the proposal. Thanks to its simplicity, the
control algorithm is easy to implement. It can be used for wvari-
ous maneuvers that depend on proximity to the ground, obstacles or
surfaces, such as take-off, landing, inspection, surveillance and hovering.
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Keywords: In-Ground-Effect Control, ADRC, Extended State Observer,
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1 Introduction

The VTOL-UAV multicopter has rapidly become a standard platform for the
study of aerial robotics. This aircraft is used to analyze aerodynamic effects,
modeling, control algorithms, trajectory planning and autonomous navigation.
It has interesting properties from a control theory point of view: it is non-
linear with a multiple inputs and outputs (MIMO system), under-actuated,
subject to external disturbances and various aerodynamic effects.

This type of vehicle has been used for inspection [1, 2], delivery services [3],
precision agriculture [4-6], pollution monitoring [7, 8], and search and rescue
operations [9, 10] to name a few. In [11, 12], the authors present a really nice
survey of the applications and control techniques used in multi-rotor UAVs.
Most of the applications mentioned above require an approach to the object
of study in addition to the interaction with its environment.

In these applications, UAVs are expected to perform maneuvers near the
ground, rigid surfaces, or obstacles. The ground effect modifies aerodynamic
drag generated by the wings or propellers of an aircraft when it is close to a
fixed surface. This effect is the consequence of the distortion of the airflow due
to the proximity of the ground or rigid surfaces [13]. Mathematical models
have been proposed to describe the ground effect in hover and forward flight.
These models are essential for developing robust controls for applications such
as landing, hovering and low-altitude flight, and motion planners for energy-
saving applications. Ground effect has been studied in helicopters for years.
A practical method describing the helicopter ground effect was proposed in
[14]. This model describes the thrust-in-ground effect (IGE) and the outside-
of-ground effect (OGE) as a function of the rotor radius, vertical distance and
forward velocity. Similarly, the work in [15] obtains a ground effect model for a
single rotor in hovering flight by experimentation. Unfortunately, it has been
shown that these models do not accurately describe the multi-rotor ground
effect [16-18]. In [19], the authors use visual feedback to model the ground
effect forces experienced by a multi-rotor. The work in [18] proposes a ground
effect model using the Draganflyer X8, actuated by eight propellers arranged
in four coaxial pairs in a quadrotor configuration. In this analysis, it is shown
that the ground effect is more substantial than that predicted in [14].

In [16], a ground effect compensator based on the Cheeseman model [14]
with a correction coefficient is proposed. More recently, in [20], the influence
of the ground effect on the lateral movement of the multi-rotor is analyzed.
The force generated by the ground effect modeled as a spring is integrated
into the thrust of the rotors. In [17], the authors present two effective data-
driven models that describe the ground effect in hover and in forward flight.
Extensive tests under different conditions validate their proposed models.
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Table 1 Main IGE models.

Authors Model Multi-rotor ~ Forward Flight
Cheeseman [14] ;f)‘é‘z = (T/l4z 2 No Yes
1= 1+([V/v,])2
T 0.03794\%/3
Hayden [15] Lice - (0.9926+ 0.00704) No No
Danjun [16] 7;11:;7’;: = 1_p(17‘ )2 Yes No
Iz,
TiGE -5
Kan [17] e = TN Yes Yes
=4 ()

Some IGE models reported in the literature.

Most ground effect models depend on the propeller’s radius r and the altitude
zr measured to the ground in the hover condition. In forwarding flight condi-
tions, a dependency on the multi-rotor’s longitudinal speed is added. Table 1
summarizes the properties of the literature’s most widely used ground effect
models. Despite the significant development of IGE models, there has been
very little progress in designing altitude controllers that use these models as
part of the control law [21].

Low-altitude flights with multi-rotor vehicles are a challenge from an auto-
matic control perspective. The ground effect, forces, and moments due to the
crosswind generated by the flat surfaces cause degradation in the position
and attitude control systems. Consequently, they are prone to fatal accidents.
Nowadays, extensive research has been carried out on controller design for
altitude stabilization as part of position controllers; remarkable work on the
subject can be found in [22-26]. However, none of the works cited above implic-
itly addresses the problem of ground effect and external disturbances.
Recently, various control strategies have been proposed to deal explicitly with
different aerodynamic effects and external disturbances [27-29]. In [30], the
authors propose an excellent work to compensate for the aerodynamic effects
on multi-rotor UAVs through a control allocation approach using neural net-
works by replacing the classic so-called mixing matrix. In [31], a robust altitude
controller based on one-step-ahead predictive is proposed. Simulations are car-
ried out against low-frequency disturbances and payload variations. However,
no physical tests are performed to check the controller’s robustness. Environ-
mental disturbances such as wind gusts greatly influence trajectory control
design and route planning; dealing with constant gusts of wind is very common
in outdoor. In urban environment the UAV may deviate from the desired path
[32]. Research has been done on the subject in [32-35]. In [35] a frequency-
based nonlinear disturbance observer (NDOB) for estimating wind gusts is
proposed. The NDOB considers the frequency range of the wind gust, isolating
other disturbances and focusing on the wind. Nevertheless, they only address
the estimation without focusing on a robust control that allows mitigating

