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Quaternion-based observer control for multirotor UAVs, an application
to unactuated grasping

Diego Gandulfo1,2, Alberto Varela1,2, Pedro Castillo1, and Hernán Abaunza 2,∗

Abstract— A novel approach for aerial drone control in
object pickup tasks is presented. The methodology integrates
quaternion-observer control to address the challenge of variable
mass during object interaction. A specialized non-actuated
gripper designed explicitly for aerial drones enhances their
ability to grasp objects efficiently. Real-time tests validated
the effectiveness and feasibility of the proposed solution. The
experiments demonstrated the robustness and adaptability of
quaternion-observer control in compensating for variable mass
during object pickup tasks. Additionally, the practical utility
of the non-conventional gripper design under real-world condi-
tions emphasized its relevance in aerial manipulation scenarios.

I. INTRODUCTION

In recent years, the utilization of Unmanned Aerial Ve-
hicles (UAVs) has seen a significant rise not only for
surveillance and data collection [1], but also for applications
requiring interaction with the environment. Researchers have
explored the use of UAVs, particularly quad-rotor drones, in
areas such as obstacle avoidance, biomimetic landing [2],
and object collection [3], [4]. UAVs have played a crucial
role in technological research, influencing the evolution of
various industries [5].

Commercial quadrotors, initially designed for photography
and data collection using integrated cameras, are not inher-
ently capable of supporting external payloads [6]. Conse-
quently, for applications involving lifting objects, specialized
or complex drones and high-cost grippers are often necessary,
highlighting the complexity of both manual and autonomous
use [7]. UAVs offer versatile solutions across different sec-
tors, including industry, security, and production [8].

In [9], researchers and students implemented a gripper for
a drone, enabling it to grasp surfaces during flight. Similarly,
[10] utilized an actuated gripper to inspect electrical grid
infrastructure. Actuated grippers offer advantages such as
applied force, pose control, and task velocity, enhancing the
drone’s capabilities. In [11] dual arms were tested to evaluate
the accuracy and behavior during physical procedures while
flying.

However, actuated grippers introduce complexity, weight,
and system dependence on sensors and commands. Grippers
capable of providing feedback when closing with minimal
energy consumption have been developed [12], offering ideal
solutions for applications demanding high precision and
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controlled applied force. In [13] focuses on the new methods
and technology applied to drones for physical interaction and
contact inspection, using dual arms with multi-directional
drones.

UAV interaction with ground objects has been a focus of
research and innovation. While a drone can handle its weight
during flights, introducing external objects or forces should
be considered a disturbance. Addressing these disturbances
during object pickup and reducing gripper weight, especially
for commercial drones with limited load capacity, pose
challenges.

In the realm of claw drones, noteworthy projects like
"EagleClaw" [2] and origami-inspired arm drones [3] have
emerged. The "EagleClaw" features a robust claw with
impressive payload capacity, suitable for heavy loading and
transport tasks in industrial environments. Origami-inspired
arm drones, agile and precise in object manipulation, stand
out for applications like garbage collection. There is a
long reach arm manipulator that enhances maneuverability,
adaptability in confined spaces, and a design that minimizes
potential damage during interactions[14].

Disturbances in drones are commonly compensated us-
ing Disturbance-Observer-Based Control [15]. Various ap-
proaches exist, such as Equivalent Input Disturbance (EID),
Extended State Observer (ESO), Generalized Proportional
Integral Observer (GPIO), Linear/Nonlinear Disturbance Ob-
server ((L/N)DOB), and others [15]. An implmentation of an
Unknown Disturbance Estimator (UDE) has been designed
for quadrotors in [16]. Recent research by [17] introduces
a backstepping disturbance observer-based control (DOBC)
for trajectory tracking of multirotor UAVs, [18] proposes a
disturbance observer-based (DOB) control scheme tailored
for small UAVs, characterized by nonlinear dynamics and
uncertainties. The approach integrates transient performance
design to ensure both steady-state and transient observation
performance.

The goal of this paper is to implement an observer and
a gripper, enabling a drone to autonomously navigate to
an object, perform pickup, and transport it to a destina-
tion point while considering mass perturbations. For the
pickup method, a non-conventional, non-actuated gripper is
designed, scalable to any drone.

The structure of the paper is as follows. Section II provides
the quadrotor modelling and control. Section III outlines the
implemented observer approach, while Section IV introduces
the gripper design and development. Section V details the
tests and results. Finally, Section VI offers discussions on
this work and outlines future steps.



