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Ground-Effect-Aware Modeling and Control for Multicopters
Tiankai Yang1,2, Kaixin Chai2, Jialin Ji1,2, Chao Xu1,2, and Fei Gao1,2

Abstract—The ground effect on multicopters introduces several
challenges, such as control errors caused by additional lift,
oscillations that may occur during near-ground flight due to
external torques, and the influence of ground airflow on models
such as the rotor drag and the mixing matrix. This article collects
and analyzes the dynamics data of near-ground multicopter
flight through various methods, including fluid simulation, force
measurement brackets, and real-world flights. For the first time,
we summarize the mathematical model of the external torque of
multicopters under ground effect. The influence of ground airflow
on rotor drag and the mixing matrix is also verified through
adequate experimentation and analysis. Through simplification
and derivation, the differential flatness of the multicopter’s
dynamic model under ground effect is confirmed. To mitigate
the influence of these disturbance models on control, we propose
a control method that combines dynamic inverse and disturbance
models, ensuring consistent control effectiveness at both high and
low altitudes.

Index Terms—Ground effect, multicopter control, aerodynamic
analysis, fluid simulation, disturbance modeling.

I. INTRODUCTION

THanks to the simple mechanical design and high maneu-
verability, multicopters are widely used in both open sky

and indoor environments. However, near-ground operations
are unavoidable in many applications. For example, using a
multicopter with an arm to grab an object close to the ground
[1], [2], planning a near-ground trajectory to use the extra
thrust provided by ground effect to save energy [3], flying
in the tunnel [4] or along the wall [5] automatically landing
on the surface of the object [6], [7], and so on. In these
scenarios, when approaching rigid structures, multicopters are
disturbed by the airflow near surfaces of ground or objects,
which significantly influences the safety and stability.

This phenomenon, usually known as ground effect, has been
extensively analyzed by researchers [8]–[11]. Most works fo-
cus on precisely modeling the extra lift produced by ground ef-
fect, typically with a height-dependent external force function.
In this way, a feed-forward control signal can be calculated
using the model, and is then applied to cancel the disturbance
while the multicopter flying with a static height and attitude.
However, the disturbances imposed on multicopters by ground
effect go beyond this.

The first one is the external torque. When a multicopter flies
near flat ground and its attitude is not horizontal, the propellers
closer to the ground generate more thrust, creating a torque
that tends to level the multicopter’s attitude [9]. We call it the
leveling torque. This could result in oscillations or a decrease
in control precision.
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Fig. 1: (a) The quadrotor is flying close to the ground, ensuring
a small distance from the ground surface. (b) The airflow
around a quadrotor flying near the ground. The change in
the direction of the airflow results in additional lift. (c) Air
pressure around the rotors of a tilted quadrotor near the ground
(red for high pressure, green for low pressure). (d)(e) The
closer the rotor is to the ground, the greater the pressure
difference between the upper and lower surfaces, resulting in
a torque that tends to level the quadrotor.

The second one is the decrease in rotor drag. A blade
on a rotating propeller experiences lift from the air and
resistance applied to the plane of rotation. This resistance is
usually proportional to the rotor speed and the forward flight
speed [12]. Since the total thrust during high-altitude flight is
maintained near the hover throttle, the rotor drag coefficient
is commonly modeled as a constant [13], [14]. However, as
mentioned earlier, the multicopter needs a lower throttle when
flying near the ground, so it can be inferred that the rotor drag
also decreases. The actual situation may be more complicated
due to the presence of near-ground airflow. We will verify
whether the rotor drag decreases as expected in the following
experiments.

The third one is not usually considered is the escape of the
lift airflow when flying at high speed near the ground. Kan
et al. [15] analyze the variations in additional thrust during
forward flight near the ground. When hovering, the airflow
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bouncing off the ground surface creates a high-pressure layer,
resulting in an additional thrust for the multicopter. During
high-speed forward flight, some near-ground airflow escapes,
leading to a reduction in the additional thrust.

These problems make it difficult for multicopters to main-
tain a tilted attitude near the ground in order to generate hori-
zontal acceleration. As a result, the existing methods are only
suitable for situations such as taking off, landing and near-
ground hovering, posing difficulties in tracking a trajectory
close to the ground. Therefore, exploring the dynamics model
of the multicopter under the ground effect is necessary.

For this purpose, we establish both simulated and real-world
force and torque measurement platforms (Sec. IV). Real-flight
experiments are conducted to collect external disturbance data
in various scenarios. Based on the collected data, we develop
an external torque model (Sec. V-B) for ground effect (first-
time) and validate the impact of ground effect on rotor drag
(Sec. V-D) and mixing matrix (Sec. V-C). We simplify the
drag and thrust models and convert the torque model to the
payload model (Sec. VI-A). These simplifications and equiv-
alences make the dynamic model of a multicopter differential
flat (Sec. VI) under the influence of ground effects, which
allows to generate feedforward control commands based on
the trajectory. We combine the model-based control method
(Sec. VII) with the model-free method to effectively improve
the control precision (Sec. VIII).

This paper has the following contributions:
• A series of methods (including simulation, force measur-

ing bracket and real flight) are used to collect complete
dynamic data of multicopters under ground effect.

• For the first time, propose a model for the leveling torque.
Validate other models under ground effect including rotor
drag and mixing matrix.

• Simplify the dynamic model of the multicopter under
ground effect to maintain differential flatness, and design
a control method that takes both ground effect model and
unknown disturbances into account.

II. RELATED WORK

A. Additional Thrust under Ground Effect

The study of the ground effect of the blades is initially
carried out on helicopters [16]. The influence of the heli-
copter’s body shape on the parameters of the ground effect is
mainly reflected in the radius of the propeller and the distance
between the blade plane and the ground. Other influencing
factors include air density, rotor speed, blade pitch angle and
the incoming flow speed in the direction of the rotation axis.

Since the helicopter has only one rotor, its dynamic model
is relatively simple compared to the multicopter. For a mul-
ticopter, an air convection area is formed under the entire
body, and its ground effect is greater than the superposition
of individual rotors. Therefore some ground effect models [9],
[10], [15] are proposed to adapt to the multicopter. Sanchez-
Cuevas’s work [9] introduced some correction terms from the
helicopter’ ground-effect model to the multicopter, making it
possible to obtain the model without identifying a series of
polynomial coefficients.

B. The Neglected Leveling Torque Model

The main focus of this article is to model and compensate
for the leveling torque. There are two common solutions in
previous works.