3
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these disturbances. In [36], sliding mode-based controllers are implemented to
control the position of a multi-rotor UAV in real-time. The three evaluated
control algorithms are based on the second-order sliding mode technique [37].
The results show that these algorithms are robust to external disturbances,
noise, and parametric variations, in addition to reducing the chattering phe-
nomenon. The analysis based on the error’s dynamics shows that the Modified
Super Twisting Sliding Mode Controller (MST-SMC) presents better perfor-
mance. However, low-altitude flights are not performed. In [38], a sliding mode
control-based is designed for altitude and attitude at low-altitude flight oper-
ation, compensating for wind disturbance with a maximum speed of 3.3 m/s.
Automatic take-off and landing maneuvers are carried out practically. How-
ever, this work does not address the ground effect; the ground clearance is
not low enough to produce this aerodynamic effect. In [39] a safety control is
proposed based on a proportional-derivative (PD) controller to stabilize the
position, and a sliding mode controller (SMC) to stabilize the attitude; a dis-
turbance observer is integrated to deal with ground effect and blade damage.
The control law can follow a circular path close to a surface, simultaneously
experiencing ground effect and blade damage. In [40] a nonlinear disturbance
control and an observer are designed to compensate for the impact of the
ground effect. Adaptive control based on ground effect models is designed
to operate at low altitudes where the ground effect is high and is addressed
in [21]. Tests show that the algorithm can tune the ground effect at a low
altitude and in the autonomous landing task. However, the design does not
take into account external disturbances. Anti-disturbance control has been a
practical methodology for developing robust algorithms for parametric uncer-
tainties, faults, and external disturbances. Since the seminal work of Han
[41], Active Disturbance Rejection Control (ADRC) has become essential to
the design of control algorithms that allow online estimation of disturbances
caused by unknown system dynamics and exogenous disturbances. The total
disturbance is estimated by an Extended State Observer (ESO) [42-44] so-
called disturbance-observer [45] and then “rejected” by way of combination
of feedback (in general linear) and feed-forward terms [46, 47]. This approach
has many practical advantages since it does not use trained methods and does
not require additional sensors and complex instrumentation. The ADRC tech-
nique has been exploited in numerous works for position control of multi-rotor
aerial vehicles e.g., [48-52] since it is very effective to reject external distur-
bances, including wind gusts and model uncertainties. These approaches use
the classic structure of the ADRC; an extended state observer, to estimate the
total disturbance and linear feedback control, except in [49, 53] where nonlin-
ear feedback is used. However, to the authors’ knowledge, it has not been used,
together with IGE model, in the design of altitude controllers for multi-rotor
UAVs subject to external disturbances.

The present paper aims to combine the ideology of ADRC design with
the in-ground-effect model. The novelty of the proposed strategy lies in merg-
ing the qualities of the ADRC approach using an ESO to estimate the total
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disturbance, a smooth nonlinear feedback control based on nested saturation
functions, and a mathematical model describing the ground effect allowing
adaptation to the input gain, which represents a critical point in the per-
formance of the ADRC approach [54]. Stability analysis of the closed-loop
system reveals practical asymptotic stability to the origin of the state-space
error. Extensive simulations and real-time experiments are performed to show
the closed-loop robustness to external disturbances (wind gusts) and the
capabilities to fly to very low altitudes. A comparison regarding a nonlinear
controller, namely the MST-SMC, was performed, showing the advantages of
the proposed approach.

This paper is structured as follows. Section 2 presents the mathematical
model of the aircraft and the influences of the ground effect and wind gust
disturbance. Section 3 is devoted to the design of the proposed control scheme.
Section 4 deals with numerical simulations where the rejection capabilities
towards external disturbances in hovering flight and waypoint regulation at
low altitude flight is presented and discussed. In Section 5, experimental flights
are performed, and the results are presented. Finally, Section 6 presents the
conclusions and future work.

2 Mathematical Model

The multicopter can be modeled as a rigid body with six degrees of freedom
sub-actuated with only four independent control inputs: three moments in
their respective axes and one thrust force perpendicular to the aircraft. For
convenience, two reference frames are introduced to study the dynamics of
this aircraft and determine its position. The inertial frame {I} = [e{ el eé]
and the body frame {B} = [ef ef ef] is fixed to the multi-rotor. Figure 1
shows the relationship between both frames of reference, both obey the right

hand law. Some assumptions are made to model the multi-rotor:

e The aircraft is a rigid body.
¢ The structure is supposed symmetrical.
¢ The centre of gravity and the geometric center are assumed to coincide.

2.1 Motion Equations of multi-rotor UAVs

Based on Euler’s theorem, the rotation of the multi-rotor can be achieved
by three elementary rotations about a fixed point of the inertial frame. The
rotation of the coordinates of a point from body frame {B} with respect
to inertial frame {I} is represented by the orthogonal rotation matrix R €
SO(3) = {R € R¥3 : RTR = I3,det(R) = 1}, where I3 € R3*3 is the identity
matrix. Euler angles (roll,pitch,yaw) is a representation of attitude that can be

obtained using the vector © = [qﬁ 0 1[1]T. The corresponding rotation matrix
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e

Fig. 1 Relationship between the Ef and E? Coordinate Frames.
is then given through the map R : R® — SO(3) by:

cos 1) cos 6 cos ¢ sinfsin ¢ — sin 1) cos ¢ cos 1 sin 6 cos ¢ + sin ) sin ¢
R = |cosfcost singsinfsing + costp cos ¢ sinypsinfcosd — cospsing| (1)
—sinf sin ¢ cos 6 cos ¢ cos 6

Remark 1 In this paper, RIB = R is the matriz that rotates the coordinates of a
point from {B} to {I}.