II. QUADROTOR QUATERNION MODEL AND CONTROL

A. Quadrotor Quaternion Dynamic Model

Consider a symmetrical quadrotor as depicted in Figure 1.
According to blade element theory, each rotor i : [1, · · · , 4]
generates a force fi := CT ρApr

2ω2
i and a torque τi :=

CQρApr
3ω2

i from its angular velocity ωi, also dependent on
the air density ρ, the rotating plate area Ap, the propeller’s
radius r, and aerodynamic coefficients CT and CQ [19].

Fig. 1: Quadrotor total force F⃗th and torque τ⃗ as illustrated in [19]

Hence, the thrust force Fth that acts vertically in the body
reference frame can be computed as

F⃗th :=
[
0 0 Fth

]T
=

[
0 0

∑4
i=1 fi

]T
, (1)

similarly, the total torque vector, acting in the body reference
frame can be described as

τ⃗ :=

τxτy
τz

 =

 (−f1 − f2 + f3 + f4)l cos(π/4)
(−f1 + f2 + f3 − f4)l cos(π/4)∑4

i=1 τi

 . (2)

Where l represents the drone’s arm length, which extends
from the center of mass to each motor.

Define the quadrotor state as X := [p⃗ ˙⃗p q Ω⃗]T where
p⃗ ∈ R3 denotes the drone’s position in the inertial frame, ˙⃗p
represents its velocity, q := q0 + [q1 q2 q3]

T ∈ H defines
its orientation represented as a unit quaternion and Ω⃗ :=
[ωx ωy ωz]

T is its rotational velocity on the body frame.
Then, from (1) and (2), the quadrotor dynamic model can be
expressed as

Ẋ =
d

dt


p⃗
˙⃗p
q

Ω⃗

 =


˙⃗p

q ⊗ F⃗th

m ⊗ q + g⃗ + γ⃗
1
2q ⊗ Ω⃗

J−1(τ⃗ − Ω⃗× JΩ⃗)

 , (3)

where ⊗ represents a quaternion product, m and J are the
drone’s mass and inertia matrix respectively, g⃗ := [0 0 −
9.81]T , is the gravitational acceleration vector, and γ⃗ ∈ R3

symbolizes an unknown disturbance vector.

B. Quadrotor underactuation problem

Notice that (3) is an underactuated dynamic system con-
sisting on 6 degrees of freedom (3 rotational and 3 transla-
tional) and four control inputs (one total thrust force Fth and
three torques τ⃗ ∈ R3). However, the rotational subsystem is
indeed fully actuated, and can be written as

Ẋr =

[
1
2q ⊗ Ω⃗

J−1(τ⃗ − Ω⃗× JΩ⃗)

]
, (4)

Following [19] and [20], (4) can be stabilized to a desired
unit quaternion qd by applying a state feedback controller
using a quaternion logarithm, resulting in

τ⃗=− 2Kpr ln(q
∗
d ⊗ q)−KdrΩ⃗, (5)

where q∗
d is the conjugate quaternion of qd, Kpr and Kdr are

positive constant diagonal matrices containing proportional
and derivative gains respecively.

Therefore, if (5) ensures that q ≈ qd, then, from (3) the
traslational subsystem can be written as

Ẋt=

[
˙⃗p

q ⊗ F⃗th

m ⊗ q + g⃗ + γ⃗

]
≈

[
˙⃗p

qd ⊗ F⃗th

m ⊗ qd + g⃗ + γ⃗

]
.

(6)
Following the methodology presented in [19]-[21], a vir-

tual control force F⃗u ∈ R3 can be defined as F⃗u :=
qd ⊗ F⃗th

m ⊗ qd + g⃗ such that (6) becomes

Ẋt ≈
[

˙⃗p

F⃗u + γ⃗

]
=

[
03×3 I3×3

03×3 03×3

]
Xt+

[
03×3

I3×3

] [
F⃗u + γ⃗

]
,

(7)
where 03×3 and I3×3 respectively symbolize 3 × 3 zeroes
and identity matrices. Notice that (7) can be seen as a linear
fully actuated representation of the traslational dynamics.

