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ABSTRACT
This research addresses the challenges of defining and tuning

a flight controller for uncrewed aerial vehicles (UAVs), mainly,
a lighter-than-air vehicle, like a blimp; a task often fraught with
complexity for UAV designers. These challenges typically involve
several iterations in both simulation and real-world settings that
require the identification of the dynamic model. In this paper, we
introduce a novel, but simple approach that harnesses intuitive
physics principles to streamline the process of tuning and to
ensure the safeness and robust path tracking for indoor blimps.
Our method involves a threefold strategy: 1. A basic control
rooted in Sliding Mode Control (SMC) with a saturation term
that permits to achieve the motion in the three axes (X, Y and Z),
while defining maximum cruising speeds and maximum desired
control forces; used to complete the operation of path tracking
and hovering. 2. A recursive simple moving average (SMA)
term for the applied control forces is incorporated to the previous
strategy to minimize steady-state error in real-time for altitude
control, which can compensate for changes in the weight of the
blimp. 3. A swing stabilizer mechanism designed to dampen
oscillations around naturally occurred pitch and roll angles for
enhanced stability. Experimental results validate the efficacy
and simplicity of our approach, demonstrating robustness, rapid
deployment and good path accuracy.

Keywords: Control, tuning, blimps.

NOMENCLATURE
𝑚 Mass/Inertia [𝑘𝑔][𝑘𝑔𝑚2].
𝜏 Control forces/moments [N] [Nm].
𝜏∗ Control forces/moments with adaptive term [N] [Nm].
𝑘 Tunable gain for Sliding Mode Control.
𝜆 Tunable gain for Sliding Mode Control. It represents the

slope of the sliding surface.
𝑠 Sliding surface.

∗Corresponding author: jorge-esteban.salas-gordoniz.1@ens.etsmtl.ca

Φ Tunable gain for Sliding Mode Control.
𝑣𝑚𝑎𝑥 Maximum cruising speed [m/s] [rad/s].
Δ Function for the minimum turn, between ±𝜋 [rad].
𝜓 Yaw angle [rad].
𝜃 measured angle, used in a generalized manner for roll

and pitch angles [rad].

1. INTRODUCTION
In recent years, there has been a notable increase in the inter-

est for airships and indoor blimps. Their inherent ability to remain
airborne due to a buoyant gas makes them particularly appealing
for autonomous missions requiring prolonged periods of time;
such as environmental monitoring, climate research and telecom-
munication applications [1–3]. Additionally, their manoeuvrabil-
ity at low speeds endows them with a distinct advantage akin to
underwater robots in exploration scenarios [4]. This versatility
extends further, enabling their utilization as data retrieval tools
similar to satellites [3] or for exploration of planetary bodies with
atmospheres [5], while the energy consumption is primarily re-
served for directional adjustments and for overcoming drag and
other disturbances.

The incorporation of soft membrane materials allows blimps
to navigate safely around humans [6, 7], showcasing their ef-
ficacy in accessing challenging environments, including subter-
ranean spaces, provided adequate spatial clearance [8, 9]. This
attribute renders them invaluable for data retrieval missions and
search and rescue operations, where traditional vehicles may face
constraints.

The control of a blimp, nevertheless, is acknowledged to be
a difficult task. Nonlinearities and coupled degrees of freedom
make their study an interesting use-case for control; problems
arise when trying to achieve good robustness to disturbances,
when relating hovering and cruising flights with a smooth transi-
tion and when tuning the control strategies [10, 11].

Several control strategies have been used for the control of
lighter-than-air vehicles, like blimps, including model-based con-
trollers (Sliding Mode Control - SMC -, Model Predictive Con-
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trol, Generalized Predictive Control, Terminal SMC), for which
it can be troublesome to estimate the dynamic parameters [12].
These models are more often simplified, linearized and decou-
pled [13–15] or controllers without a model are preferred (PD, PI,
PID, feedback control algorithms, use of Linear Quadratic Reg-
ulators - LQR - for optimization, gain scheduling, fuzzy control,
visual servo control) [16]. In several cases, a realistic simulation
environment is used to complete large number of runs before the
controller is improved and tuned enough to expect a safe and
robust flight on the real robot [12, 17–20].