The position of the center of the mass of the multi-rotor is given by the
vector p = [sc Y z]T and is defined in the inertial coordinate system {I}. The

translational velocities v = [vz Vy UZ]T can be related to the derivative with
respect to time of the position as shown in Equation (3). The angular velocities
w = [ww Wy wz}T measurement in the body coordinate frame { B}, relative to
the inertial coordinate frame {I}. The attitude matrix (2) relates the attitude
rate © to the angular velocity w of the multi-rotor.

1 singtané cos¢otané
W=10 cos ¢ —sin¢ (2)
0 —sin¢/ cosf cos ¢/ cosd

Using Newton’s second law, it follows:

S {?:” (3)

v = LRePT — gel + &1 (1)

6=Wuw
R {Jw:—[wX}Jw—i-T—i-ﬁR(t) )

where Y1 and g represent the translation and rotation dynamics, respec-
tively. m stands for the mass of the VTOL-UAV, and J for the inertial
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matrix. g (m-s~2) represents the gravity acceleration. The total thrust eZT is
expressed in {B}. Uncertainties, malfunctions of some components, external
disturbances and aerodynamic effects that induce forces and torques on the air-

craft are considered in the terms &7 and £g. The & (t) = [5;5 &y fZ]T includes
the effect of the wind gusts dynamics F,,, ground effect Fgr and unmodeled
dynamics, noise and external disturbance ((t). The total disturbance can be
expressed as in Equation (5).

&r(t) = Fy + Fap + Cr(t). (5)

Similarly for £g(t) = [Ere Ery R T represents an additive time-varying per-
turbation, produced by wind 7, ground effect 7¢r and gyroscopic torques
¢r(t) due to the rotation of the propellers.

Er(t) = Tw + 7aE + Cr(1). (6)

This conglomeration of disturbances largely dependent on the states of the
system is necessary for an accurate description of the multi-rotor. In this
investigation, we focus on designing a robust control law that allows the multi-
rotor to operate near the ground or rigid surfaces. The motivation behind
this approach involves current applications of multi-rotor UAVs, such as pack-
age delivery, data collection, generation of energy-efficient trajectories, and
interaction with other aircraft in cooperative tasks.

2.2 Ground-Effect Model

It is well known that the ground effect reduces the aerodynamic drag generated
by the wings or propellers of an aircraft when it is close to a fixed surface;
that is, it produces more thrust close to a surface than when flying at a great
distance from any surface. The model used in Section 3 to design the altitude
controller is the one proposed by [16]. This model was previously analyzed
n [13]. According to experimental results presented in Appendix B, it is the
one that has the best behavior for our application. This model introduces a
correction coefficient to the well-known Cheeseman model and is the following

Tinput l—p( T )2
4z,

where r is the radius of the propeller, z. = z + 0.02 m is the vertical distance
from the rotor to the ground, p is a positive coefficient which is determined
experimentally (see Appendix A). Ty is the input thrust commanded by
the flight controller, 4.e., the thrust calculated by the control law, and Tpusput
is the actually thrust generated by the aircraft’s actuators.

Tou U 1
P = (7)
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2.3 Problem Statement

The main objective of the present work is to design a precise altitude robust
control for a multi-rotor subject to external disturbances, ground effect dynam-
ics, and parametric uncertainties. The purpose of the altitude controller is to
stabilize the aircraft at a desired reference position z4, sufficiently close to the
ground, with the desired velocity v,4(t) = 0:

2(t) = z4(t), ve = v.4(t) =0, ast— oo. (8)

Assumption 1 The disturbance function £, is uniformly absolutely bounded, i.e.

1€=(0)lo0 < &5

3 An Active Disturbance Rejection Control with
a Ground-Effect Model

This section describes the structure and design of the proposed control algo-
rithm for the multi-rotor. Most of the time, the controller is based on a cascade
structure; the outer loop controller (dynamics of position) and the inner loop
controller (attitude dynamic). The outer loop control calculates the desired
angles ©4(t) and the desired thrust fq(t) according to the desired trajec-
tory position p4(t) of the UAV. The inner loop control computes the desired
moments 74(t) according to the desired angles ©,4. Furthermore, the outer
controller can be broken into two subsystems: altitude and horizontal position
control. In this work, we focus on altitude control. Therefore, it is assumed
that the horizontal position is automatically regulated (and, consequently, the
attitude).

3.1 Disturbance Estimation

In this section, an extended-state nonlinear observer (ESO) is designed on
the vertical axis by taking measurements of the Euler angles, the desired
thrust, and the nonlinear dynamics of the multi-rotor to estimate additive
endogenous and exogenous disturbances such as wind gust effects.