The first solution is inner loop tuning. At a certain height,
when the multicopter tilts more, it experiences a stronger lev-
eling torque from the ground effect, which can be considered
linear at a small angle. Since the leveling torque is aiming to
level the multicopter’s attitude, the relationship is equivalent
to fixing a payload under the multicopter (described in detail
in Sec. VI-A). Furthermore, it can be equivalent to shifting the
center of gravity down and increasing the moment of inertia,
which can be handled by adjusting the gain of the attitude and
angular velocity loops. Since the intensity of the ground effect
varies at different altitudes, there should be a set of suitable
parameters at each altitude. But the lack of models makes
tuning parameters a trouble. However, the researchers who use
inner loop tuning do not realize that they are compensating the
torque by doing so.

For example, Sanchez et al. [9] believe that the leveling
torque is not significant enough and only makes the mul-
ticopter more stable, so it is not modeled or considered in
their control framework. Their work focuses on the additional
thrust generated by ground effect on certain propellers when
the multicopter passes over an obstacle, resulting in a torque
(obstacle torque) pushing the multicopter away from the
obstacle. In the experiment, a table is placed under the path of
the horizontal flight of the multicopter, which means there are
actually only two altitudes during the flight: the constant and
infinite. Using the obstacle torque model as feedforward, he
introduced a bias of the attitude command, and the final output
command is the desired attitude of the multicopter. To solve
the leveling torque problem, the attitude controller parameters
of flight control only need to be adjusted according to the
specific height of this scene, and do not need to be adapted to
all heights.

Another example is Neural Landing [17], where Shi et al.
design a network based on dynamics and state information
of multicopters to predict external forces near the ground.
They do not think the leveling torque is significant enough
to be compensated for. But the parameters in their controller
framework, such as the error gain of angular velocity, can
mitigate the oscillations caused by the leveling torque. But the
parameters in its controller frame, such as the angular velocity
error gain, can mitigate the oscillations caused by horizontal
torques Adjusting parameters according to the low-altitude
scenario will reduce the control accuracy at high attitude. Still,
it does not affect landing and low altitude flights.

The second solution is a disturbance observer. The leveling
torque can be obtained by an observer [10], [18] and then
compensated (incremental compensation [19], [20] is also
possible). Such methods are not effective enough. They believe
that the external torque in the next time period is about equal
to the one observed in the previous time period. It is effective
for some slowly changing external disturbances, such as the
gravity torque caused by the shift of the center of gravity on
the XOY plane of the body coordinate system. Because even if
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Fig. 2: The coordinate systems of the multicopter.

the multicopter has a certain attitude tilt, the lever arm of the
gravity torque basically remains unchanged. For other cases,
such as the shift of the center of gravity in the Z axis of
the body coordinate system or the ground effect, the external
torque is proportional to the tilt angle and changes at high
frequency, resulting in a delay in the disturbance estimation,
and the torque compensation cannot eliminate the oscillations.

C. Rotor Drag

The previous work [12], [21] provide a detailed explanation
of the causes of rotor drag, which is related to the relative
speed between the rotor and the air. When hovering, the
relative air velocity is proportional to the rotor speed. During
forward flight, the blades moving forward have a higher
relative air velocity than those moving backward. This causes
the blade to experience different resistance at different phases,
and the resultant force of the resistance received by the whole
propeller is not zero . The rotor drag is proportional to the
total thrust because the difference in the relative air velocity
of the blades in different phases is proportional to the propeller
speed.

III. BASIC SYMBOL REPRESENTATION

Some coordinate systems, forces, and torques in this work
are shown in Fig. 2. We use

[xW ,yW , zW ] = I3 (1)

to represent the 3 orthonormal bases of the world coordinate
system. I3 is the identity matrix. The oriention of the multi-
copter is denoted by

R = [xB,yB, zB] , (2)

where {xB,yB, zB} are a set of orthogonal bases of the body
coordinate system of the multicopter.

The position of the multicopter’s geometric center in the
world coordinate system is p, and {v,a, j} are the velocity,
acceleration and jerk of the multicopter in the world coordinate
system respectively.

The Euler angles of the multicopter in the world coordinate
system are expressed in the order of Z−Y −X rotation as ξ =
{φ, γ, ϕ}. The rotation matrix around an axis of Z−Y −X can
be expressed as TZ (φ), TY (γ) and TX (ϕ) respectively. The
angular velocity and angular acceleration of the multicopter in
the body coordinate system are expressed as ω and β.

The dynamics model of the multicopter can be written in
the following form:

ma = −gzW + TzB + fG + fD

Jω̇ = −ω × Jω + τB + τG + τext,
(3)

where m and J are the mass and the inertia tensor of the
multicopter respectively, g is the acceleration of gravity.

The forces and torques in the dynamic model are as follows:

Symbol Description

TzB Thrust generated by the rotors
fG Additional force generated by ground effect
τB Torque generated by the rotors
fD Rotor drag
τG Leveling torque generated by ground effect
τext The sum of unmodeled external torques

For a quadrotor, the total thrust and torque in the body
coordinate system generated by all the rotors can be expressed
as (4):[

T
τB

]
= MN2 = diag

(
kT ,

√
2b

4
kTX ,

√
2b

4
kTY , kI

)


1 1 1 1
−1 1 1 −1
−1 1 −1 1
−1 −1 1 1




n1
2

n2
2

n3
2

n4
2

 .

(4)
b represents the distance between the diagonal rotors. ni

represents the rotation speed of each rotor. kT is the thrust
coefficient. kTX and kTY are the torque coefficients in the
roll and pitch directions, respectively. kI is the inverse torque
coefficient of the rotors. M is the mixing matirx of the
quadrotor. ni is the rotor speed (unit: rotation-per-minute,
rpm), N2 is a 4 × 1 matrix consisting of the square of the
rotor speeds.

The mechanical frame of the quadrotor is not completely
centrosymmetry, and the body obstructs the airflow of the
rotor, therefore it can be assumed:

kT ̸= kTX ̸= kTY . (5)

In the next section, We will introduce how to explore the
models of the various external disturbances mentioned above
using experimental or simulation methods.

IV. METHODS FOR EXPLORING AND VALIDATING MODELS

In this section, we will introduce how to set up the environ-
ments to collect and analyze the dynamic data of multicopters
under ground effect. The environments include the single-rotor
platfrom (Fig. 3a), the quadcopter platform (Fig. 3(b)(c)), fluid
simulation(Fig. 3(d)(e)), etc. Additionally, we introduce the
Spearman correlation coefficient [22] to ascertain the specific
factors related to external disturbances.
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Fig. 3: Experimental environment for model validation (including both real-world and simulation). (a) Test platform for an
individual rotor. (b)(c) The aluminum profile frame platform for the quadrotor in the real world. The tilt angle of the ground
surface can be adjusted to simulate the tilt angle of the quadrotor. (d)(e) Simulation environment for the quadrotor under
ground effect.