This paper presents our intuitive controller for the smooth
motion of a blimp following a path between waypoints and hover-
ing. The controller can be tuned based on the maximum desired
actuation and a maximum cruising speed, while reducing the
swinging motion when hovering or when flying in steady or un-
steady motions. It can also maintain the blimp at different roll and
pitch angles following the mass distribution of the payload. For
the altitude control, an additional simple moving average (SMA)
term is included to reduce the steady-state errors to achieve the
desired altitude even with fast changes in the payload.

This document is divided as follows: first, a presentation of
a literature review with some of the works that helped motivate
the development of our control strategies, as well as a slight
discussion about the perceived difficulties and problems derived
from these previous works; second, a basic presentation of the
blimp robot; third, a quick presentation of the control strategies
for the different requirements, followed with the experimental
results and conclusions.

2. PREVIOUS WORKS
The dynamic model of an airship has been covered exten-

sively in the literature [21], presenting similarities with the dy-
namic model of ocean vehicles [4]. Such models require an esti-
mation of the dynamic parameters of the blimp, for which several
works were reviewed by Li, Sharf and Nahon [22]. For the virtual
or added mass/inertia (which can be roughly understood as the
mass of fluid that needs to be displaced to achieve the acceleration
of the robot), experimental data are preferred since fluid dynamic
analysis hardly encompasses all the fluid interaction with the soft
membrane and mesh structure. It can also be estimated through
extrapolation from previous experiments, even if obtained from
water vehicles [4, 23]. A comprehensive methodology for param-
eters estimation was shared for the research on the Georgia Tech
Miniature Autonomous Blimp (GT-MAB), which is also intended
to fly in near-human spaces. They conducted parameters identi-
fication through swinging motions [24]; an approach similar to
the one we followed in our previous work [25]; and as for trans-
lational motion, GT-MAB team did parameters identification by
varying the weight in a free-fall setup [26]. This last approach is,
however, hardly replicable for a blimp almost three times larger
than the GT-MAB. Both of these experiments by Tao et al. are
extended in [27], where most of the controller tuning process was
made based on the linearized transfer functions of the dynamics
obtained with MatLab for each of their defined motion primitives.

With blimps, the center of mass/weight naturally tries to
remain below the center of buoyancy, which can generate an
oscillatory phenomenon that needs to be reduced to achieve a

smooth flight. A possibility is to use a PD control to stabilize
a blimp while hovering [28], which can later be stabilized to a
desired angle while cruising (at constant speed) by using a PD
control with moment compensation [29]. Pr. Lanteigne’s group
achieve this control for the pitch using a sliding ballast [30–32],
which was used to improve the manoeuvrability of their robot.
They tuned their PID with MatLab/Simulink and a linearized
model, but then still required to be manually fine-tuned by trial
and error in real experiments.

The efficacy of controllers like the PID controller, Computed
Torque controller (CTC), or SMC hinges on meticulous tuning,
often through trial and error [2]. While various recommenda-
tions exist for tuning these controllers, including auto-tuning
techniques [4, 33–36], to the best of our knowledge no reliable
method exists to effectively tune a blimp (or robot) controller in
the absence of a precise dynamic model and the need for simple
tuning methods is still pervasive [34]. Moreover, there is a need
for approaches that can swiftly and safely achieve basic manoeu-
vers while maintaining general applicability in real operations.

This paper introduces straightforward insights enabling the
tuning of an SMC-based controller. By modelling the controller
gains with physical significance, our blimp successfully navigated
between waypoints and executed path-tracking manoeuvres. Ad-
ditionally, we employed intuitive mechanical strategies to mitigate
swinging oscillations and to reduce steady-state errors in altitude.
These innovations collectively streamline the tuning process for
real-world deployments, minimizing the effort required to achieve
good flight performance.

3. THE ROBOT
The robot in Fig. 1 is designed by our team for indoor usage

and it is used to test the control strategies presented in this paper.
It is composed of an inflatable elliptical membrane made out of
polyurethane with approximated dimensions of 2 meters long,
1.5 meters wide and 0.8 meters tall, with a total mass of 1.09 kg;
and a detachable gondola that contains all the hardware, with a
mass of 930 grams.

FIGURE 1: Our blimp design; a pillow-shaped polyurethane blad-
der with internal strings to maintain its shape and a suspended
gondola with all its mechatronics underneath.