Let us define the following variable, A(¢,§) = w which is assumed to
be known. Then, the dynamics along the z-axis given by (3) can be rewritten
as follows using the Danjun model (7):

z = v,
Y, = Uy = A(¢7 Q)Toutput +& (t) (9)

1_9(4;)
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For sake of simplicity, let T" stand for T},py: and A((b, 0,z) = %. In
1—=p 4;T

order to estimate the endogenous and exogenous disturbances lumped in the
term &,, we introduce the following extended state observer (ESO):

Z=0,4+1(z—2) A
Spso: { V2 = M¢,0,2,)T + & +11 (2 — 2) (10)
éz =lo (Z _2)

where [1,l5 and [3 are the observer’s gains which are chosen such that the
characteristic polynomial of the observer’s error dynamics matches those of

the desired polynomial P(\) = (/\2 + @)\ + ‘:—23) (A + E2). Thus, one has

1 1 1
lo = = (w2po), U= = (2poCwn +w2), 1y = p (po + 2¢wn) (11)

with € € R+ sufficiently small and w,,, (,py € R+.

Proposition 2 The estimation error e = z— 2 satisfies the following perturbed linear
differential equation

e® +laé+l1é+ lpe = éz(t)
if the observer’s gains are chosen as in Equation (11) with P chosen Hurwitz, the
trajectories of the estimation error globally converge towards a sphere of radius p
with p as small as desired, centered at the origin of the estimation error phase space
{e, &, €} where they remain ultimately bounded.

Proof The proof follows the one presented in [46, 55]. |

Remark 2 Note that the observer (10) could estimate the gravity term g together
with the perturbation &, using only one lumped perturbation term & .

3.2 A Control Strategy with Active Disturbance
Rejection and Ground-Effect Compensation

This section proposes a control law with active disturbance rejection and
ground-effect compensation. It is based on nested saturation functions [56]. In
that aim, we define:

Definition 1 Given a positive constant M, a continuous and non-decreasing function
oy R — R is defined as:

Noy =sif |s|]<M

(2) opr = M - sign(s) else



Springer Nature 2021 I¥TEX template

10 In-Ground-Effect Disturbance-Rejection Altitude Control for multi-rotor UAVs

Now, we are ready to give the control law.

Proposition 3 Consider system (9) with the following bounded control input

TigE-AprRO-NL = —A71(9,0,2) <§z + on, (a1vz + o (a2vz + araz(z — Zd)))) (12)
where oy, and oy, are saturation functions such that Mo > 2My, a1,a2 € Ry are
tuning parameters. éz is the estimation of the unknown disturbance .. Then, the
trajectories of the system converge towards a small sphere centered at the origin of
the phase space {z,v,} where they remain ultimately bounded.

Proof The closed-loop system becomes:

=0 R (13)
V2 = —op, (a1vz + oy, (a2vz + a1a2(2 — 29))) + &2 — &2
Let us define the following linear transformation:
z1 = aja2(z — zq) + agvz; 22 = ajvz, with, aj,a2 € Ry
then, the closed-loop system (13) becomes:
21 = azp — 20, (22 + oary (21)) + asé (14)

Zp = —aron, (22 + ony (21)) + a1€
with é =&, — éz, In order to analyse the closed-loop stability, we begin by consid-
ering the evolution of the state zo. Consider the Lyapunov function Vo = %zg The
derivative of V3 is given by

Vo = —aizo0, (z2 + oM, (Zl)) + a122€ (15)
Assuming that |z2| > 2M7, it follows that |22 + o, (21)] > M1 +¢, with e sufficiently
small. Then, z2 + oz, (21) has the same sign than zo. From Proposition 2, { remains
bounded with bound denoted d, then

Vo < —a1 |z2|on, (M1 +€) + aq [22]d (16)

assuming that d < min(Ma, (M7 +¢€)), one can ensure the decrease of V3, i.e., Vo < 0.
Consequently, zo enters the set ®o = {23 : |z2| < 2M;} in finite time ¢; and remains
in it thereafter. Therefore, (14) becomes

41 = —agony, (21) + a2é a7)
g = —a1(z2 + o, (1)) + 1€
now consider the evolution of z;. For that, let V3 = %z% be a Lyapunov function.
The derivative of Vj is given by
V1 = —aszio, (21) + azz1€
< —ag|z1| (M) +az|=1]d
assuming that d < M, then Vi < 0. Consequently, zo enters &; = {z1:|z1] £ M1}
in finite time ¢t and remains in it thereafter. Consequently, (14) becomes

(18)

21 = —azz1 + af ] (19)

Z3 = —ai1zz —aiz1 + ai§
Note that Equations (19) represent a stable perturbed linear system. Then, the
trajectories of the system converge towards a small sphere of radius p centered at
the origin of the phase space {21, 22} and, due to the linear transformation, of the
phase space {z,v,} where they remain ultimately bounded. d
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Figure 2 shows the global block diagram of the proposed control strategy. This

diagram shows the interaction between the extended state observer ESO, the
bounded control and the ground effect compensator.

IGE-ADRC Nonlinear Altitude Control

Reference

: za(t) Nonlinear Tapre-ne| Ground-Effect | Tice_apre-ni @
I trajectory 1 controller compensator ‘ s
I |
le

Extended state 2(t),v: (1), ¢(t), 0(t)
observer

Fig. 2 Block diagram of the robust altitude control. Taprc—_nr is defined by
Equation (22).

