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Abstract: Utilizing thermal updrafts shows potential for enabling long-endurance cruising of fixed-
wing unmanned aerial vehicles without energy consumption. This article presents a novel online
method based on sparse identification of nonlinear dynamics (SINDy) approach to achievement
identification of thermal sources in the atmosphere. Initially, the algorithm is incorporated into
the upper-level planning system, interacting with the lower-level controller. Then, experiments are
conducted through software-in-the-loop simulations (SITL) to validate the implementation of the
proposed algorithm. It is found that direct observation of thermal sources through measurements
using SINDy is unfeasible during straight and circular flight modes. Nevertheless, simulation analysis
of the proposed approach indicates that under unobservable conditions, a portion of the parameters
can still be identified. By comparing results obtained using the particle filter algorithm, this method
is shown to accurately estimate the parameters with negligible errors under observability conditions.
The novelty of this approach lies in its significant improvement of the localization accuracy of the
thermal source, without the need for parameter adjustments in the algorithm. Finally, the proposed
methods are integrated into commonly used hardware platforms, and their online feasibility is
verified through hardware-in-the-loop simulations.

Keywords: autonomous soaring; static soaring; parameter identification; energy harvesting; thermal
updraft; long-endurance glider

1. Introduction

Unmanned aerial vehicles (UAVs) have long been indispensable in industries such as
geographical mapping, surveillance missions, and urban air mobility (UAM) [1-3]. Extend-
ing the range of UAVs is crucial for mission execution. Several primary approaches have
been proposed to address the issue of short flight durations, including reducing aircraft drag,
optimizing mission routes, and utilizing fuels with high energy densities [4-7]. When these
methods have reached their limitations, harnessing energy from nature emerges as an innovative
approach [8-10]. Unlike the previous methods, this approach searches for and utilizes updrafts
to maintain glider flight without power, thereby further extending the flight endurance [11].

Updrafts mainly originate from two sources, with one of them being terrain. They are
principally formed around stationary ridges or tall structures and shift position based on
the direction of the incoming airflow. Fisher et al. [12] conducted flight tests in the airflow
in front of hills and buildings, providing evidence for the potential utilization of terrain
updrafts. Another source of updrafts arises from the uneven temperature of the ground
caused by cloud cover blocking the sun [13,14]. The lighter-density air masses above the
heated surface ascend, causing the surrounding air to converge toward the center and
generate an updraft. Birds, including falcons and frigatebirds, have been observed actively
tracking this type of updraft for aerial surveillance and hunting [15].
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Prior to emulating the unpowered flight of birds, a crucial technological challenge that
must be tackled is the localization of thermal cells. To estimate the center and parameters
of a thermal updraft, Allen [16] devised an algorithm based on the centroid method. This
algorithm employs measured airflow velocities to determine the positions of the thermal
updraft. Edwards [17] achieved convergence of the updraft’s amplitude and radius by
iteratively minimizing the least squares error of batch data. Furthermore, the shape of the
thermal updraft was generalized from a Gaussian distribution to an elliptical cross-section.
This generalization enables the estimation of the center position and other parameters [18].
However, these methods require the storage of batch data for solving and iteration, which
consumes memory space on the aircraft’s computer. To overcome this issue, Kahn [19]
proposed two extended Kalman filters, which are commonly employed on flight controllers,
for estimating the localization of thermal updrafts, as well as the azimuth and distance
relative to the glider. In this algorithm, only the state vector and covariance matrix of the
filter need to be stored for long-term use. Bird [20] utilized spline curves to construct a
more complete thermal model, and similarly employed the Kalman filter to estimate model
coefficients. Another innovative approach involves utilizing an onboard camera for remote
measurement and estimation of thermal updrafts beneath cumulus clouds [21]. The author
developed an unscented Kalman filter to estimate the lifespan and intensity of the airflow.

Currently, the most advanced model estimation algorithm for multiple updrafts was
proposed in [22,23], where authors demonstrated the feasibility of using the particle filter
(PF) to simultaneously estimate the parameters of multiple nonlinear thermal updrafts
through flight experiments. In that paper, the observability of estimating thermal model
parameters using updrafts was deeply analyzed. Straight or circling flights may lead to
inaccurate parameter estimation. In the recent work [24], Long Short-Term Memory (LSTM)
networks and reinforcement learning methods were successfully combined to conduct flight
tests on low-cost flight control hardware, integrating the exploration and exploitation of
updrafts. The experimental results demonstrated that even in the presence of non-stationary
and stochastic thermal updrafts, this kind of model-free approach is still applicable in real-
world environments. It is foreseeable that with sufficient data, the collected resources can
be used to train models to support various real-world applications.