The structure of the gondola, presented in Fig. 2 is made
of carbon fiber rods and 3D printed joints. For localization,
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we use an Ouster OS01 combined with an IMU feeding our si-
multaneous localization and mapping stack leveraging NorLab’s
ICP mapper2. The control of the motors is achieved through a
Crazyflie Bolt3, the measurement of the attitude is made with the
IMU, a VectorNav’s VN-1004, while the altitude was measured
with a TFmini-S12m LiDAR ranging module5. Two different
Lithium-ion batteries of 3500 mAh and 3000 mAh weighting
less than 210 grams were used to provide the required energy.
All the devices were connected via USB to a Jetson Xavier NX
board6 integrating Wi-Fi and Bluetooth capabilities to commu-
nicate with a groundstation computer in charge of controlling the
robot. All the SLAM and control is achieved within ROS7.

FIGURE 2: Simplified CAD design of the gondola with its parts.
Cables and batteries are omitted.

4. CONTROL
4.1 Rethinking Sliding Mode Control

SMC is a well recognized robust model-based control strat-
egy in which the system is forced towards a sliding surface where
𝑠 = 0 and it is defined as 𝑠 = 𝜆𝑥 + ̇̃𝑥, where the error 𝑥 is defined
as 𝑥 = 𝑥 − 𝑥𝑑 (for the state 𝑥, being the subscript 𝑑 for ‘desired’)
[4, 33] . Then, for a dynamic system:

𝑚𝑥 = 𝐹 (𝑥, 𝑡) + 𝜏(𝑥) (1)

with 𝑚 being the mass/inertia, 𝐹 the forces/moments on the sys-
tem (not related to control), 𝑥 the state vector of the system and
𝜏(𝑥) is the control forces/moments, given by:

𝜏(𝑥) = 𝑚̂(𝑥𝑑 − 𝜆 ̇̃𝑥 − 𝑘 · 𝑠𝑖𝑔𝑛(𝑠)) − 𝐹̂ (𝑥, 𝑡) (2)

where

𝑠𝑖𝑔𝑛(𝑠) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1, if 𝑠 > 0
0, if 𝑠 = 0
−1, if 𝑠 < 0

(3)

1https://ouster.com/products/hardware/os0-lidar-sensor
2https://github.com/norlab-ulaval/norlab_icp_mapper
3https://www.bitcraze.io/products/crazyflie-bolt-1-1/
4https://www.vectornav.com/products/detail/vn-100
5https://en.benewake.com/TFminiS/index.aspx?proid=325
6https://www.nvidia.com/en-us/autonomous-machines/embedded-

systems/jetson-xavier-series/
7https://www.ros.org

while 𝑚̂ and 𝐹̂ (𝑥, 𝑡) are the estimations of 𝑚 and 𝐹 (𝑥, 𝑡), respec-
tively.

This controller type has been successfully applied for un-
derwater and airship robots [16, 33], but it has a major draw-
back: it generates fast and strong oscillations in the control
forces/moments near the sliding surface, referred to as ‘chat-
tering’. A potential fix to this issue is to replace the 𝑠𝑖𝑔𝑛 function
with a saturation function such as:

𝑠𝑖𝑔𝑛(𝑠) → 𝑠𝑎𝑡 (𝑠/Φ) (4)

where:

𝑠𝑎𝑡 (𝑠/Φ) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1, if 𝑠/Φ > 1
𝑠/Φ, if − 1 ≤ 𝑠/Φ ≤ 1
−1, if 𝑠/Φ < −1

(5)

having Φ as a tunable gain related to the width of a region around
𝑠 = 0 in the phase plane.