4 Numerical validation

In this section, numerical simulations are performed to validate the proposed
approach considering the ground effect and forces induced by wind gusts.
The above control strategy, namely Trgp—apro—nr of Equation (12), is
compared with different control strategies derived removing the disturbance
estimator (called Trgr—_nr in the sequel), or the ground effect compensation
(called Tapro—nr in the sequel), or both (called Ty, in the sequel). Those
control laws are formally defined in Equations (21), (22), and (20), respec-
tively. In addition, a modified super twisting sliding mode strategy inspired
by [36] has also been implemented for comparison with the proposed method.
This control is called Tyrs7—samc and is given in Equation (23). Classical per-
formance indexes are used in all simulations and experiments: integral square
error (ISE), integral time square error (ITSE), integral absolute error (IAE),
and integral time absolute error (ITAE). The physical parameters used in
the simulation correspond to the Mambo multi-rotor designed by the French
company Parrot and whose values are given in Table 2.

Table 2 Physical parameters of the mambo multicopter..

[ Parameter [ Description [ Units ]

m Mass T4g
r Propeller radius | 3.3 cm

11
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4.1 Formal definitions of the benchmarking’s controllers

The nonlinear control Ty, is defined by Equation (20) and is obtained by
removing the ESO and ground-effect compensation in controller (12).

Tnp = —A_l((b, 9) (O'JWQ (alvz + oM, (ag’()z + ajas (Z — Zd)))) (20)

Motivated by the works in [21, 40], an in-ground-effect controller is
proposed. This controller includes an IGE ground effect compensator [16] to
the nonlinear controller (20). The so obtained Tigg—nr controller is defined

by:
TiGE-NL = —A_l(é,ﬁ, zr) (oa, (@10, + o (a0, + ara2(z — 24))))  (21)

The Trgg— N1 controller can keep the aircraft at low altitudes by mitigating
ground effects.

The proposed previous ADRC-IGE control algorithm (12) considers the
ground effect. In order to compare with a control law without ground effect
compensation, let Taprc—nr be defined by the following equation, replacing

A(¢7 07 ZT) by A(¢7 0)
Taprc-nr = —A(,0) (éz + o, (a1vs + oar, (av, + aras(z — Zd)))) (22)

The modified super twisting sliding mode strategy proposed in [36] has
also been chosen in our benchmark since it is known to be efficient under wind
disturbances. However, it has to be tested at low altitudes where the ground
effect is more significant. The MST-SMC controller is defined by:

Tvsr—smc =— A", 0) (9 + 24— B1é— k1 |5|1/2 sign(s) — kas

¢ ¢
*kg/ sign(s)dekz;/ 5d7'>
0 0

4.2 Benchmark’s scenario

(23)

A scenario is conducted, applying successively the five control laws given
above. This scenario consists of a take-off phase with a target altitude of 30 cm
from ¢t = 0 to t = 10 s. This phase allows the ESO of controllers Taprc_nNL
and Trap—aprc—NL to converge to steady-state behavior. Hence, the perfor-
mance indexes are computed using only the measurements after ¢t = 10s to
have indexes independent of the initialization of the ESOs. At time ¢t = 10s a
step up to the altitude of 50 cm is applied, followed at t = 20 s by a second one
with a target altitude of 70 cm. Finally, two descending steps are applied at
t = 30 s with a first low target altitude of 20 cm followed 10 s later with a very
low target altitude of 5 cm. This altitude is kept during 20 s until ¢ = 60 s, end
of the scenario. In addition, beginning at time ¢ = 5s, a vertical oscillatory
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disturbance is added:
Er(t) = A (1 + exp (—sin (67 f,,t) sin (27 fo,t) cos (27 fiut))) (24)

The frequency range of natural wind gusts is approximately 0.005 Hz to
0.14 Hz according to [35, 57], therefore we choose a disturbance frequency
fw=0.1 Hz and a disturbance amplitude A = 0.4.

4.3 Numerical results

Figure 3 shows the aircraft altitude evolution subject to the proposed con-
troller and the controllers described in 4.1. The T, and Trgr— N1 controllers
stabilize the system near the desired reference. However, both are suscepti-
ble to external disturbance. Moreover, the controller T cannot attenuate
the ground effect during landing and take-off maneuvers. In contrast, the con-
troller Tigg_ N1 compensates for this effect thanks to the incorporation of the
in-ground effect model in the control law.

On the other hand, the Taprc—_n~r and TrgE— Aprco— N1 controllers have sim-
ilar behavior for ¢ = 0 to t = 40s; both allow estimating online the additive
disturbance perfectly (see Figure 4) given by (24) via the ESO and rejecting it
through the control law. However, the ground effect in very-low altitude affects
the closed-loop system with Taprc— N1, as depicted for ¢t > 40s, generating
a steady state error of approximately 5cm with slight oscillations. This effect
is compensated effectively via the controller Trgg_aprc—nr thanks to the
incorporation of the in-ground effect model in the control law and the ESO,
allowing to estimate and compensate for the external additive disturbances
given by the wind gust and multiplicative disturbance given by the ground
effect during low-altitude flights.

Finally, the modified super twisting sliding mode control Th;sr—_snyc is eval-
uated. This controller shows robustness towards the disturbance from wind
gusts. However, it needs to be more robust against the ground effect. Note that
the low-altitude maneuvers are affected during ¢ > 30s, generating a closed-
loop poor performance. Furthermore, unlike the previously described control
laws, the control signal’s magnitude for the Th;s7_sac becomes very large,
which can cause actuators saturation. The evolution of the control signals for
the five control strategies is depicted in Figure 5.

As mentioned previously, classical performance indexes are used in all simu-
lations to evaluate the closed-loop performance. Table 3 displays the results
obtained for each index. Given these results, the proposed controller presents
the slightest error in all the used performance indexes. It is worth noticing
that the second better performance is obtained with the controller Trgr_ N

13
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Table 3 Performance index for the flight scenario in the simulation.