A. Dynamic Measurement Platform in real-world

We set up dynamics testing platforms for a single rotor and
a quadrotor separately. Both of them are equipped with a six-
axis force and torque sensor.

1) The single-rotor platform: The platform (Fig. 3a) is fixed
on the ground, which can measure the rotor speed, thrust,
and torque of a single motor when it rotates. The rotor is
positioned far away from the ground to minimize ground
effect. Some connecting mechanisms use soft 3D-printed parts
(TPU material), effectively reducing the noise in sensor data
caused by rotor rotation.

2) The quadrotor platform: In the platform illustrated in
Fig. 3(b)(c), the entire quadrotor is fixed on the aluminum
profile frame. A force and torque sensor is fixed between
the frame and the quadrotor. A resin board (1.2m× 1.2m) is
placed under the quadrotor to simulate the ground. A series of
mechanical structures are available for adjusting the tilt angle
of the board and the height of the quadrotor. This setup allows
for simulating quadrotor flights near the ground with a forward
tilt angle. An array laser sensor is used to measure the distance
between the ground board and the quadrotor. The tilt angle of
the ground is determined by an electronic inclinometer.

It’s worth noting that we adjust the angle of the ground

board rather than the angle of the quadrotor. In other words, we
simulate the quadrotor tilting by tilting the ground board while
keeping the quadrotor level. This is because if the quadrotor
tilts, it will generate a gravity moment associated with the
tilt angle. Additionally, when the rotors rotate, there will be a
torque related to the rotor speed since the sensor center does
not coincide with the thrust line of the rotors. Both of these
factors would interfere with the measurement of the torques
generated by ground effect.

B. Dynamic Measurement Environment in Simulation

In this paper, we aim to propose an accurate model for
ground effects, with the ultimate goal of improving the control
stability of multicopters in proximity to the ground. This
necessitates the acquisition of extensive experimental data to
facilitate both the development and validation of the proposed
model. To this end, we employ the aerodynamics simulation
tool ANSYS to automate extensive data collection. The fol-
lowing outlines our setups.

Firstly, to ensure the simulation data accurately supports
model development and validation, it must closely mirror
real-world conditions [23]. We create a precise 3D quadrotor
model (Fig. 4(a)), paying special attention to the propeller—a
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Fig. 4: Setup for the fluid simulation.

key component in quadrotor flight, responsible for generating
thrust and torque through its interaction with air [12]. We use
3D laser scanning to capture an accurate model of the propeller
(Fig. 4(b)). However, it’s important to note that, unlike actual
conditions where propellers can deform at high speeds, our
simulations assume propellers are rigid. Despite this simplifi-
cation, our findings show that the trends in simulation closely
align with real-life experiments.

Secondly, The accuracy of fluid dynamics simulations
greatly depends on the quality and setup of the mesh [24].
We import our quadrotor model into a meshing tool to divide
the space into manageable sections. To efficiently simulate
various conditions without overly lengthy computation times,
we balance the accuracy and computational speed. Firstly,
we employ a combination of coarse and fine meshes [25]:
coarse tetrahedral meshes for the larger fluid domain to en-
hance computational efficiency, and finer meshes with inflation
layers (Fig. 4(d)) around the propeller surfaces to guarantee
precision. Secondly, through a mesh independence study [26],
we identified the coarsest mesh that could still deliver accept-
able accuracy. This strategy significantly reduces computation
times without substantially compromising the accuracy of our
simulations.

Thirdly, in our simulations, we chose the k − ϵ turbulence
model [27], which is particularly well-suited for scenarios
where air can be assumed as an incompressible fluid. This
assumption aligns with our quadrotor’s aerodynamic condi-
tions near the ground. For solving the equations, we opted
for double-precision arithmetic to ensure high accuracy in our
calculations. The SIMPLE algorithm [28] is used for pressure-
velocity coupling, enhancing the stability and convergence of
our simulations. Moreover, we apply second-order upwind
discretization to the momentum equations, improving the
accuracy of our aerodynamic force and torque predictions.
These settings in ANSYS allow us to achieve reliable and
detailed insights into the aerodynamic behavior of a quadrotor
across a range of altitudes, angles, and propeller speeds.

Our goal through this meticulous simulation setup was to
gather comprehensive data on the aerodynamic forces and
moments that impact the quadrotor near the ground, ensuring
our model’s development and validation are based on robust
and precise computational findings.

C. Additional Methods

1) Real-world flight: In addition to using the dynamic mea-
surement platform and the simulation environment, we also
conduct real-world flight experiments to collect disturbance
data experienced by the quadrotor during near-ground flights.

We introduce the following external force and torque ob-
server:

ãext = (a− g)f
imu − zBTf/m

τ̃ext = Jω̇f + ωf × Jωf − τB .
(6)

The subscript (·)f indicates that the data has been filtered
through a low-pass filter. (a− g)

imu is the raw acceleration
data captured by the Inertial Measurement Unit (IMU),

2) Mechanical model: We can directly determine the inertia
moment and the center of gravity of the quadrotor with the
Mechanical model. Since the total mass of the Mechanical
model is nearly equal to the actual total mass, it can be as-
sumed that the calculated inertia moment from the Mechanical
model is also nearly equal to the actual one. In addition to
being used for model exploration and validation, the controller
also directly calls these parameters in practice.

3) Correlation coefficient: To explore and validate the rela-
tionship between external disturbances introduced by ground
effect and various variables (height, rotor speed, tilt angle, etc),
we calculate the Spearman’s rank correlation coefficient [22].
This statistical tool assesses the existence and strength of
monotonic relationships between nonlinear parameters.

For two datasets, xi and yi, of the same size n, both sets are
ranked as R (xi) and R (yi). The Spearman’s rank correlation
coefficient rs can be computed:

rs (x, y) =
cov [R (x) , R (y)]

σ [R (x)]σ [R (y)]
. (7)

cov [R (x) , R (y)] represents the covariance of the ranked
variables, while σ [R (x)] and σ [R (y)] signify their respective
standard deviations.

The variables we focus on are height, tilt angle, and ro-
tor speed. When exploring the correlation between external
disturbances and rotor speeds, it is difficult to establish a
direct connection between the speed of individual rotors and
the overall dynamics of the quadrotor. Consequently, the rotor
speeds are transformed into Nbase:

Nbase = diag(kT , kTX , kTY , kI)
−1

MN2. (8)

In data analysis, Nbase (1) represents the composite ro-
tor speeds corresponding to total thrust T , while Nbase (2),
Nbase (3), and Nbase (4) represent the composite rotor speeds
corresponding to roll, pitch, and yaw torque ( xW

⊤τB ,
yW

⊤τB , zW⊤τB ), respectively.
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Spearman’s rank correlation coefficient between distur-
bances and variables are shown in TABLE. I. The results
of parameter identification are shown in TABLE. II. Relevant
experiments are described in Sec. V.