Using the saturation function, we focus on the case where the
desired state is at rest (𝑥𝑑 , 𝑥̇𝑑 = 0); writing the control equation
as:

𝜏(𝑥) = 𝑚̂(−𝜆𝑥̇ − 𝑘 · 𝑠𝑎𝑡 (𝑠/Φ)) − 𝐹̂ (𝑥, 𝑡) (6)
Finally, if we assume the system is perfectly compensated
(𝐹̂ (𝑥, 𝑡) = 𝐹 (𝑥, 𝑡)), then the dynamic equation becomes:

𝑚𝑥 = 𝑚̂(−𝜆𝑥̇ − 𝑘 · 𝑠𝑎𝑡 (𝑠/Φ)) (7)

For |𝑠/Φ| > 1, Eq. (7) is similar to the equation of free-falling
motion with a linear dampening term, since the saturation term
becomes equal to ±1. Therefore, we can rewrite 𝜆 = 𝑘/𝑣𝑚𝑎𝑥 ,
where 𝑣𝑚𝑎𝑥 > 0 represents the magnitude of the maximum cruis-
ing speed. This also highlights 𝑚̂𝑘 as the maximum desired
force/moment. From this, we can secure the robustness of the
system when |𝑠/Φ| > 1 for 𝑘𝑚̂ > |𝐹 (𝑥, 𝑡) − 𝐹̂ (𝑥, 𝑡) |; and if the
system is not perfectly compensated, we expect that the robot will
reach slower cruising speeds than ±𝑣𝑚𝑎𝑥 .

Note that, when the system achieves constant speed, the
control forces have a magnitude equal to 𝐹 (𝑥, 𝑡), which results
in the control actuation compensating the external forces (like
drag) while in cruising motion, minimizing additional energy
requirements; and once |𝑠/Φ| < 1, the control system becomes a
PD controller.

This easy method allows us to hover and to travel at slow
speeds with minimum tuning effort, contrasting with advanced
SMC strategies that more often try to achieve faster convergences
by including additional terms and tunable gains [35, 37].

4.2 Ideal Stop
Considering a perfectly compensated system, as in Eq. (7),

and assuming 𝑚 = 𝑚̂, it is then useful to investigate the condition
in which the system stops at a desired position once entered in
the region where 𝑠/Φ < 1 at a velocity ±𝑣0. When solving the
controlled system, the solution is:

𝑥 = ±Φ2𝑒−
𝑘𝑡
Φ

𝑘 − 𝜆Φ
± (−Φ𝑘 − 𝑘𝑣0 +Φ𝜆𝑣0)𝑒−𝜆𝑡

(𝑘 − 𝜆Φ)𝜆 (8)

and the system will reach the sliding surface following:

𝑠 = ∓Φ𝑒−
𝑘𝑡
Φ (9)
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This underscores the significance of leveraging the saturation
region, particularly in achieving exponential convergence to the
desired position with zero velocity, irrespective of the choice of
Φ (provided 𝑚 = 𝑚̂). For slower motions, a higher Φ and lower
𝑘 prove advantageous (contrary to the requirements for faster
convergence). However, opting for a smaller 𝑘 compromises the
system’s robustness.

Consequently, the system’s ability to maintain gradual cruis-
ing speeds and halt precisely at designated positions enables safe
closed-loop experiments across various velocities. This approach
facilitates the study of both drag behavior and the system’s added
mass, paving the way for updating the control system to incorpo-
rate drag compensation with experimental data. Such adaptability
ensures the system’s responsiveness to unstructured environmen-
tal conditions and secures its overall performance.

4.3 Adaptive term for the weight
While the motion in X, Y and Z axes can be achieved with

the control presented in Eq. (7), by replacing 𝑥 with 𝑦 and 𝑧,
the system will lose robustness to maintain the desired altitude as
the helium leaks or when changing the payload in the air, even
more in the region |𝑠/Φ| < 1 where the robustness of SMC is
not secured. To solve this problem, our first methods included
weighting the blimp before each flight and statically balancing
it in the air (pitch and roll angles); this affects the weight and,
due to the permeability of the membrane, this quickly becomes
a tedious task for several days of experiments that also require
subsequent updates in the tuning.

While this altitude correction could be achieved through an
integral term (as in a PID control), properly tuning the controller
is an arduous task that delays the test of the prototype. Therefore,
we considered a more intuitive method to simplify this process,
as presented in Fig. 3.

FIGURE 3: General control diagram to compensate the weight of
the blimp.

