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ABSTRACT

The Active Disturbance Rejection Control
(ADRC) strategy is designed to mitigate the
destabilizing effects of proximity to the ground,
commonly known as the ground effect, on quad-
copter drones during low-altitude flight. The
ground effect introduces complex aerodynamic
interactions that compromise flight stability and
control precision. The proposed ADRC frame-
work combines feedback linearization with real-
time disturbance estimation to address this, en-
abling robust trajectory tracking despite non-
linear and variable disturbances. High-fidelity
Computational Fluid Dynamics (CFD) simula-
tions were used to model ground-effect dynam-
ics and inform controller design. Unlike con-
ventional controllers that rely heavily on com-
putationally intensive CFD models during op-
eration, the ADRC approach adaptively com-
pensates for disturbances, enhancing real-time
reliability. The simulation results validate the
controller’s capacity to maintain accurate alti-
tude and stable flight in ground-effect conditions.
These findings highlight the potential of ADRC-
based methods to improve the robustness and
maneuverability of control in near-ground drone
operations.

1 INTRODUCTION

Small quadcopter UAVs are increasingly being used
for applications such as infrastructure inspection [1], deliv-
ery [2], precision agriculture [3], pollution monitoring [4],
and search and rescue missions [5]. These tasks often require
operation in confined environments and proximity to sur-
faces, which introduces significant aerodynamic challenges,
notably the ground effect (GE) [6].

GE arises from altered airflow patterns near rigid sur-
faces such as the ground or ceiling, affecting the efficiency
of the rotor, reducing the induced velocity, and modifying the
aerodynamic drag. Although this effect has been extensively
modeled in helicopters and single-rotor systems, multirotor
UAVs present greater complexity due to rotor interactions,
making accurate GE modeling more difficult.

*Email address(es): caoq@inaoep.mx

Although various studies have focused on the character-
ization of GE, mathematical modeling, and computational
fluid dynamics (CFD) simulations [7], most UAV control
strategies neglect or avoid GE by maintaining altitude. How-
ever, emerging research emphasizes the need for control sys-
tems that can actively compensate for these disturbances, es-
pecially during low-altitude maneuvers. One such approach
is Active Disturbance Rejection Control (ADRC) [8, 9],
which offers a model-independent method for the estimation
and rejection in real-time of external disturbances such as GE.

In this work, we use CFD simulations (via SolidWorks
Flow Simulation) to create high-fidelity aerodynamic data
sets under different ground proximities (1 m, 40 cm, 20 cm,
10 cm) with UAVs equipped with 5-inch propellers rotating
at 5000-8000 rpm. These data sets validate an ADRC-based
trajectory tracking system designed to improve flight stabil-
ity and accuracy in the presence of strong GE. The proposed
framework demonstrates improved performance in scenarios
that are critical for UAVs operating in realistic missions near
the ground. Therefore, in this work, we propose the follow-
ing:

¢ Analyzing the Computational Fluid Dynamics (CFD)
of UAVs within and beyond ground effect zones (GE).

¢ Implementation of ADRC-ESO and RBFNN ADRC-
GESO approaches to address perturbations induced by
ground effects in UAVs.

2 RELATED WORKS

The study of the effect of ground in rotorcraft has pro-
gressed from its origins in helicopter aerodynamics to appli-
cations in small UAVs. Early models, such as the one by
Cheeseman and Bennett [10] using momentum theory and
image methods, laid the foundation by treating the rotor as a
point source to predict thrust enhancement and power reduc-
tion near the ground. Although widely adopted for UAV con-
trol, these quasi-steady models [11], often dependent on nor-
malized rotor height, struggle to generalize between different
UAV configurations due to their sensitivity to rotor height,
blade geometry, pitch angle, and other design factors.

More recent efforts have expanded to multirotor sys-
tems [12] with empirical corrections, yet such models re-
main limited by singularities near the ground and a depen-
dence on UAV-specific data. To overcome these limitations,
researchers are now exploring adaptive, data-driven methods,
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such as machine learning and real-time state estimation, for
broader applicability.