0 0.2 0.4 0.6 0.8 1
-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3
Realflight data
Platform data
Simulation data
Sanchez-Cuevas model
Proposed model

Fig. 5: Data and model of the additional thrust fG.

V. MODELS UNDER GROUND EFFECT

A. Thrust Model under Ground effect

1) Model: The total thrust generated by the rotors can be
expressed as:

T =

4∑
i=1

kTni
2. (9)

The additional force generated by ground effect can be
expressed as:

fG = FG (h)TzB . (10)

FG (h) is a function related to the distance h from the
ground to the center of the rotor plane:

FG (h) =
g2

h2 + g1
, (11)

where g1 and g2 are constants.
In previous studies [9], [10], [15], various forms of the

function FG (h) have been employed. We choose the above
form (11) primarily because of its simplicity, fewer parameters,
and most importantly, its derivative form can explain the model
of the leveling torque (18) by ground effect, which is proposed
in Sec. V-B.

2) Experiment: We conduct a series of experiments to
verify the model of the additional thrust model under ground
effect and identify the relevant parameters.

During the quadrotor platform experiment, we align the
ground board horizontally, as illustrated in Fig. 3(b). We adjust
the distance between the ground board and the quadrotor,
collecting essential data including rotor speed and height
above the ground. The FG (h) function is measured using the
following formula:

F̃G (h) =
zW

⊤f̃

T̃
− 1. (12)

f̃ is the measurement of the force sensor. T̃ is the measure-
ment of (9).

This method also applies to the data we collect in the CFD
simulation.

During the real-world flight experiment, the quadrotor grad-
ually reduces its hover altitude, and the relevant data (IMU and
rotor speed) is collected for estimating the FG (h) function:

F̃G (h) =
mzW

⊤ãext

T̃
, (13)

where ãext is the external force obtained by (6).
Subsequently, the data are shown in Fig. 5. Our model in

(11) matches the data from the platform experiment, CFD
simulation and the flight experiment. It is generally consistent
with Sanchez’s model [9]. The associated parameters can be
identified and are presented in TABLE. II.

To prove that fG remains unaffected by the tilt angle of
the quadrotor and is oriented in the z-axis of the quadrotor
body coordinate system, we gradually adjuste the tilt angle
and height of the ground board as illustrated in Fig. 3(b)(c)
and collect relevant data.. Correlation coefficients between fG

and various variables are computed, as detailed in TABLE. I.
The result, rs [fG,Nbase (1)] = 0.0054, indicates a lack of
correlation between fG and the tilt angle δ.

B. The Leveling Torque Generated by Ground Effect

During low-altitude flight, the quadrotor’s tilt angle relative
to the ground leads to varying ground effects on its rotors.
Rotors closer to the ground experience a more significant
additional thrust, creating an external leveling torque (τG) that
tends to level the quadrotor’s attitude.

1) Model assumptions: We can make some reasonable
assumptions about the model of leveling torque:

• τG and δ: As the tilt angle increases, the difference
in distance between the diagonal rotors and the ground
increases, resulting in a larger thrust difference and an
increase in leveling torque.

• τG and T : As the total thrust increases, the additional
thrust from ground effect also increases. This results in a
proportional increase in thrust difference between higher
and lower rotors, leading to an increase in leveling torque.

• τG and h: If the absolute value of the derivative of the
additional thrust function ḞG (h) is large at a certain
height, it means that near that height, rotors at different
heights will produce a larger thrust difference, resulting
in a larger leveling torque.

2) Explore some rules through simulation: The assump-
tions about the relationship between thrust, tilt angle, and
leveling torque is relatively straightforward to ubderstand.
However, there may be differing viewpoints on the relationship
between leveling torque and altitude. For instance, some
may assume that the closer the height to the ground, the
stronger the ground airflow, leading to greater leveling torque.
Therefore, we attempt to validate this through fluid simulation
(Sec. IV-B).

During the simulation, we keep the quadrotor’s tilt angle
and rotor speed constant while adjusting its height from the

CONFIDENTIAL. Limited circulation. For review only
IEEE T-RO Submission no.: 24-0423.1

Preprint submitted to IEEE Transactions on Robotics. Received: April 7, 2024 01:52:01 Pacific Time



7

TABLE I: Spearman’s rank correlation coefficient between variables.

rs (·, ·) xW
⊤τB zW

⊤τB yW
⊤τG yW

⊤τG/ sin δ fG

Nbase (1) - - ↑ −0.6640V-B - ↑ +0.4703V-A

Nbase (2) ↑ +0.8245V-C - - - -
Nbase (3) - - - - -
Nbase (4) - ↑ +0.9251V-C - - -

h ↓ +0.0284V-C ↓ +0.1781V-C ↑ +0.3384V-B - ↑ −0.5465V-A

δ - - - ↓ +0.0930V-B ↓ +0.0054V-A

TABLE II: Model parameters.

Symbol Value Name Method

kT

4.0083× 10−8N/rpm2

Thrust coefficient

Single-rotor platform
3.7840× 10−8N/rpm2 Quadrotor platform
4.2958× 10−8N/rpm2 Real flight by hovering
3.1915× 10−8N/rpm2 Simulation

kTX 4.678× 10−8N/rpm2 Torque by thrust coefficient (roll) Quadrotor platform
kTY 3.588× 10−8N/rpm2 Torque by thrust coefficient (pitch)

kI 6.3859× 10−10 (N ·m) /rpm2 Rotor torque coefficient Single-rotor platform

JR 1.0556× 10−4kg/m2 Rotor inertia Single-rotor platform

g1 1.804× 10−2

Ground effect coefficient Quadrotor platform
g2 7.339× 10−3

g3 −3.365× 10−1

g4 4.126× 10−2

g5 6.494× 10−2

c2 −1.448471× 108

Throttle curve parameter Quadrotor platformc1 5.228928× 108

c0 1.033111× 108

dx 0.3970N/ (m/s) Rotor drag coefficient Real flight
dy 0.3300N/ (m/s)

m
1.696kg Mass of the quadrotor Electronic scale
1.562kg Mechanical model

Ix 0.00745220kg/m2

Inertia of the quadrotor Mechanical modelIy 0.00792752kg/m2

Iz 0.01249522kg/m2

ground. The data on leveling torque is illustrated in Fig. 6.
It can be observed that the trend of leveling torque variation
with height aligns with the trend of the derivative of (11).