The previous figure shows that, after calculating the control
forces 𝜏(𝑧) we add the simple moving average (SMA) of the cal-
culated 𝜏∗ (𝑧) before applying it to the system, equal to 𝜏∗𝑆𝑀𝐴(𝑧).
The origin of this method comes from the idea that a PD controller
might stabilize the robot at an altitude at which the control forces
are equal to the net weight (weight minus buoyancy); therefore,
the force we need to compensate the net weight is equal to the
applied force at this stabilized altitude. Since the stabilization
might not be perfect and present a degree of oscillations (in terms
of motion and actuation forces), an average is used to filter the
applied force before being reintroduced in the control. Finally,
using a simple average has two main problems: it can result in
having a massive list of applied forces (requiring more control
memory) and; the longer the list, the system becomes less sen-

sitive to future changes. These problems can be reduced with a
SMA instead of a simple average, where we can select the length
of the list and hence, the strength of the applied filter. The results
of both the averaging and SMA term is being displayed in Section
5.2.

4.4 Generalized Roll and Pitch Stabilization
It is well known that the motion of a blimp is coupled: the

position of the center of weight below the center of buoyancy
added to the position of the motors in a gondola are so that any
translation manoeuvre also impacts the attitude of the system,
resulting in oscillations or swinging motions that need to be mit-
igated to achieve a smooth movement of the robot. The current
state-of-the-art stabilization methods for roll and pitch of a blimp
consider only the steady states [28, 29] and require a good esti-
mation of the drag, the mass and inertia parameters: geometrical
center, center of mass, position of the applied propulsion, as well
as weight and buoyancy. Since the drag depends on the velocity,
an extended study (or test/simulation campaign) is required for
each target velocity.

Instead, we propose a simple method that can be general-
ized outside the steady-state motion and does not rely on accurate
knowledge of the drag effect nor arbitrarily enforces a desired
pitch and roll angles. For this, we have the following considera-
tions:

1) When we make a system fly from the ground, unless it has
been perfectly balanced, the system will tend towards different
roll and pitch angles than the ones it had while in contact with the
ground; stabilizing at these ground angles will force undesirable
moments in the air.

2) We assume that, when in motion, the system will naturally
tend to new sets of stable angles that are affected by the drag,
control forces, weight, buoyancy and the geometry of the system;
and then, even if the system starts oscillating, the oscillations will
be produced around these stable angles.

Then, we can offer a first stabilization control for the angles
as a PD control with SMA terms (which automatically updates
the desired angles and rates based on the average of a user defined
sliding time window of the previous measurements):

𝜏𝜃 = 𝑃 (𝜃𝑆𝑀𝐴 − 𝜃) + 𝐷
(︁
𝜃̇𝑆𝑀𝐴 − 𝜃̇

)︁
(10)

where 𝜃𝑆𝑀𝐴 and 𝜃̇𝑆𝑀𝐴 represent the SMA terms of 𝜃 and 𝜃̇,
respectively (without lost of generality for roll and pitch angles),
with 𝑃 and 𝐷 being the proportional and differential gains, re-
spectively. This means that the controller will try to make the
system achieve the angle with respect to a low pass-filter of the
measurements obtained through the SMA terms, proposition that
can be used while flying in steady states or while accelerating.
This provides a system that tries to maintain the averaged an-
gles and averaged rotational ratios. The idea behind the control
equation in Eq. (11) comes from the naturally produced damped
oscillation due to drag effects: if we assume a damped sinusoidal
oscillation and obtain its average in the entire motion, this average
will tend towards the center of oscillation and the time it will take
to reach it will depend on how large are the older angles in rela-
tion with the newest ones; in this case, the time can be reduced by
neglecting some of the oldest values in favor of the newest ones,
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which we can do by using SMA. A similar behaviour occurs with
the SMA of the angular rates: in steady state, it is expected that
the amplitude of the angular velocities will decay and with it, its
average will also tend to zero; in accelerated motion, the ampli-
tude of angular rate can increase and decrease, so we would like
that the system follows the general motion, which we obtain again
through the SMA of the angular rates.

In fact, the proportional term in Eq. (10) is not mandatory
since the system will be naturally forced due to gravity, drag,
buoyancy, the difference between the center of buoyancy and
center of gravity, and the position of the propellers. Therefore,
we can use only the differential term, which will help dissipating
kinematic energy from the system when achieving steady mo-
tions, or it will force the system to maintain an average of the
previous angular velocities.