Experimental studies using tools such as PIV [13] and
force measurements have investigated the behavior of the ro-
tor near partially ground or ceiling surfaces during forward
flight, but have not yet produced fast and reliable empirical
models. In response, the authors previously introduced an im-
proved quasi-steady model [14] based on the theory of blade
elements, which incorporates the pitch, solidity, and rotor ge-
ometry of the blade. This model accurately predicts finite
IGE thrust [15] and considers dynamic effects such as for-
ward speed and advance ratio, improving thrust estimation
and offering practical benefits for UAV control and rotor de-
sign, as defined in Eq.(1)[16].

p— Voo
12 7

V4 denotes the airspeed in the free stream, which is usu-
ally equivalent to the vehicle’s true airspeed, and ||| rep-
resents the rotor’s rotational speed. Experimental observa-
tions have shown that the advance ratio p significantly in-
fluences the in-ground effect (IGE). However, as Cheese-
man and Bennett noted (see Table 1), the thrust enhancement
provided by IGE diminishes and can be completely negated
when p > 0.1 [17]. In their work [18], they derived an ana-
lytical expression for IGE under forward flight conditions, as
presented in Eq. (2) [19].

H (1)

T (2) _ 1
@ (14 ()

The interaction between a rotor and the ground, known as
the in-ground effect (IGE), significantly alters thrust gener-
ation during flight. In this context, V represents the vehicle
velocity, while v; denotes the rotor-induced velocity. The ef-
fect of the ground during forward flight has been modeled
using a state-space approach [20, 21], predicting a mono-
tonic decrease in the thrust ratio with increasing advance
ratio /mu. However, the experimental results [22] reveal
nonmonotonic behavior, including a recirculation region for
0.04 < p < 0.06 and rotor heights z between 0.6 and 1.2,
which reduces rotor thrust. At higher ;1 values, the ground
vortex reintroduces IGE effects. Particle Image Velocimetry
(PIV) studies [23] further highlight critical flow characteris-
tics, such as fountain and ground vortices, which correlate
with increased power consumption and decreased thrust.

2

Kige =

3 ACTIVE DISTURBANCE REJECTION CONTROL
WITH A GROUND-EFFECT MODEL

We use an §8-state quadrotor model for translation and
rotation, x £ [z v, ¢ p 0 q r] and u =
[Tcmd Te To Tw] with known constants g, m, and prin-
cipal inertias I, I,,I,. A 12-state ESO (three observer
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states per controlled channel i € {z,¢,0,9}) estimates

EZR d;i, di], where d; lumps unmodeled dynamics and dis-
turbances. To capture near-ground aerodynamics, the alti-
tude channel introduces a height-dependent thrust multiplier
~v(z) > 1 (ground effect). The altitude subsystem of z,
r, = [z v.]T, evolves as

Tom
5y = Loma 72 _ 3)
m

Z = v,,

Under the small-angle assumption (the inner attitude loop
keeps ¢,0 small, so that the vertical thrust component
matches the commanded thrust). The remaining attitude
states follow the standard rigid-body rotational dynamics
driven by (74,79, 7y). The ESO uses the measured outputs
y=1[z ¢ 60 4| to update the channel disturbance es-
timates, with ciz absorbing residual model error in (3) and
the ground-effect correction through v(z). Tiynq is the total
thrust commanded by the controller, and v (2) is a ground ef-
fect factor that amplifies thrust if the UAV is sufficiently close
to the ground. Rotational channels, roll, pitch, and yaw, each
follow the basic form of the Euler equations with a rigid body.

3.1 Generalized Extended State Observer (GESO) in the Al-
titude Loop

We modeled the ground effect with a dimensionless thrust
multiplier v,(h) > 1, and estimate it online as 9, within a
generalized extended state observer (GESO). The observer
updates 4, from the altitude innovation (measured minus pre-
dicted). A CFD-derived ground effect map provides 4 (h)
via piecewise linear interpolation: it is about 2.2 at h =
0.10m and tapers to 1.0 for ~ > 1m. Incorporating 4, into
the vertical control produces height-dependent thrust com-
pensation and improves the low-altitude tracking accuracy.
The corrected thrust command is

m(g + ai™ — ciz)
Chp (ﬁ/gv 1, ’Ymax)

Tema = ; (4)

where clip(z, 1, Ymax) = min{max{x, 1}, ymax} ensures
physical bounds in the multiplier estimate.