3) Possible mathematical explanations: We will try to
conduct some mathematical derivations to explain these as-
sumptions and simulation results.

Assuming the additional force τG by ground effect is
distributed on a circle with the quadrotor’s center as its center
and the diagonal wheelbase b as its diameter. The center of this
circle is located at a height h above the ground, and the height
of the points on the circle is H (θ) {θ ∈ [0, 2π)}. The point
closest to the ground corresponds to θ=0. D (θ) represents the
distribution density function of the ground effect force τG on
the circle. The relationship can be expressed as follows:∫ 2π

0

D (θ) dθ = FG (h)T

D (θ) = FG [H (θ)]T/2π

H (θ) = h− b

2
sin δ cos θ,

(14)

where δ is the angle between the Z-axis of the body system

0.1 0.15 0.2 0.25
-0.25

-0.2

-0.15

-0.1

-0.05

0

Fig. 6: The leveling torque in simulation.

and the world coordinate system.
We assume that around a certain height, ḞG (h) is a constant
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Fig. 7: Leveling torque measured on the quadrotor platform.

value:

FG [H (θ)] =FG (h)− b

2
sin δ cos θḞG (h) . (15)

The torque |τG| is created by the |fG| distributed on the circle:

|τG| =
∫ 2π

0

D (θ)
b

2
cos θdθ

=
bT

2π

∫ π

0

[
FG (h)− b

2
sin δ cos θḞG (h)

]
cos θdθ

= −1

8
b2 sin δḞG (h)T.

(16)

The vector form of τG in the body coordinate system can
be written as

RτG = |τG| (zB × zW ) = MG (h)T (zB × zW ) . (17)

MG (h) can be regarded as

MG (h) =
g5h

(h2 + g3h+ g4)
2 . (18)

4) Calibrate parameters with the real-world platform: We
need to validate the above model and calibrate parameters
through real-world experiments.

As shown in Fig. 3(b)(c), on the quadrotor platform, we
adjust the tilt angle of the ground board and the height of the
quadrotor, increase throttle and maintain consistent speeds for
all four rotors. Data on tilt angle, height, rotor speeds, and
torques are collected. From TABLE. I, it is evident that τG
exhibits a strong correlation with both altitude h, tilt angle,
and average rotor speed.

• τG and T
Fig. 8 illustrates the relationship between leveling torque
τG and average rotational speed ∥ni∥ under varying tilt
angles and heights on the quadrotor platform. It is evident
that, under different tilt angles and heights, there is always
a proportional relationship between the leveling torque
and the square of the average rotation speed (or thrust
according to (9)):

|τG| ∼ ∥ni∥2 ∼ T. (19)

• τG and δ
As shown in Fig. 7b, the leveling torque is proportional
to the tilt angle:

|τG| ∼ δ (δ → 0) . (20)

However, as the tilt angle becomes larger (δ > 10◦), the
leveling torque ceases to increase.

• τG and h
From Fig. 7(a), it can be observed that, under a fixed
tilt angle, as the quadrotor’s altitude gradually decreases,
the leveling torque initially increases and then decreases,
which is consistent with the trend observed in the simu-
lation in Fig. 6. This validates our previous assumption
in Sec. V-B1 and Sec. V-B2 and also calibrates the
parameters of (18).

Conclusion 1:
As the height decreases, the absolute value of the leveling

torque |τG| reaches a maximum at a certain distance
from the ground, then gradually decreases, rather than
monotonically increasing.

C. Mixing Matrix Model under Ground Effect

Ground effect has various impacts on the dynamic model
of the quadrotor. We have reasons to suspect that the torque
generated by rotor speed differences is also affected by ground
effect, which means some parameters of the mixing control
matrix in (4) (kTX , kTY , kI ) may vary with the state of the
quadrotor. Therefore, we conduct experiments to validate this.

We fix the quadrotor onto the platform (Fig. 3(b)) and adjust
the distance between the quadrotor and the ground board while
ensuring the ground board is level. Then we drive the four
rotors to rotate at varying speeds. Data on rotor speeds, heights
and torques are collected.

The ground board is adjustable relative to the quadrotor’s Y-
axis, with a certain adjustment error that prevents the ground
board from being perfectly level. The leveling torque still
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Fig. 8: Relationship between leveling torque τG and average rotor speed ∥ni∥. The black points are sensor data and the blue
lines are model-fitting results.
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Fig. 9: The relationship between normalized torque coefficient
and h.

exists on the Y-axis. Therefore, when studying the torque
generated by thrust difference, we only focus on the X-axis
and Z-axis (kTX , kI ).

In TABLE. I, it can be seen that the body torque
τB is closely related to the rotor speed difference Nbase

and has no relationship with the altitude h. For exam-
ple, rs

[
xW

⊤τB ,Nbase (2)
]

= 0.8400, rs
[
xW

⊤τB , h
]

=
−0.0937.

We calculate the relationship between each coefficient (kT ,
kTX and kI ) and the altitude respectively in Fig. 9. The
coefficients in the figure are normalized with the following
procedure:

k̄ (h) =
k (h)

k (+∞)
− 1. (21)

In Fig. 9, as the quadrotor descends from high altitude to
the ground board, the change in torque coefficient (kTX and
kI ) generated by the rotor speed difference is negligible (less
than 10%), compared to the change in thrust coefficient kT
(around 30%).

We believe this change is mainly caused by the mechanical
vibrations near the ground, leading to measurement errors.
Conclusion 2:

The torque parameters of the mixing control matrix
(kTX , kTX , kI ) remains unaffected by ground effect.

D. Rotor Drag under Ground Effect
When the multicopter is flying forward, a rotor drag oppo-

site to the direction of motion is generated. It is proved that
the drag is related to thrust and the flight speed along the
horizontal direction of the multicopter’s body system [21]:

fD (R,v, T ) = −RD′
√
TR⊤v, (22)

where D′ = diag (dx, dy, 0) is the drag coefficient matrix.
Due to the inclusion of thrust T in this rotor drag term, the

formulation of the rotor drag poses challenges for the deriva-
tion of the differential flatness of the multicopter dynamics.
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Fig. 10: Thrust differences during high altitude and near
ground flight.
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Fig. 11: Rotor drag at high altitude and near-ground condi-
tions. (a)(d) the black and blue points represent data collected
during quadrotor flights at high and low altitudes, respectively.
The horizontal axis represents flight speed, and the vertical
axis represents rotor drag in the body coordinate system.

Generally, when the multicopter is flying at a high altitude,
the thrust is maintained near the hover throttle, which can be
regarded as a fixed value [13]. When the quadrotor is flying
near the ground, the hover thrust is reduced due to the extra
thrust provided by fG, so the rotor drag will also decrease, in
theory.