[ Controller [ ISE [ ITSE | IAE [ ITAE |
TNL 0.253 7.52 1.95 | 64.95
TIGE-NL 0.242 6.89 1.52 | 43.52
TyvisT—sMmC 0.271 7.82 1.89 | 60.93
TAPRC_NL 0.266 | 7.95 | 1.83 | 63.19
Tror—apRC-NL | 0.234 | 6.54 | 1.23 | 33.58
0.8 ‘
Reference
trajectory
0.6 |- ZNL ||
— ZIGE—-NL
’é‘ — ZADRC—NL
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® — ZMST—-SMC
0.2 |
0 \ \ \ \ \
0 10 20 30 40 50 60
Time (s)
Fig. 3 Aircraft altitude evolution subject to the different control strategies
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Fig. 6 General diagram of the experimental platform.

5 Experimental Results

The experimental results were generated through a flight arena using a camera-
based motion capture system, a communication network for transmitting
information through ROS, and various specialized software. The flight arena
has an interior space of 22.5 cubic meters, 3 meters long by 3 meters wide,
and 2.5 meters high. The flight arena features six Flex 13 cameras with 1280
by 1024 resolution at 120 frames per second, a server, a personal computer
dedicated to designing control algorithms, and a Raspberry Pi single-chip
computer with communication capabilities with the ROS middleware. The
unmanned aerial vehicle used in conjunction with the test bench is the Par-
rot Mambo. The choice of the vehicle focuses on its small dimensions and its
performance for handling indoors. In conjunction with the cameras, the facil-
ity allows flights to be carried out in a safe and controlled environment. The
OptiTrack system is used for its accuracy at the millimeter level to estimate
the pose of any rigid body with six degrees of freedom. Data transmission
through a local network is used. The multi-rotor estimation of position, linear
velocity, and attitude (quaternion) is sent to a ground station via the VRPN
ROS network at 120 Hz. The control algorithm is evaluated at this ground
station and sent to a single-board computer via ROS. Finally, the SBC sends
the control data to the drone using the same ROS network and UDP packets.
Figure 6 shows the general diagram of the experimental platform.

Three scenarios have been considered to evaluate and compare the perfor-
mance of each controller. For each scenario, different control algorithms have
been compared where each algorithm has been repeated five times, and an
average of each performance index has been obtained.

15
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5.1 Scenario 1: Setpoint regulation at medium and very
low altitudes and without external disturbances

This scenario evaluates closed-loop performance for medium and low-altitude
flights with significant ground effects and without external disturbances.
The take-off maneuver is performed from ¢t = 0 to t = 10 s at a desired
setpoint of z; = 0.65 m. This phase allows the ESO of the Taprc_nL
and Tigp—aprco—n1 controllers to converge towards steady-state behavior.
Hence, the performance indexes are computed using only the measurements
after t = 10 s. Next, the desired reference is set to zg = 0.8 m in ¢t = 10 to
t = 20 s. The ground effect is negligible at this altitude. Then the aircraft
flies at low altitudes where the ground effect becomes meaningful; the desired
references are z4 € {0.5,0.25,0.14,0.09} m during ¢t = 20 to ¢t = 60 s.

Figure 7 shows the aircraft altitude evolution subject to the proposed con-
troller and the controllers described in 4.1. The T controller presents an
oscillatory response and a steady state error at low altitudes. The Tigr_nL
and ThrsT—smce controllers achieve robustness towards the ground effect up
to 0.25 m. However, they fail to attenuate ground effect at very low altitudes,
exhibiting oscillatory response and steady-state error; see Figure 7 at t > 50
s. Furthermore, the control effort becomes considerable for Th;s7_snmco, espe-
cially with the change of reference, take-off, and landing maneuvers. Figure 9
shows the thrust control signals of the different control strategies presented.
On the other hand, the Tuprc_nr and Tigr_apro—_ni controllers work
desirably; the estimated total disturbance obtained via the ESO is depicted
in Figure 8. Note that this disturbance contains gravity acceleration and
additive disturbances from the environment. However, the Ti¢g_AprRC-_NL
performs better following the desired reference and a fast stabilization and
does not present an oscillatory response at very low altitudes or error in
the steady state. Table 4 displays the results obtained for each performance
index. It can be seen that the proposed controller presents the slightest error.
A video performing the flights described in this scenario is
shown in  the following link:  https://drive.google.com/file/d/
1Lbv8drj7K3Bh3XQOLQcVXxyR4UEidhhM /view?usp=sharing

Table 4 Performance index for scenario 1

[ Controller [ ISE | ITSE | IAE [ ITAE |
TnL 2.35 | 16.03 | 4.14 | 76.25
TiGE_NL 2.06 | 15.79 | 4.08 | 74.51
TrST—SMC 1.83 | 14.91 | 3.71 | 68.35
TADRC_NL 1.69 | 12.81 | 3.17 | 63.19
TicE—ApRO—NL | 1.61 | 12.42 | 3.04 | 61.15
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Wind gust disturbance generator

Fig. 10 Wind gust disturbance generator.