An additional practical problem appears when the oscilla-
tions are small and of higher frequencies than the control fre-
quencies of the actuators and the differential gain is too high:
at the end of the oscillation, the control system might continue
pushing the system towards the center of oscillation with the pos-
sibility of destabilizing the pitch and roll and forcing the system
to enter cycles of low and high amplitudes. In the case of larger
oscillations, this could be ignored since longer arches will still
allow to compensate for this effect, but this is not possible for
smaller angles. To cope with this, we propose the following
control equation:

𝜏𝜃 = 𝐷
(︁
𝜃̇𝑆𝑀𝐴 − 𝜃̇

)︁
· |𝑠𝑖𝑛 (𝜃𝑆𝑀𝐴 − 𝜃) | (11)

This previous equation was used to allow high values of 𝐷
and to quickly dampen the oscillations when the system is away
from the equilibrium while flying with bounded pitch and roll
angles, between ±𝜋/2 (in all of our experiments, the pitch and
roll angles never go over 0.7 radians). Additionally, the inclusion
of the 𝑠𝑖𝑛 term is used to reduce the action of the differential term
when close to the stable orientation, to reduce the possibility of
exciting the oscillation. In exchange, small amplitude oscillations
are less damped than larger ones.

5. EXPERIMENTS
The following sub-sections showcase the use of our con-

trollers in real deployment tests alongside our observations.

5.1 Planar
From Eq. (6), we select the version without model, 𝑚̂ = 1,

nor estimations for 𝑋𝑌𝑍 axes and for the yaw (𝜓), presenting the
equation for the 𝑋-axis (without loss of generality for the other
axes - more about the 𝑍-axis in Section 5.2):

𝜏(𝑥) = − 𝑘

𝑣𝑚𝑎𝑥

𝑥̇ − 𝑘 · 𝑠𝑎𝑡 (𝑠/Φ) (12)

To tune this controller, our methodology is simple: if the
overshoot is too high, there are two options: to increase the value
of 𝑘 (which was actually set to the capacity of the motors), or to
reduce the value of 𝑣𝑚𝑎𝑥 . Finally, the gain selection was 𝑘 = 0.7
N and 𝑣𝑚𝑎𝑥 = 0.5 m/s for X and Y axes, while 𝑘 = 0.5 N for
the altitude, with the same speed; and for the yaw, 𝑘 = 0.266

Nm, which came from the maximum applicable force multiplied
by the distance between the motors and 𝑣𝑚𝑎𝑥 = 1.57 rad/s. The
value of Φ was arbitrarily selected as 1 for all of them, while
these tuning conditions remained constant for all the experiments
presented in this document.

5.1.1 Square. At one meter high, the system is tasked to
do a square of 3 meters side. Once the blimp enters the region
|𝑠/𝑃ℎ𝑖 | < 1 for X and Y axes, it will wait 30 seconds to stabilize
itself (hovering) and then it will proceed to the next point. This
motion is produced without changes in the yaw.

The results show that the overshoot did not go over 15 cm
for the 𝑋-axis and 25 cm for the 𝑌 -axis, as presented in Fig. 4.
While the motion was defined for a maximum velocity of 0.5 m/s,
the phase diagram in Fig. 5 shows that the velocity was closer to
0.4 m/s, which we can attribute to drag effects, since they were
not compensated.

FIGURE 4: Square motion. The system started from the ground,
flew up to 1 meter height and proceeded to complete 10 full
squares. The total time of the manoeuvre was 25 minutes (from
takeoff to landing).

Then, we can observe the relation between the applied force
and the value of 𝑠 in Fig. 6. If we start from 𝑠 = ±4 and
follow the curve towards 𝑠 = ±1, we can observe that the force
converges towards a constant which, combined with the constant
velocity achieved in Fig. 5, allows us to conclude that the terminal
velocity was achieved. On another hand, the achieved force was
still bigger than 𝑚̂𝑘 (the maximum desired force), which can
result after surpassing the desired position due to the controller
trying to stop the robot and push it back.

While these results are simple and fall within the expected
behaviour for a single combination of 𝑘 and 𝑣𝑚𝑎𝑥 , we expect that
extending these experiments with different gains will allow us to
estimate the drag behaviour of our blimp while maintaining the
closed-loop position control, which can help guaranteeing the
safety of the experiments.
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FIGURE 5: Phase diagram for the square motion with length of 3
m. In blue for the X -axis and in orange for theY -axis. The central
dashed line represents s = 0 and the black diagonal lines repre-
sents the values of Φ = ±1.