Since F⃗u can be designed by following any control strat-
egy, including a compensation for the disturbance γ⃗, then
the desired quaternion qd is computed as qd := qxy ⊗ qz ,
where qxy represents the shortest rotation that aligns the
thrust vector F⃗th towards the control force F⃗u [20], [21]
and is defined by following the Euler-Rodrigues formula as

qxy := ±

√√√√√√√1+ F⃗u

∥F⃗u∥
·

00
1


2

+

F⃗u

∥F⃗u∥
×

00
1


∣∣∣∣∣∣
∣∣∣∣∣∣ F⃗u

∥F⃗u∥
×

00
1

∣∣∣∣∣∣
∣∣∣∣∣∣

√√√√√√√1− F⃗u

∥F⃗u∥
·

00
1


2

,

(8)
while qz defines an aditional desired rotation over the z axis
(yaw rotation), and is computed as

qz=cos
ψd

2
+ [0 0 1]T sin

ψd

2
, (9)

where ψd represents the desired yaw rotation

C. State Feedback Controller

For comparison purposes, a simple state feedback
(proportional-derivative (PD)) was implemented to control
the quadrotor traslational dynamics. Defining F⃗u in this man-
ner, and neglecting the unknown disturbance γ⃗ ≈ [0 0 0]T

yields

F⃗u=−Kpt(p⃗− p⃗d)−Kdt( ˙⃗p− ˙⃗pd)−mg⃗, (10)

where Kpt and Kdt are positive constant diagonal matrices
and p⃗d ∈ R3 represents a desired position.

The control inputs are then defined for system (3), com-
puting qd by introducing (10) into (8) and asigning any
yaw angle reference ψd for (9), and using (5) to track the



desired attitude qd. The thrust force is then computed as
Fth = ||F⃗u||.

III. UNCERTAINTY AND DISTURBANCE ESTIMATOR

Controller (10) does not consider any disturbance in the
system and is dependent on accurate and constant weight
parameters. However, in reality the drone can be affected
by many perturbations such as wind, or in the case of the
topic of this work, weight changes when grasping an object.
Therefore, from (7), a virtual disturbed linear translational
system can be considered as

Ẋt ≈AtXt +Bt

[
F⃗u + γ⃗

]
, (11)

where At :=

[
03×3 I3×3

03×3 03×3

]
and BT :=

[
03×3

I3×3

]
.

An uni-formal perturbation is here assumed so it doesn’t
affect the rotational system.

A. Perturbation controller

The control strategy that will be applied consists on
estimating the disturbance by means of an observer approach
known as Unknown Disturbance Estimator (UDE) [16].
Here, an estimation ˆ⃗γ(t) is designed such that ˆ⃗γ(t) → γ⃗(t)
and then added to controller (10) as

F⃗u(t)=−Kpt(p⃗− p⃗d)−Kdt( ˙⃗p− ˙⃗pd)−m(g⃗+ ˆ⃗γ(t)). (12)

From 11, the reduced-order observer following the UDE
design procedure proposed by [22] and [16] yields

γ(t)=B+
t [Ẋt(t)−AtXt(t)−BtF⃗u(t)], (13)

being B+
t = (BT

t Bt)
−1BT

t the pseudoinverse of Bt and this
determines that B+

t = [0 m], since (13) cannot be directly
computed, the following estimation is proposed:

˙̂
γ⃗(t)=− Γˆ⃗γ(t) + ΓB+

t

[
Ẋt(t)−AXt(t)−BtF⃗u(t)

]
,

(14)
where Γ ≜ diag(Γ1,Γ2, ...,Γ6), being Γj > 0, j : [1, · · · , 6]
and for avoiding the term Ẋt(t) the next change of variable
is applied

ξ̂(t)=ˆ⃗γ(t) + ΓB+
t Xt(t). (15)

Taking the derivative of equation (17) and applying equa-
tions (5) and (16) results in the derivation of the reduced-
order observer mentioned below:


˙̂
ξ(t) = −Γξ̂(t)−

(
Γ2B+

t + ΓB+
t A

)
Xt(t)− ΓF⃗u(t),

ˆ⃗γ(t) = ξ̂(t) + ΓB+
t Xt(t), ξ(0) = −ΓB+

t Xt(0).
(16)

The control strategy is then completed by mumerically
computing ξ̂(t) =

∫ ˙̂
ξ(t)dt, and then introducing system (16)

into (12).

IV. GRIPPER DEVELOPMENT

The final design of the gripper was chosen by testing
two types of grippers, and the most suitable one for the
desired purpose was selected. The first option, based on [23],
was redesigned for testing purposes, as depicted in Fig. 2.
This gripper, originally designed for an actuated mechanism,
had its actuator replaced with a newly designed gripper
mechanism, shown in Fig. 3. After conducting physical tests,
the first gripper was replaced by the second option due to its
lower pressure requirement for closure and object grasping,
which was approximately 20 Newtons.

Fig. 2: First Gripper Option

The second gripper option was derived from the Mantis
Claw designed by Ben Kardoosh [24], being adapted to
meet the specified requirements while enhancing several
characteristics. This entailed a reduction in the number of
parts, simplification of assembly, and minimization of weight
to achieve improved performance.