To verify the assumption, we conduct flight tests at both
high and low altitudes. As shown in Fig. 10, the ratio of the
average thrust at low and high altitude is:√

T̄ (0.1)√
T̄ (2.0)

= 0.9486, (23)

which should also be the ratio of rotor drag at low and high
altitudes according to (22). However, the experimental results
in Fig. 11 show that:

dx (0.1)

dx (2.0)
= 0.5963,

dy (0.1)

dy (2.0)
= 0.6179. (24)

Conclusion 3:
The rotor drag fD at low altitudes declines substantially

beyond what current model(22) can predict.
The formation mechanism of this phenomenon cannot be

explained theoretically at the moment. But in engineering,
we can consider rotor drag as a function related to altitude
and the specific curve can be measured experimentally and
interpolated:

fD (R,v, h) = −RD (h)R⊤v. (25)

VI. DIFFERENTIAL FLATNESS WITH GROUND EFFECT

In this section, we will explain that, even when considering
the impact of ground effect, the quadcopter retains its differ-
ential flatness. By designating the quadcopter’s position and
yaw angle as its flat outputs, we can compute the quadcopter’s
thrust, attitude, angular velocity, angular acceleration, torque,
and rotor speeds:

{p,v,a, j, s} , {φ, φ̇, φ̈}
↔Tref , {ξref ,ωref , ω̇ref , τBref ,nref} .

(26)

The more types of disturbances we need to consider, the
more complex the derivation process of differential flatness
becomes. For example, when we only consider the rotor drag
related to velocity [13], the multicopter needs to compensate
for it by generating additional acceleration. However, the
acceleration of a multirotor is coupled with its attitude, which
means that the compensation for drag needs to be considered
from acceleration to attitude and angular velocity reference
outputs.

For multicopters affected by ground effects, the derivation
process needs to consider models for additional thrust, altitude-
varying rotor drag, and leveling torque.

Among these disturbances, the leveling torque, which is
influenced by multiple factors, is the most complex. Although
we calibrate the parameters in Sec. V-B, it only partially
explains the model and is not entirely accurate. There are
bound to be some differences between the situation with
the torque measurement platform and real flight conditions.
Therefore, we need to find a reasonable method to simplify or
approximate the leveling torque model, ensuring it does not
introduce distortion to the model while also not affecting the
differential flatness of the multicopter.

A. The Payload Model Designed for Leveling Torque

The approach we take is to equate the leveling torque to the
gravity torque generated by a Payload ball rigidly connected
under the multicopter.

We enumerate four dynamic models which are equivalent
to each other (refer to Fig. 13) during inner loop attitude
control.
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• Payload, with external torque.
Euler’s equation for a multicopter with a payload ball
(Fig. 12) can be written as:

J1ω̇ = −ω × J1ω + τB

+R⊤

R

 0
0

−m0

m r

× (−mg) zW

 .
(27)

Simplify it:

Jω̇ = −ω × Jω + τB +m0grR
⊤ (zB × zW ) , (28)

where m is the mass of the multicopter, m0 is the mass
of the ball, r is the distance from the ball to the center
of the multicopter.

• Payload, without external torque.
In the model (28), if we move the control center of the
multicopter from the gravity center of the itself down
to the overall gravity center of the multicopter and the
payload ball, then the Euler equation can be written as:

J ′ω̇ = −ω × J ′ω + τB , (29)

where J ′ is the overall inertia moment at the new control
center:

J ′ = J + diag
{

m
(
m0

m r
)2

m
(
m0

m r
)2

0
}
. (30)

• Near ground, with leveling torque.
Euler’s equation for a multicopter with leveling torque
can be written as:

Jω̇ = −ω × Jω + τB +MG (h)TR⊤ (zB × zW ) .
(31)

• Near ground, without leveling torque.
The form of (31) and (28) will be the same if we set

m0gr = MG (h)T. (32)

Using the same method of moving the gravity center
down, we can modify the leveling torque model (31) as:

J ′ω̇ = −ω × J ′ω + τB . (33)

The adjusted inertia moment J ′ is

J ′ = J + diag
{

[MG(h)T ]2

mg2

[MG(h)T ]2

mg2 0
}
. (34)

Considering that the thrust is maintained around the hover
throttle, it can be assumed:

MG (h)T ≈ mgMG (h)

1 + FG (h)
. (35)

Combined with (34) and (35), the modified inertia moment
J ′ (h) is only related to the height from the ground (Fig. 13).

In general, the change of inertia moment can be handled
by adjusting the PID parameters or the LQR method [29],
[30] . In order to deal with other unknown disturbances, we

propose a method that combining model-based and model-free
disturbance resistance, which will be introduced in detail in
Sec. VII.

B. Thrust and Attitude Outputs

The model with additional thrust, altitude-varying rotor drag
and inertia moment can be written as:

a = −gzW + [1 + FG (h)]TazB −RDa (h)R
⊤v

J (h) ω̇ = −ω × J (h)ω + τB ,
(36)

where Ta = T/m and Da (h) = D (h) /m are the normalized
accelerations.

Left multiply zb to the following formula:

a+ gzW +
[
dax (h)xB

⊤v
]
xB +

[
day (h)yB

⊤v
]
yB

− [1 + FG (h)]TazB = 0.
(37)

The reference thrust can be obtained:

T = m
zB

⊤ (a+ gzW )

[1 + FG (h)]
. (38)

Left multiply xb and yb to (37), we can get the reference
attitude:

xB
⊤α = 0,α=a+ gzW + dx (h)v

yB
⊤β = 0,β=a+ gzW + dy (h)v

xB =
yC ×α

∥yC ×α∥
,yB =

β × xB

∥β × xB∥
, zB = xB × yB .

(39)

An intermediate reference frame is defined as:

[
xC yC zC

]
= TZ (φ)

([
xW yW zW

])
. (40)

C. Other Outputs

We can obtain the reference outputs of angular velocity
ωref and angular acceleration ω̇ref by differentiating the
acceleration in (36) The detailed derivation process is similar
to [13]. In the differentiation process, since the multicopter
generally does not have a significant Z-axis velocity when
executing a near-ground flight trajectory, we can assume that
d
dtD (h) = d2

dt2D (h) = 0.
Then the reference torque input can be obtained:

τref = J ′ (h) ω̇ref + ωref × J ′ (h)ωref . (41)

VII. MODEL-BASED CONTROLLER WITH INCREMENTAL
INVERSION

This section will use the previously introduced model to
compensate for external disturbances, thereby controlling the
quadrotor during near-ground flight. The most important part
is the compensation of the leveling torque in Sec. VII-C.
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Fig. 12: The multicopter affected by the leveling torque is equivalent to a multicopter with a payload below. The dynamic
models of the four cases in the figure can be mutually equivalent. Ultimately, the influence of leveling torque can be equivalent
to changes in the inertia moment of the multicopter. The specific explanation is provided in Sec. VI-A
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Fig. 13: Equivalent inertia moment of the quadrotor in the
counterweight ball model.