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

Operating multi-rotor UAVs near the ground introduces
complex, non-linear aerodynamic disturbances that can desta-
bilize flight. To address this, the proposed control strategy
uses radial basis function neural networks (RBFNN) to adap-
tively tune the gains of the controller. This approach dynami-
cally adjusts the proportional and derivative gains in the roll,
pitch and yaw loops based on real-time error states, improv-
ing stability and robustness under varying ground-effect con-
ditions Eq. (5).

(kp¢7kd¢7kp37kd97k‘pw7kdq,) = RBFNN (€¢,p7 €6,q, e’lZHT)
(5)
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Table 1: Compares analytical models used to estimate thrust variations under in-ground effect (IGE) conditions. Each model
is assessed based on its applicability to multi-rotor platforms and forward flight scenarios, 7' aerodynamic thrust produced by
the rotor system, 17 g thrust generated in ground effect , 7o g thrust generated out of ground effect, 7}, OGE hover thrust,
T,+ actual thrust realized in IGE, T, nominal thrust predicted by the OGE, h height of the rotor disk plane AGL [m], R rotor
radius, V' forward horizontal [m/s], V}, induced velocity in OGE hover [m/s], C';, blade-element lift coefficient.

Model Multi-rotor | Forward Flight Ref.

féii - 1—c(f1L D)2 1+(1} V)Z - No Yes Cheeseman [19]

z/2r)2

Fraz — (09926 +0.0379427°) 7" | No No Hayden [24]
To'u,tput _ 1 -

Tinput — 1-p(2)? Yes No Danjun [25]
Lar — 15 Yes Yes Kan [26

D wea(w)’ !

The variables {eg, eg, e, } are the attitude errors and {p, ¢, 7}
are the angular rates. The RBFNN uses a set of Gaussian basis func-
tions that approximate the non-linear mapping from the error space
to the controller gains. By training or adaptively tuning these basis
functions, the network can:

¢ Compensation for unmodeled dynamics, such as strong cou-
pling between roll and pitch.

* Respond to changes in operating conditions, including differ-
ent flight regimes or disturbances.

* Prevent excessive control actions by appropriately distribut-
ing or scaling gains.

With these gains based on the neural network, the torque com-
mands for the roll, pitch, and yaw channels become Eq. (6):

T = (k%e(p—&—k% gf)r—p))—d; bo,s
To = (kp969+kd¢ 9'7-—q))—dAe bo,o

. ‘ (©)
Ty = [(kpwed, + ka,, (¥ — 7’)) - dw} bo,y

4 NUMERICAL VALIDATION

This section presents a performance evaluation of the proposed
RBFNN-ADRC-GESO controller through four simulation scenar-
ios. Its effectiveness and robustness are evaluated by comparing
it with the conventional ADRC-ESO controller under external dis-
turbances and internal model uncertainties. The simulations as-
sume that the quadrotor starts from an initial position and attitude
of [0, 0, 0], with system parameters detailed in Table 2.

Table 2: The parameter values of the quadrotor UAV.

Parameter | Value | Parameter | Value
m (kg) 1.5 | I, (kgm?®) | 0.16

g (m/s?) 9.8 1, (kg/m?) | 0.16
[ (m) 0.28 I, (kg/m?) | 0.32

e Case I: The UAV simulation (Fig. 2) evaluates multiaxis con-
trol performance over 60 seconds through four distinct flight
phases: hovering, climbing with roll, altitude hold with pitch,
and descending with yaw. Each phase introduces dynamic

changes in altitude and attitude to test the system’s response.
Reference signals for altitude and Euler angles are adjusted
per phase. The results demonstrate that the ADRC controller,
enhanced with a CFD-based ground effect model, ensures
accurate tracking across all axes, exhibits fast convergence,
minimal overshoot, and robust handling of transient distur-
bances and model uncertainties near the ground level.

* Case 2: In this test (see Fig. 3(a)), a UAV follows a smooth
ascending trajectory with lateral movement while subjected
to white noise disturbances xq (t) = 6sin (t/3).ya (t) =
—6sin (t/3) cos (t/3) and zq (t) = 0.8t . The RBF-ADRC
controller shows strong disturbance rejection and precise tra-
jectory tracking, outperforming the standard ADRC con-
troller, which shows oscillations and deviations. The results
confirm the effectiveness of integrating RBFNN-based adap-
tive gain tuning into the ADRC framework.