Fig. 3: Gripper in closed position while flying

Fig. 4: Gripper in open position while being in touch with the object

This gripper was selected for the task based on its high
effectiveness in the 3D prototype test. The object is grabbed
without the use of external forces, and closing the gripper
only relies on gravity and the weight of the object itself, as
illustrated in Fig. 3. Mechanical restrictions are employed to
prevent the object from falling. Subsequently, the weight of
the drone is measured, as shown in Fig. 7, and through lifting
tests, it was determined that the gripper can support up to 300



grams without deterioration. The model was not physically
tested beyond that weight limit, focusing on objects lighter
than the specified weight.

By applying Finite Element Analysis (FEA) and using Von
Mises theory, is possible to predict the plastic deformation
of the most crucial parts of the gripper.

Fig. 5: Finite Element Analysis applied to the gripper’s arm

The material applied to the parts is ABS, the same that
is used for the prototype, which has a Young’s modulus of
2 × 109 N/m2 and a yield strength of 3.2 × 107 N/m2 [25].
These are the references and limits while using FEA. As in
Fig. 5-6, the plastic deformation of any part will be less than
1.672× 107 N/m2.

Fig. 6: Finite Element Analysis applied to the gripper’s claw

Note that the mesh employed for each component con-
sisted of 16 Jacobian points and mesh quality characterized
by high-order quadratic elements. The purple arrows in each
part represent a stress of 19.208N/m2, equivalent to 200
grams of weight applied to each claw of gripper-1 kg of
weight is equal to 95.64N/m2 divided by the 5 claws.
The green arrows represent a fixed geometry. The Von
Mises range for each part spans from 8.328 × 101 N/m2

to 1.672 × 107 N/m2. Comparing these stress values with

the ABS Yield strength requirement of 3.2× 107 N/m2, it is
evident that the gripper is well within the safe stress limits
carrying objects less than 1 kilogram of weight. If necessary,
it is possible to adjust the size and material of the gripper to
decrease the undergoing plastic deformation.

With less than 40 grams of weight (as seen in Figure 7),
the gripper is ready for experimental tests. Now, considering
the maximum lifting weight of our drone, 200 grams, it is
possible to carry up to 160 grams approximately.

Fig. 7: Weight of the scaled gripper for the quadrotor used

An additional attribute of this gripper is its scalability,
allowing it to accommodate to various types of drones.
Moreover, it can be crafted from alternative materials to
optimize load capacity. The underlying concept is to address
diverse tasks involving object retrieval, irrespective of size
or weight. This is achieved by developing a model capable
of adjusting the base that attaches to the drone, thereby
integrating the gripper seamlessly with the drone system.
Repository: https://github.com/AlbertoVC20/
Gripper-QuaternionControl/tree/main.

V. TESTS AND RESULTS

A. Fl-AIR - Framework libre AIR

For trajectory and control testing, Fl-AIR [26] was used
to simulate all our changes. Fl-Air is a framework written in
C++ that aims at helping the development of applications for
robots, and more specially for UAVs. This platform is free
to use, where the codes are simulated before testing with the
prototype, saving this way time and resources, Fig. 8.

Fig. 8: Fl-Air demonstration using the integrated simulator

Using Fl-Air to simulate our code and trajectories was
a huge advantage and time-saving. Then proceed to test it
using the Drone Parrot 2.

https://github.com/AlbertoVC20/Gripper-QuaternionControl/tree/main
https://github.com/AlbertoVC20/Gripper-QuaternionControl/tree/main


B. Drone Parrot A.R.Drone 2.0

For our project tests, the Parrot A.R. Drone 2.0 was used,
which has a maximum load capacity of approximately 200
grams. As in Fig. 9, the gripper was mounted to the drone
in the inferior part, and using some security mattresses, the
drone was elevated for which the gripper can hang without
touching the ground. In this exact same position, the drone
will return after picking up the object, and land safely in the
same spot.

Fig. 9: Drone Parrot A.R. Drone 2.0 with the designed gripper mounted

The quadrotor position and translational velocity was esti-
mated using an OptiTrack [27] motion capture system, while
its orientation quaternion and angular velocity was measured
using the internal Inertial Measurement Unit (IMU) and a
Kalman Filter.