A. Acceleration Command

Generally, there are two ways to compensate for external
forces acting on the multicopter.

• Using an external force observer to introduce the resultant
external acceleration into the control loop, which is called
the dynamic inversion, This approach does not rely on the
accurate model but may suffer from delays and noises of
the external force estimation.

• Predicting the external forces at the desired state use

them as feedforward compensation, which needs accurate
calibrated dynamic model.

Given that we establishe an accurate external force model,
we rely on the thrust and drag models to compensate to avoid
noise and control errors.

The expected resultant acceleration is

ades = aref + aE − aD − aG. (42)

aref represents the reference acceleration (26) along the
motion trajectory.
aE is the acceleration resulting from the position and

velocity error feedback:

aE = KP (pdes − p̂) +KV (vdes − v̂) , (43)

where KP and KV are the parameters of the Proportional-
Differential (PD) controller for position control.
aD is the acceleration obtained from the drag model (25):

aD = −R
D (h)

m
R⊤vref . (44)

aG is the acceleration obtained from the additional thrust
model (10):

aG =
Tref

m
FG (h) zB . (45)

B. Attitude, Bodyrate and Body Acceleration Command

We can get the desired attitude from the desired acceleration
using the principles of differential flatness in Sec. VI:
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ades ↔ ξdes. (46)

The error between the current attitude ξ̂ and the expected
attitude ξdes is:

ξe = ξ̂ ◦ ξdes. (47)

The attitudes here are all quaternion forms. The ◦ means the
Hamilton quaternion product.

Write it into an angle vector:

ξe
′ =

2cos−1ξwe√
1− ξwe

2

[
ξxe ξye ξze

]⊤
, (48)

where
[
ξw ξx ξy ξz

]
is the quaternion form of the

attitude.
Subsequently, we can calculate the desired angular velocity

and angular acceleration:

ωdes = Kξξe
′ + ωref

ω̇des = Kω (ωdes − ωf ) + ω̇ref .
(49)

In this context, Kξ and Kω are the PD parameters for angle
control, and ωref , ω̇ref are the reference angular velocity and
angular acceleration derived from (26) respectively.

C. Thrust and Torque Command

The desired acceleration projected onto the quadrotor’s Z-
axis corresponds to the acceleration the rotors need to produce.
Then we can get the expected thrust:

Tdes = mades
ẑB
|ẑB |

. (50)

The torque required from the motors can be calculated
based on the desired angular velocity and desired angular
acceleration:

Bτdes = J ′ (h) · ω̇des + ωdes × J ′ (h) · ωdes. (51)

The rotational inertia J ′ (h), which is altitude-dependent,
serves to compensate for the torque effects induced by ground
effect.

Due to various reasons, the above method cannot completely
compensate for the external torques. Firstly, the parameters
obtained based on the torque measurement platform are not
entirely accurate. Secondly, there are other unmodeled torques,
such as the gravity torque and the gyroscopic torque. There-
fore, we combine the incremental nonlinear dynamic inversion
[20] with our model to output the control torque:

Bτdes = τ̂B + J ′ (h) · (ω̇des − ω̇f ) . (52)

There are two explanations for the altitude-varying of inertia
moment J ′ (h) in the control method:

• The leveling torque change rapidly. If we directly apply
the traditional INDI method, the compensation for the
torque is not strong enough:

|J · (ω̇des − ω̇f )| < |J ′ (h) · (ω̇des − ω̇f )| . (53)

• Compensation for the external torque by real-time esti-
mation essentially introduces feedback for angular accel-
eration error (ω̇des − ω̇f ), where the gain is the fixed
inertia moment of J . If J is adjustable, it means that the
angular acceleration error gain is flexible and can adapt
to changes in flight conditions.

In practice, we still need to fine-tune the function J ′ (h)
during the experiment. The model-based compensation method
then degrades to adjust the gain of the angular acceleration
error. This gives our approach an engineering value as well
as a scientific explanation: parameters can be adjusted based
on actual flight conditions, rather than having to rely on a
parameter calibration platform strictly.

D. Rotor Speed Command

Based on the inverse of the mixed control matrix in (4),
the rotational speeds of each motor can be computed from the
thrust and torques:

Ndes
2 = M−1

[
Tdes
Bτdes

]
. (54)

E. Calibration for Rotors

To control the rotors to the desired speeds, the rotors need
to be modeled and calibrated.

1) Thrust and Torque Generated by a Single rotor: The
thrust (Ti) and torque (Mi) generated by a single rotor [31],
[32] are

Ti = kTni
2

Mi = kIn
2 + JRṅi,

(55)

where kT is the thrust coefficient, kI is the torque coefficient,
JR is the moment of inertia of the rotor and i is the rotor
number.

The parameters in (55) are calibrated on the single-rotor
platform in Fig. 3(a). Fig. 14 shows the actual and predicted
thrust and torque generated by the rotor.

2) Throttle of the ESC: When the flight controller receives
a throttle control signal (tc ∈ [0, 1]), the rotor speed will be
maintained at a roughly determined value. The relationship
between the rotor speed and the throttle, after eliminating the
influence of battery voltage, is usually a quadratic function:

nesc (tc) = c2tc
2 + c1tc + c0. (56)

We refine the code of the APM 1 firmware to align with the
throttle interface and voltage compensation logic, which will
be open-sourced in the future.

We collect rotor speed and throttle data on the single-motor
platform and calibrate the model. The data is illustrated in
Fig. 15.

1https://github.com/ArduPilot/ardupilot
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term of rotor speed ṅ.
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Fig. 15: Throttle Curve Calibration. (a) The relationship be-
tween rotor speed n and throttle tc. (b) Time series of motor
speed, with the blue line representing the speed predicted using
the throttle model (56).