5.2 Scenario 2: Setpoint regulation at medium altitude
and with external disturbances.

In this scenario, the aircraft’s closed-loop behavior is investigated when
influenced by ground effect and wind gust disturbance. Figure 10 shows the
benchmark implemented to accomplish this task. It consists of an omnidirec-
tional mobile robot and a fan on its surface. The mobile robot’s movement is
programmed to go forward and backward periodically, emulating a sinusoidal
wind gust disturbance. The wind speed generated by the fan is 11 m/s.

The flight is conducted at a medium altitude of 0.5 m. Then the ground effect
is generated when the mobile robot coincides with the aircraft’s position,
where the vertical distance between the aircraft and the mobile robot is 0.25
m.

The take-off maneuver is performed from ¢t = 0 to t = 13 s at a desired
setpoint of zg = 0.65 m. This phase allows the ESO of the Taoprc_n1 and
Tice—apro—nN1 controllers to converge to a steady-state behavior. Hence,
the performance indexes are computed using only the measurements after
t = 13 s. Next, the desired reference is set to zg = 0.8 m from ¢t = 15 to t = 25
s. The ground effect is negligible at this altitude; nevertheless, the disturbance
is presented, which is estimated via the ESO whose evolution is depicted in
Figure 12 . Finally, the desired reference is set to zg = 0.5 (distance relative
of 0.25 m between the aircraft and the mobile robot when they coincide).
According to Figure 11, where the aircraft’s evolution altitude is depicted, the
Tnr and Trge—_ni controllers are susceptible to the disturbance generated
by the wind and the ground effect when the mobile robot approaches the
aircraft. With Ty, the closed-loop performance is degraded at ¢ = 20 s and
t = 30, presenting a more significant oscillation. The Thss7—syc shows bet-
ter behavior than the previous ones. However, it still presents an oscillatory
response to low altitudes, as seen for ¢ > 25 s. Furthermore, its control signal
presents slight chattering, as seen in Figure 13. The Taprc—_nr controller
can estimate both disturbances, due to the high degree of convergence and
the wide frequency bandwidth of the ESO; however, since the ground effect
is a multiplicative disturbance, offset and oscillation are shown for take-off
maneuver. On the other hand, it shows good behavior when dealing with
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Fig. 11 Scenario 2: Aircraft altitude evolution subject to the different control strategies

the wind disturbance. Finally, the one that shows the best behavior is the
Tice—apro—nN1 controller since the IGE compensates the gain of the multi-
plicative disturbance, counteracting the insufficient disturbance compensation
capacity of the ADRC. Both present a smooth response and excellent stabi-
lization. Table 5 displays the results obtained for each performance index. It
can still be noticed that the proposed controller presents the slightest error.
A video performing the flights described in this scenario is
shown in  the following  link:  https://drive.google.com/file/d/
10ktoFYDQ3k7csLRhxPiKAbQMIEfyWbKH /view?usp=sharing
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0 ) 10 15 20 25 30 35 40 45 50
Time(s)

Fig. 12 Scenario 2: Estimated disturbance &, (t).

5.3 Scenario 3: Trajectory tracking at low altitude.

In this scenario, we address the trajectory tracking problem at low altitudes.
The chosen trajectory is the sinusoidal signal z4(¢t) = 0.25 — 0.1 cos(0.35t).
Although the proposed control algorithm and those presented in 4.1 are
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Table 5 Performance index for scenario 2

[ Controller [ ISE [ ITSE [ TAE [ ITAE ]
TNL 3.90 | 28.85 | 9.47 | 127.02
TiGE_NL 3.66 | 26.43 | 8.21 | 108.91
TrvisST—sMC 3.21 | 24.52 | 7.42 97.63
TADRC-NL 2.35 18.27 | 6.48 81.94
TIGE—ADRC—NL 1.82 9.55 5.59 79.23

designed for regulation purposes (except the ThrsT—samc), they perform well
following the desired low-frequency reference. As shown in Figure 14, the air-
craft performs the take-off maneuver from ¢ = 0 to t = 10 s, followed by the
reference tracking. Note that the minimum desired altitude is 0.15 m, enough
to experience the ground effect.

The Ty, Tice—n~r and ThayrsT_syc controllers present a considerable oscil-
lation in the take-off maneuver and a lag in trajectory following, in addition
to having an oscillatory behavior and error when the reference reaches its
minimum value (0.15 m) due to the ground effect. The Taprc—n1 controller
presents a smooth response; it is robust against additive disturbances but fails
when dealing with multiplicative disturbances such as the ground effect pre-
senting a steady-state error.

On the other hand, the closed-loop system with the proposed controller
TicE—_apro—nN1 makes it possible to compensate for multiplicative distur-
bances such as the ground effect and is robust against additive disturbances
and modeling uncertainties, which is estimated via the ESO and depicted in
Figure 15. Its response is smooth; it always follows the reference, even at
minimum altitude, where the ground effect becomes significant. The control
signal evolution is depicted in Figure 16. Table 6 displays the results obtained
for each performance index. Once again, the proposed controller presents the
slightest error.