FIGURE 6: Force versus s . In blue for the X -axis and in orange for
theY -axis.

5.1.2 Circle. At one meter high, the system is tasked to do a
circle of 4 meters diameter. To do this, the circle was divided in
200 waypoints and once the system gets to 10 cm from its current
desired waypoint, it then switches to the next.

While flying in circle, the yaw changed to maintain the blimp
aligned with its trajectory, using the following formula:

Δ(𝜓) = 2𝑎𝑡𝑎𝑛
(︃
𝑡𝑎𝑛

(︃
𝜓𝑑 − 𝜓

2

)︃)︃
(13)

to calculate the minimum rotation between ±𝜋.
The result of the path is presented in Fig. 7, where we

observe that the trajectory radius remained mostly between 1.97
and 2 meters and the path was consistently followed for 10 full
circles in the air.

While the blimp was able to maintain a constant motion,
the arbitrary selection of Φ = 1 seemed inadequate for the yaw
control, since the system remained in the region |𝑠/Φ| < 1 where
it behaved as a PD control, which meant a lateral range from

FIGURE 7: Circle. The system started from the ground, flew up to
1 meter high and proceeded to do 10 full circles. The total time of
the manoeuvre was of 26 minutes (from take-off to landing).

the sliding curve of about 5.9 radians (about 338 degrees). This
produced an average Δ(𝜓) of 0.34 radians (about 19.5 degrees),
with a standard deviation of 0.126 radians (about 7.2 degrees).
Nevertheless, due to the slow motion desired for the blimp, the
error in the yaw did not seem noticeable during the experiments.
In this case, a smaller Φ value could have improved these results,
for which further studies are still needed to evaluate the adequacy
of defining the region |𝑠/Φ| < 1 to reduce these differences in
path following motions, as well as to identify the behaviour of the
control forces/moments when working with and without a model.

Finally, in long duration tests for the circular path, the blimp
flew continuously up to 41 minutes with a single charge, traveling
an estimated distance of 280 meters, equivalent to an average of
0.1138 m/s (about 0.41 km/h).

5.2 Altitude
Using Eq. (12) (for the 𝑍-axis) and the control strategy

shown in Fig. 3, we experimented by using the averaging in
the entire motion while comparing the same control without this
term. Figure 8 shows that it is possible to reduce the steady-
state error due to the weight but the overshoot is excessive for
our requirements when it is applied from the ground and for the
entire duration of the motion.

Therefore, we used an SMA term (instead of the averaging)
after 40 seconds, time at which it was considered enough to
stabilize the blimp at any resultant altitude, while considering a
list of the last 400 terms (the measurements of the last 10 seconds
with a control frequency of 40 Hz). As well, to avoid a quick and
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FIGURE 8: Averaging in the entire motion. Blue without averaging.
Red with averaging. Limits represent the maximum, minimum and
average of 10 experiments. Trying to fly up to 1 m.

strong correction, this list was first initialized with 400 zeroes
and each new measurement replaced the oldest values of the list,
until the force was finally equal to the net weight (weight minus
buoyancy). The results proved to always achieve and maintain
our desired height. We tested this strategy while removing and
adding weights of 25 grams to evaluate its robustness, while also
evaluating the capability of our system to maintain any arbitrary
pitch and roll angles due to these changes (more in Section 5.3.2).
The results for the altitude experiments presented in Fig. 9 proved
that the strategy was effective to approximate the system to the
desired altitude of 1 meter, even with changes in the weight.
Nevertheless, it is important to note that if the total net weight to
lift surpasses the value of 𝑚̂𝑘 , the system will precipitate.

FIGURE 9: Stabilization (focus on altitude). The system must
achieve and remain at an altitude of 1 meter even with sudden
changes in the weight.

5.3 Swinging Stabilization
Using the control for roll and pitch stabilization as presented

in Eq. (11), with angle measurements done at 400 Hz, the selected
SMA term considered a list of 40 measurements for the roll and
pitch angles (0.1 seconds) and 500 measurements for the angular
rates (1.25 seconds). The differential gains were 70.0 for the roll
and 50.0 for the pitch, which were maintained for the entirety of

the experiments presented in this document.