F. Throttle Command

The rotor speeds are controlled through the throttle input
(tdesi ∈ [0, 1]), and the rotational speeds are fed back through
BDhot. The rotor speeds require closed-loop control, but we
do not implement it for each motor individually. Instead, we
implement closed-loop control on the combined acceleration
generated by all rotors along zB . Our experimental results
indicate that this approach leads to a more stable multicopter

attitude. The control method for rotor speed is:

tdesi = trefi + tE

trefi = n−1
esc (ni)

tE = KT
P T

E
a +KT

I

∑
TE
a

TE
a =

(
4∑

i=1

kTn
des
i

2 −
4∑

i=1

kTni
2

)
/m,

(57)

where trefi is the feedforward throttle obtained by n−1
esc, the

inverse function of (56), tE is the throttle from rotor speed
error, TE

a is the acceleration error by all rotors, KT
P , KT

I are
the parameters of the Proportional-Integral controller.
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Fig. 16: Hovering angle error with different control methods.

VIII. FLIGHT EXPERIMENT

We set up a quadrotor flight platform for comparison exper-
iments. The quadrotor has a larger blade diameter (r = 7inch)
and a smaller propeller distance to the ground (hmin = 7.2cm).
These factors make the ground effect of the quadrotor more
obvious. The controller in Sec. VII is compared with other
control methods through hovering and trajectory tracking
experiments.

The quadrotor is equipped with a flight controller 2 that
can feedback 200Hz IMU data. The flight controller using an
APM firmware version that supports BDhot can communicate
bidirectionally with the motor controller and read the rotor
speed data at 200Hz. A 16×16 lattice laser sensor 3 is mounted
under the quadrotor to measure the distance to the ground (at
100Hz). An Intel NUC 4 is used as the computing platform. A
label holder for the NOKOV 5 motion capture system is fixed
to the top of the computer. The motion capture system and
IMU are fused through Extended Kalman Filter (EKF) [33],
[34], and a smooth location result (200Hz) is obtained.

2https://doc.cuav.net/flight-controller/v5-autopilot/en/v5+.html
3https://www.nooploop.com/tofsense-m/
4https://www.intel.com/content/www/us/en/products/sku/205603/

intel-nuc-11-pro-kit-nuc11tnki5/specifications.html
5https://en.nokov.com/products/motion-capture-cameras/Mars.html

CONFIDENTIAL. Limited circulation. For review only
IEEE T-RO Submission no.: 24-0423.1

Preprint submitted to IEEE Transactions on Robotics. Received: April 7, 2024 01:52:01 Pacific Time



15

TABLE III: Comparison of controllers.

Experiment Acceleration Torque Height Velocity RMSE (cm) max
(
∥EP ∥2

)
σ
(
∥EP ∥2

)
Compensation Compensation XOY Z All (cm) (cm)

1 - - 0.12m 1m/s 6.54 8.64 10.85 18.04 2.19
2 INDI - 0.12m 1m/s 5.51 6.83 8.77 16.07 2.06
3 Neural Land - 0.12m 1m/s 6.81 4.94 8.41 16.75 2.73
4 Proposed - 0.12m 1m/s 7.12 1.94 7.38 16.45 3.05
5 Proposed Proposed 0.12m 1m/s 4.35 0.97 4.45 11.97 2.32

6 Proposed - 0.18m 3m/s 12.63 1.71 12.74 26.27 5.36
7 Proposed Proposed 0.18m 3m/s 6.67 2.84 6.97 14.66 2.72

8 Proposed Proposed 1.75m 5m/s 4.77 1.41 4.98 9.75 1.64

A. Hovering Experiment

We hover the quadrotor from high to low altitude and
compare the angle control errors. The error value at a specific
altitude is defined as:

E (h0) =
∥∥∥ξ̂ − ξdes

∥∥∥
2
(h ∈ [h0 −∆h, h0 +∆h]) . (58)

Fig. 16 shows how the control error varies with altitude.
When no compensation is applied, the angle error at low alti-
tude is huge, reaching its peak at h = 0.2m. This corresponds
to the model in Sec. V-B, where the leveling torque in Fig.7
reaches its maximum at h = 0.18m.

Both the model-based method in (51) and INDI [20] can
effectively reduce the control error, but the angle error near
the ground is still increased compared with the high altitude.
When the combined model and incremental inverse method
(52) is used, the error at low altitude is the same as that at
high altitude.

B. Trajectory Tracking Experiment

We generate lemniscate trajectories [35] for tracking exper-
iments in TABLE. III.

Executing the trajectory at v = 1m/s without torque
compensation, we conduct four sets of experiments to compare
our acceleration compensation method with INDI [20], neural
landing [17], and the no-compensation method [13].

INDI performs only slightly better than no compensation
in the Z-axis. This could be because INDI compensates for
the acceleration of external forces with real-time estimation.
However, a slight error in compensation for the external force
in the Z-axis can affect the multicopter’s altitude, and the
altitude change will further affect the external force in the
Z-axis, which leads to a static control error.

The reasonable approach is to compensate with the pre-
dicted external force under the desired state, as seen in the
proposed method. The proposed method performs the best in
the Z-axis, which is expected, as the feedforward curve of fG

is finely calibrated based on the multicopter.
In these four sets of experiments, INDI has the best control

performance in the XOY plane. This might be because the
attitude cannot track the acceleration perfectly due to the
external torques, but INDI can introduce acceleration into the
feedback loop for compensation.

With the torque compensation, the proposed method
achieves the best control accuracy at 1m/s and 3m/s tra-
jectories. Fig. 17 shows the curves of the 3m/s trajectory.
Every loop is well-controlled, including the rotor speed, thrust
acceleration, body torque, etc.

To assess the controller’s extreme performance, we conduct
a trajectory test at a high altitude of 5m/s. Our controller
achieves an RMSE of 4.98cm. The controller does perform
well, but low-altitude flight still hurts trajectory tracking.

IX. DISCUSSION AND FUTURE WORK

This paper summarizes various models of the multicopter
under ground effect and establishes a control methodology.
We consider the additional thrust, leveling torque, and rotor
drag models under ground effect and validate its impact on
the mixing matrix. However, our study has several limitations.
Firstly, we do not model the thrust decrease during high-
speed forward flight [15]. This is mainly due to two reasons:
our models are primarily calibrated at static force platforms,
and our flight speed does not reach the threshold that would
produce a significant loss of lift. In our flight scenarios, the
flight speed remains below the induced speed of 4m/s, and
the minimum flight altitude is larger than the propeller radius,
resulting in the lift reduction being not obvious and, therefore,
not considered. However, Exp.6 and Exp.7 in TABLE. III
indicate that high-speed flight impacts the control effectiveness
along the Z-axis. Secondly, our study on the decrease of rotor
drag is not thorough enough. The causes of rotor drag involve
complex airflow phenomena [12], and the ground effect further
complicates the situation. We hope that future research will
explain this phenomenon clearly.

We will open source the simulation environment, various
mechanical model and dataset after publication.
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Fig. 17: Tracking curve of each control object in the near ground flight test (3m/s).
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