Springer Nature 2021 I¥TEX template

In-Ground-Effect Disturbance-Rejection Altitude Control for multi-rotor UAVs

A video performing the flights described in this scenario is shown in the follow-

ing link: https://drive.google.com/file/d/1xuLlv07ZicOBAEUoHPywvinP{I

QjL8_ /view?usp=sharing

Table 6 Performance index for scenario 3

[ Controller [ ISE [ ITSE [ TAE [ ITAE ]
TNL 5.81 | 31.85 | 10.47 | 131.19
TIGE-NL 4.76 | 29.59 9.30 120.09
TyvisT—sMC 4.67 | 26.42 9.21 118.63
TADRO-NL 3.19 | 21.10 | 6.48 | 98.51
TicE—apre—n~L | 3.02 | 20.87 | 6.12 | 95.22
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Fig. 14 Scenario 3: Aircraft altitude evolution subject to the different control strategies
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Fig. 15 Scenario 3: Estimated disturbance &, (t).
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Fig. 16 Experimental result: Aircraft control signal evolution subject to the different con-
trol strategies

6 Conclusion

This paper presented a control strategy combining the advantages of the
ADRC philosophy using an ESO to estimate the total additive disturbance,
a smooth nonlinear feedback control based on inner saturation functions,
and a mathematical model characterizing the ground effect on low-altitude
flights dealing with the multiplicative disturbance. Theoretical, simulation,
and experimental results were obtained throughout this research. Furthermore,
a set of control scenarios has been defined to evaluate the proposed strategy’s
advantages. It has been compared to a well-established robust nonlinear con-
troller, the Modified Super Twisting Sliding Mode Controller (MST-SMC).
Comparative results for ISE, ITSE, IAE, and ITAE performance indexes show
that the proposed Ti¢r_apro— N1 controller overcomes all the controller sce-
narios, including the MST-SMC. Due to its relative simplicity, the control
algorithm is easy to implement, the control signal is smooth, not suffering
from the chattering effect, and the closed-loop stability is guaranteed. In the
future, an algorithm using AI techniques will be proposed to adjust the ground
effect compensation online and the ESO’s gains by detecting landing zones.
In addition, an extension of the trajectory-tracking problem in the 2D to low
altitude will be formulated.

Appendix A Identification of the correction
factor in the ground effect model

Some experiments were conducted to determine the correction factor in the
ground effect model described in [16]. The ground effect is a function of the
radius of the rotor r and the vertical distance from the rotor to the ground
denoted z, as described in the expression (Al), where Tj,p,¢ is the input
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thrust commanded by the flight controller and T,y¢put is the actually thrust
generated by the aircraft’s actuators.

TO’IJ, U 1
Tt = 5 (A1)
Tinput 1— p (47" )

In conditions with a ground effect, a greater thrust Toyupyr will be
produced than Ti,py:. At hover, ideally, Tinpwtr = mg is constant
[17], then, producing flights at low desired altitudes given by z4 €
{0.05,0.1,0.15,0.2,0.25,0.3,0.35,0.4,0.45,0.5,0.55} m, and using least square
approximation, we obtain the graph described in Figure A1. The solid curve is
the fitted curve using the least squares approximation, and the square markers
(in red) represent the data obtained in our experiments. It is worth mention-
ing that the controller used for these experiments is the T introduced in
4.1. The correction coefficient calculated with the recorded data was p = 1.9.
In [16], the coefficient was identified as p = 8.6 and in [17], the coefficient was
identified as p = 3.4. This difference can depend on the environment and used
aircraft.

0.74 \ \
— Fitted curve

0.73 | | = Experimental data 1

0.72 |- .

Enput (N)

0.71 |- .

0.7 ‘ ‘ ‘
0.1 0.2 0.3 0.4 0.5

Altitude (m)

Fig. A1 Evaluation of Danjun [16] model: thrust vs altitude

In Figure A2 one depicts the ratio of Toutput/Tinput against z./r. From
this Figure, one can see that the ground effect slightly influences the aircraft
from the height of z./r = 6, i.e., z. = 0.198 m for the Mambo’s propeller
radius 7 = 0.033 m. We assume that this is due to the protective shield of the
propellers, which the Mambo drone has.
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Fig. A2 Evaluation of Danjun [16] model: Tinput/Toutput Vs zr/T

Appendix B Comparative of Existing Ground
Effect Model

The different ground effect models introduced in Table 1 were evaluated.
Three desired low-altitudes, where the ground effect takes place, have been
considered; z4 € {0.25,0.15,0.05} m. The Ty, controller is used for all exper-
iments. The ground effect models are incorporated into the ESO and the
Tice—apro—nN1L controller to be fair in the comparisons. Figure B3 shows the
altitude’s evolution. As is already known, the Cheeseman model does not accu-
rately describe the disturbance generated by the ground effect in multi-rotors.
The model proposed by Hayden improves the previous one. However, it still
has errors in stabilization at low altitudes. Besides, the Danjun and Kan mod-
els show higher performance at low altitudes. Since the Kan model is designed
for forward flight, it incorporates the knowledge of velocity V. Therefore, it
is preferred to use the Danjun model for hover scenarios. The Kan model will
be used for navigation and trajectory-tracking applications in future work.
Table 6 displays the results obtained for each performance index. Note that
the slightest error is obtained for Dnajun’s model, followed by Kan’s model.

Table B1 Performance index Ground-Effect models.

[ Models [ ISE | ITSE | IAE | ITAE |

Cheeseman 2.9 21.23 | 7.12 | 80.16
Hayden 2.75 | 19.93 | 6.22 | 77.26
Dnajun 2.54 | 17.08 | 544 | 71.39

Kan 2.61 | 17.12 | 5.68 | 70.01
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Fig. B3 Comparative of Ground Effect Model.
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