5.3.1 Hovering. The effect of this stabilization method can
be contrasted with the natural damping, as provided in Fig. 10,
where the system was manually forced to oscillate once in the
air. A video with an example of the stabilization after a forced
disturbance is presented in [38]. While the results show that it
is indeed possible to reduce the oscillations, the roll presented
a smaller dampening effect than the pitch, even with a higher
selected gain, which we could associate with the fact that there
is a single motor shared for roll and 𝑌 -axis motion and it can
saturate easier than for the 𝑋-axis motion, where two motors are
used.

FIGURE 10: Pitch and Roll stabilization. Outside curves, free os-
cillation decay; inside curves, stabilized oscillations. The start of
the stabilized oscillations is approximately equal to the magnitude
of the free oscillations. The experiments were stopped when the
oscillations were visually negligible, resulting in shorter durations
for the controlled stabilization experiments.

5.3.2 Stabilization with Weight Changes. As an extension
of the experiment for altitude correction presented in Fig. 9,
stabilization was needed to secure that the system will remain
at every new orientation without large oscillations and without
resisting after the weights are added or removed.

This test, presented in Fig. 11, was sequentially completed
by letting the system go to the air, adding 25 grams in the front-
right (positive change of pitch and roll), removing 25 grams from
the back-left (positive change of pitch and roll), removing 25
grams from the front right (negative change for pitch and roll)
and finally adding 25 grams in the back-left (negative change for
pitch and roll). The results show that the starting amplitude of the
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oscillations due to the change of weight where smaller than 0.04
radians (2.29 degrees) and it was still reduced to less than 0.01
radians (about 0.57 degrees), both values determined about the
SMA term identified as ‘desired’ in Fig. 11, which is considered
as satisfactory for our stabilizing control. Therefore, using the
control equation presented in Eq. (11) we could effectively re-
duce the oscillation for any new orientation achieved by the blimp
in pitch and roll due to changes in the weight of the system at dif-
ferent positions on the robot by only applying a single differential
term, while it is still compatible with the altitude stabilization
strategy as shown in the previous Fig. 9.

FIGURE 11: Altitude correction, focus on roll and pitch stabilization
with weights changes. The central line is obtained from the applied
filter of the measurements.

6. CONCLUSION
Based on Sliding Mode Control with saturation reaching

law, we presented a controller that does not rely on a robot’s
accurate dynamic model and is still capable of achieving good
flight performance for an indoor blimp. Two flight modes were
tested: path tracking between waypoints and hovering.

We considered the flight scenario of position reaching with
no final velocity which allowed us to rewrite the control gains
based on the maximum desired forces and the maximum cruising
speed, which in turns minimize the tuning efforts. The gains
obtained were applicable to two different paths, a square and a
circle in the air.

For altitude control, we added an adaptive simple moving
average term to the previous control strategy based on the aver-
aging of the previously applied forces, which allows to intuitively
correct the effects of the weight and to reduce the steady-state

errors. We showed from experiments that it works even when
changing the weight of the system in the middle of the flight and
avoids the need to tune an integral term.

To reduce undesirable swinging motion, a single nonlinear
dampening term was applied to the pitch and roll angles control,
which considers the desired pitch and roll angular velocities ob-
tained through a simple moving average; a behavior similar to a
low-pass filter of the measurements. This allows to reduce large
oscillations while hovering, as well as for steady and unsteady
motions, as it maintains natural pitch and roll angles without
forcing an arbitrary attitude.

Moving forward, this controller will serve as a pivotal tool
for the estimation of the parameters of the dynamic model, en-
abling the refinement of our control strategy towards a more
robust, model-based approach. Additionally, we will explore its
potential in achieving precise velocity control at specified posi-
tions, providing valuable insights into optimizing the selection of
the gain Φ for the saturation term. Moreover, we aim to lever-
age this methodology as a rapid testing tool for our forthcoming
prototypes, streamlining the iterative design process and facili-
tating quicker validation of our innovations. By integrating this
controller into our development pipeline, we anticipate signif-
icant advancements in both control strategy sophistication and
prototype iteration efficiency.
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