C. Desired Trajectory

To generate the desired trajectory p⃗d(t), the first step
involved considering the initial position of the drone and
the position of the object. Based on these two points, a line
was generated using the equation of a straight line but with a
safety margin added in the z-axis. Once this was completed,
the drone proceeded to linearly decrease its position along the
z-axis until reaching the position of the object. Subsequently,
it increased its position again until returning to its original z-
axis position. Following this, using the equation of a straight
line once more, the drone navigated to the landing position
along the x-axis without altering its z-axis value. Finally, it
descended along the z-axis to its landing position.

D. Final Results

Two tests were made, one using only a state-feedback
quaternion control as in [20], and the other one implementing
the observer.The experimental outcomes are presented below,
delineating the focus on evaluating flight performance during
object pickup with the application of the quaternion-observer
control. A comparative analysis is conducted, contrasting
these results with the drone’s behavior and outcomes during
flights conducted without the observer.

Application of the quaternion-observer control during ob-
ject pickup demonstrated a discernible improvement in flight
dynamics. The observer effectively compensated for variable
mass, resulting in enhanced stability and more precise object
grasping. Comparative analyses revealed that flights with
the observer exhibited superior trajectory adherence, under-
scoring the control strategy’s efficacy in optimizing flight
paths. In contrast, flights without the observer displayed
heightened sensitivity to variations in object mass, leading
to less predictable flight behavior. These findings emphasize
the tangible benefits of incorporating quaternion-observer
control for enhancing the reliability and precision of aerial
drones during object manipulation tasks.

A comparison between the tests with and without observer
is available at: https://youtu.be/wrHi-607hw8.

For this application, the displacement behavior analysis
is more significant on the z axis, because it is where the
external force is being mainly applied, in this case, the
payload weight. Therefore, the effect on the x and y axes is
minimal.

Observe from Figure 10 that at no point can the quadrotor
reach the reference, as it cannot even compensate for the
gripper’s weight. The most noticeable change occurs when
the gripper picks up the object at around time t = 30s,
at which point the difference between the position and the
reference increases significantly.
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Fig. 10: z position without applying the observer

Remark from the beginning of Figure 11 how the observer
compensates for the gripper’s weight, where initially there
is a small difference between the drone position and its
reference, but it is almost completely eliminated after a few
seconds. When the object is picked up at t = 34.4, a slight
discrepancy between the position and the reference can be
observed, and when the drone needs to maintain its position
in z from t = 41.4 to t = 56.4, there are small oscillations
that decrease over time. Lastly, when descending, it can be
noticed that the position error is practically null.

https://youtu.be/wrHi-607hw8
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Fig. 11: z position applying the observer

Observe in Figure 12 how the drone follows the reference
at all times. However, in the time interval from t = 14.4 to
t = 36.4, some oscillations can be noticed due to the effects
of the gripper.
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Fig. 12: x position without applying the observer
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Fig. 13: x position applying the observer

Remark in Figure 13, it is observed how the drone follows
the reference almost perfectly regardless of the unknown
disturbance. The most notable difference from 12 is that
when it has to hold its position, the oscillations are practically
nonexistent thanks to the observer.
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Fig. 14: y position without applying the observer

Figure 14 shows how, initially, when there is no payload,
as the position value increases, the drone is capable of fol-
lowing the reference with some minor difference. However,
in the following two stages, when the object is grasped, the
increased disturbance results in a considerable error.
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Fig. 15: y position applying the observer

As indicated by Figure 15, unlike Figure 14, it is evident
that the drone can successfully track the reference. Only
minor oscillations can be observed in the position holding
part, but they are quite insignificant and much smaller
compared to the test conducted without the observer.

Analyzing these results, it can be observed how the drone’s
behavior in all three axes is superior when using the observer.
The most noticeable difference lies in the z-axis after object
collection. As seen in the graphs and video, once the object
is collected, the drone without the observer is unable to reach



the reference by a considerably large distance. In contrast, the
drone using the observer successfully reaches the reference in
the z-axis, albeit with some oscillations. As for the remaining
axes, x and y, slight improvements can be observed when
using the observer, especially in reducing oscillations.

VI. CONCLUSIONS AND FUTURE PERSPECTIVES

In this paper, the quaternion-observer control was success-
fully applied along with a UDE-based controller, providing a
robust response to perturbations. Additionally, a lightweight
gripper was designed, focusing on mechanical pickup rather
than an actuated mechanism. This design choice enhances the
object retrieval process and facilitates various applications,
including increased maximum lift capacity, lower center of
mass, and scalability of the gripper.

As demonstrated in the results, the drone’s response varies
significantly when the observer is applied compared to
when it is not, particularly when subjected to significant
perturbations, such as the addition of weight, as observed
in this case.
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