* Case 3: To assess the robustness of the proposed control
framework under model uncertainties (see Fig. 3(b)), a UAV
follows a 3D helical trajectory while its physical parame-
ters are reduced by 30% to simulate model mismatch. The
RBFNN-ADRC controller, using a GESO-enhanced altitude
loop and adaptive gain tuning in the attitude channel, main-
tains accurate tracking despite uncertainties. In contrast, the
standard ADRC shows increased error. The results confirm
that the RBFNN-ADRC structure enhances robustness and
performance under dynamic and uncertain conditions. The
reference path is defined as z4 (t) = Rcos (wt), ya (t) =
Rsin (wt) and 24 (t) = 20 + ct, where R =20 m, w =
0.2rad/s,c=1and z9 = 10 m.

* Case 4: The target trajectory begins with a vertical ascent
for the first 5 seconds (see Fig. 3(c)), followed by a circular
path in the horizontal plane at a constant altitude. System
robustness is tested by applying a Gaussian-shaped wind dis-
turbance along the z-axis, Eq 7.

1[(t—to\>
Qwind,y (t):A.exp <_2( Uto) ) 7

4.1 RBFNN-ADRC Control of UAVs in Ground Effect: Discussion

The proposed RBFNN-ADRC control strategy significantly im-
proves the performance of the UAV in ground-effect scenarios com-
pared to traditional ADRC. Evaluated across three flight scenarios
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Desired
Trajectory

Ground-Effect model
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w Quadrotor Drone
Position and u,
Attitude tracking us N -
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controller ADRC "
| 24 ] \}
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Figure 1: The diagram illustrates the control framework combining a GESO with an ADRC augmented by an RBFNN. The
system tracks a predefined 3D trajectory by computing tracking errors [ex ey € P ¢ r], which the RBFNN processes
to tune attitude control adaptively gains (k:ps skdgs kpys Kays kpy, s ka w)' These gains are fed into the ADRC to generate control
inputs (w1, ug, us, uq) for the quadrotor drone. The GESO block estimates altitude states, measured altitude above ground
(AGL) from the downward range sensor % 4, and compensates for ground effect disturbances in real time, enhancing the con-
troller’s robustness near surfaces. The closed-loop feedback integrates drone dynamics, ground effect modeling, and adaptive
gain scheduling to ensure stable and accurate flight performance.

Case 1: ADRC (with Ground-Effect)
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Figure 2: In this scenario, the UAV follows a phase-based reference trajectory over a 60-second simulation, divided into four
distinct operational phases: hovering, ascending, pitching/rolling maneuvers, and descending with yaw rotation.

using error metrics (ISE, ITSE, IAE, ITAE), RBFNN-ADRC consis-
tently shows superior tracking accuracy and robustness, particularly
under dynamic disturbances. For example, in Scenario 1, the ISE is
compared to ADRC, and in Scenario 3, it achieves a much lower
ITAE despite external perturbations. Further analysis of ground-
effect models within the RBFNN-ADRC framework reveals that the
Dnajun model yields the best control accuracy. These findings high-
light the benefit of integrating adaptive neural controllers with accu-
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rate physical models to enhance UAV stability in low-altitude envi-
ronments.

5 CONCLUSION

This work introduces a robust control strategy that combines
ADRC with GESO and RBFNN tuning to effectively counteract
ground-effect disturbances in UAVs. A key innovation is the inte-
gration of a CFD-based empirical model for ground effect, allow-
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Case 2: RBFNN-ADRC (with Ground-Effect)
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--- Reference
—— RBFNN-ADRC

(a)

Case 3: RBFNN-ADRC (with Ground-Effect)

Case 4: RBFNN-ADRC (with Ground-Effect+wind disturbance)

-=- Reference

—— RBFNN-ADRC --- Reference

~—— RBFNN-ADRC
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Figure 3: Trajectory Tracking and Disturbance Rejection Using RBFNN-ADRC with Ground Effect: (a) Case 2 x4 (t) =
6sin (t/3),yq (t) = —6sin (t/3) cos (t/3) and zq (t) = 0.8, incorporating lateral motion, (b) Case 3- controller configurations
are preserved, while the altitude loop is enhanced using a Generalized Extended State Observer (GESO) informed by a CFD-
based, data-driven ground-effect model, (c) Case 4- controller configurations are preserved, with the altitude control loop
enhanced via a Generalized Extended State Observer (GESO), which incorporates a CFD-informed, data-driven ground-effect
model to improve compensation near the ground. In addition, a lateral wind disturbance is introduced along the y axis to
simulate real-world aerodynamic perturbations that affect the stability of the quadrotor.

Table 3: Evaluation of the Control Performance of the Proposed ADRC Strategy with ESO and RBFNN-Augmented GESO for
Mitigating Ground Effect Disturbances.

Controller ISE | ITSE | IAE | ITAE
PIDScenario 1 XX XX XX XX
PIDScenario 2 XX XX XX XX
PIDScenario 3 XX XX XX XX
ADRCScenario 1 3.26 | 38.25 | 5.23 | 153.25
ADRCSscenario 2 242 | 35775 | 5.02 | 167.84
ADRCSscenario 3 2.57 | 3724 | 5.84 176

RBFNN — ADRCScena'rio 1
RBFNN — ADRCScenario 2
RBFNN — ADRCScenario 3
RBFNN — ADROScenario 4

1.64 | 145 1.4 80.8
192 | 231 | 2.82 70

1.2 | 256 | 293 | 725
1.34 | 346 | 2.83 | 825

Table 4: Performance index Ground-Effect models for
RBFNN-ADRC model proposed.

Models ISE | ITSE | TIAE | ITAE
Dnajun 1.2 | 29.73 | 2.56 | 71.90
Hayden 1.53 | 28.65 | 2.42 | 71.50
Cheeseman | 1.58 | 21.06 | 2.38 | 74.43
Kan 1.42 | 24.06 | 2.86 | 85.56

ing accurate lift compensation during low-altitude flight. Embedded
within the control loop, this model improves precision by capturing
real aerodynamic interactions. Simulations in ROS demonstrate that
the proposed RBFNN-ADRC outperforms standard ADRC across
all error metrics, with ITAE in one scenario nearly halved. The Dna-
jun model was found to offer the best balance between accuracy and
stability. Overall, the approach enables scalable, real-time control
for UAV missions near the ground, such as terrain following and

autonomous landing.
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APPENDIX A: THE QUADROTOR MODEL UNDER THE
GROUND EFFECT

This study investigates the aerodynamic behavior of a quadrotor
drone that flows into and out of the ground effect (IGE / OGE) using
SolidWorks flow simulation. With equalized thrust at a fixed rotor
speed of 8000 rpm (through pitch control), the simulation shows a
thrust peak at a height-to-diameter ratio (h/D) of 0.5. Various aero-
dynamic models, particularly Danjun and Kan, are evaluated for
their suitability to model multirotor IGE dynamics [27], although
they often oversimplify near-ground airflow. The simulated drone
features 5-inch propellers and an L/R ratio of 2.8, with a computa-
tional domain carefully dimensioned to minimize boundary effects
(see Fig. 4). Simulations solve the RANS equations using the SST
turbulence model, combining k—w and k—e methods based on prox-
imity to the ground, with numerical settings optimized for accuracy
and stability (see Fig. 5).

(@) (b) No-Ground (c) Ground
10D Pressure/k‘ = Pressure /E
2.8R outlet, s outlet

Rotor 1 ; \ Rotor2
10D

Inner. Inner.
Rotating1 | Rotating2

|
L= =i
Distance to the
~ obstacle
/ (40,20,10 cm)

Distance to
the obstacle
im

22D = =

Figure 4: Simulation settings used in this study: Schematic
representation, (a) quadcopter setup, (b) no-ground condition,
and (c) ground condition

No Ground (1 m)

f

(-
$ 40,2010 cm

Figure 5: Simulation on Solidworks flow simulation settings
study case no-ground (1 m) and ground proximity scenarios
(40 cm, 20 cm, 10 cm) scenarios, operating at high rotational
speeds of 8000 rpm.

APPENDIX B: GROUND EFFECT MODELING USING
CFD-ADJUSTED EMPIRICAL MODELS

An empirical model based on CFD simulation data was devel-
oped to account for the ground effect during low-altitude drone
flight. The model introduces a correction factor, M (z) , which
varies with the height of the rotor: it is interpolated for altitudes be-
low 1.0 m and set to 1 above that threshold, where the ground effect
is negligible. This approach improves simulation accuracy and sup-
ports the design of more reliable control algorithms for near-ground

16" INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND COMPETITION

operations.
1 z>1m

min | ——,1.3—-0.5(z — 0.4
(E) (=04

04<z<1lm

M (z) = { min ﬁ 1.6 -15(z—02)) 02<z2<0.4m
“\az
min <ﬁ 22-6(z— 0.1)) 0.1<z<02m
—\az
2.2 z < 0.1m
(®)

 Cheeseman model with CFD correction: GEcrp =

GAECheeseman-TM (Z)

* Hayden model with CFD correction:

(z/2r)2\ /3
(0.9926 +0.03794225) 7 0.1 <2 < 1m

z < 0.1m
1 z>1m

GAEHayden - 2.9

&)

where 7 is the rotor radius and C', is the lift coefficient.
¢ Kan with CFD GEran =
3
(1-3)/ (1—|— 2 (Vlh) )JZM(Z) where V is the

model correction:

actual climb velocity and Vj is the hovering-induced

velocity.

* Dnajun model with CFD correction: GEcrp =
GAEijuan (2)

APPENDIX C: STABILITY ANALYSIS VIA LYAPUNOV

THEORY

A Lyapunov-based stability analysis is performed for the alti-
tude control subsystem [28] to evaluate the robustness of the pro-
posed RBFNN-ADRC-GESO control strategy against wind-induced
disturbances and near-ground aerodynamic effects. Let the alti-
tude tracking error be defined as e, = 2z (¢t) — 2, (t) and e; =
Z(t) — Zr (t),where 2(¢) is the desired altitude trajectory and 2, (t)
it is a time derivative. A candidate Lyapunov function is proposed
as Eq. (10):

V(t) = %ei (t) + %eﬁ (t) (10)

This positive definite function measures the total instantaneous
tracking energy in the altitude channel. Taking its time derivative
yields the following Eq. (11).

V(t)=ex(t)-é: (1) +es(t)-é:(t) an

Substituting the tracking error dynamics governed by closed-
loop altitude dynamics, and incorporating the observer-based distur-
bance estimation f.¢, we obtain Eq. (12).

éz=ez, €:==T.—g—% (1) +A(z21t), (12)

where A (.) includes the lumped uncertainty from ground-effect

correction M¢g (z) and wind-induced perturbations. The control
input 77, is designed as Eq. (13):

T =m- (5 (8) = kpes — hae: + fuut) (13)
Substituting Eq. (12) into Eq. (11):

V(1) = ~kpe? — kaek +ex - (D = fou) (14)
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Assume a bounded disturbance estimation error ’A — fezt <
¢, and applying Young’s inequality Eq. (15) and Eq. (16).
A 1 2
s (A= feur) < Shael + o 1
e ( Jeat) < Ghaet + o1 (15)
. 1 g2
< —kpe — Zkget + — 1
V(t) = k:ﬂez 2kdez + de ( 6)

APPENDIX D: LYAPUNOV STABILITY RBFNN ADAPTATION

The attitude control gains kyp;, ka; for ¢ € {¢,0,} are adap-
tively generated using a Radial Basis Function Neural Network
(RBFNN) Eq. (17):

N
(kpi () Kai ()] = Zwij¢j (e (t)) amn

where ¢ () are Gaussian basis functions on the state error
vector e = [ei,wi]T, where the basis functions are normal-
ized 3 . ¢; (1) < 1, wi; are trained weights bounded w;; €
[Wimin, Wmaz]. Hence, the adaptive gains are positive and bounded
0 < k'™ < kpi (t) < k™0 < k'™ < kai (t) < k2. Let
us define a Lyapunov function for each attitude channel V; (t) =
1e? + 1w?, using a similar derivation Vi < (£) — A1 [es]|> —
Az [|ws||® + 8; (t), where A1, A2 > 0 depend on the adaptive gain
bounds, and §; is a bounded disturbance term from the modeling
error or external wind. As a result, the attitude subsystem is guar-
anteed to eventually be uniformly bounded (UUB) [29] under the
adaptive control strategy based on the RBFNN.
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