Previous studies have demonstrated the ability to identify heat sources. Nevertheless,
there is still a need to improve the accuracy of the estimation, particularly in determining
the location of the thermal. Therefore, our objective is to substantially enhance the accuracy
of identification to provide a positioning reference for gliders in the strategies of collecting
updrafts. Thermal updrafts are generally regarded as nonlinear models. Deriving the
estimation of thermal updraft model parameters from first principles may pose difficulties.
The novelty of this paper lies in the first application of Sparse Identification of Nonlinear
Dynamics (SINDy) to address the challenge of estimating unknown parameters of thermal
sources. Despite the thermal being characterized as a strongly nonlinear system, SINDy can
markedly improve the accuracy of location compared to traditional methods. Unlike the
traditional algorithm, our approach does not require adjustment of algorithm parameters.

The contribution of this paper is the significant enhancement of the capability to
identify thermals under observable conditions. This is achieved through the proposed
SINDy-based method and its characteristic of accurately identifying canonical models of
mathematical physics. The parameter estimation process exhibits negligible errors, out-
performing existing approaches. We validated SINDy on compact embedded hardware
platforms for UAVs through hardware-in-the-loop simulations. It is demonstrated to be fea-
sible for real-time online applications. These results may lead to promising advancements
in the accurate localization of thermal sources in autonomous soaring.

The structure of this article is as follows. In Section 2, we present and elucidate
prevalent models of thermal updrafts, as well as discuss the requisite measurement meth-
ods for identifying these models. Subsequently, the SINDy algorithm is introduced in
Section 3, accompanied by a delineation of the specific configurations for model identifica-
tion. In Section 4, the performance of the SINDy algorithm under unobservable conditions
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is analyzed through software-in-the-loop simulations (SITL). Then, the online feasibility
of the proposed method is further validated through hardware-in-the-loop simulations
(HITL). Finally, the work in this article and areas for further improvement in the future
are summarized.

2. Updraft Estimation

The modeling of thermal updrafts is necessary and can be used to construct the con-
straints and objectives for optimization analysis, enabling more efficient utilization of
thermal updrafts in flight route planning. In this work, selecting an appropriate thermal
updraft model is crucial for accurately estimating parameters. The two-dimensional Gaus-
sian function [25] is widely accepted in the field of updraft estimation. However, it lacks
the representation of external downdrafts, which slightly deviates from the atmospheric
phenomena observed by researchers. Gedeon’s Thermal model [26] ensures that the airflow
outside the radius is downward, with the peak of the thermal updraft at the center being
the maximum value of the model. These models are characterized by their ease of modeling
and representation.

Associated with observations from meteorological stations, chimney thermals [27] are
then proposed, using the thickness of the mixing layer and the convective velocity scale
as parameters for the thermal updrafts. Subsequently, the interaction between chimney
thermals and surface winds [28] is further formulated by Ricardo, capturing the influ-
ence of prevailing winds on the shape of thermal updrafts. Lawrance [29] proposed the
Bubble Model, which simulates updrafts using bubble-like structures. More precisely,
the Rayleigh-Bénard equation is used by Reddya to simulate convection induced by strong
temperature gradients between the atmospheric boundary layer and the surface [30]. Ther-
mal updrafts driven by constant surface heat flux are generated using the Large Eddy
Simulation (LES) method, providing a more accurate description of convection in the
atmosphere [31]. While complex thermal models can better represent the atmospheric
environment, they pose computational challenges for subsequent system identification.

In this paper, the two-dimensional Gaussian model is adopted as the application object
for parameter identification presented in Figure 1. Despite its simplicity, the model can
facilitate trajectory planning when required, while also minimizing erroneous parameter
estimation and striking a balance between environmental fidelity and computational costs.
It is formulated [32] as follows:

1)

2 2
wz_w.exp(_;. (a =P ¢ (xe—po) )

where w represents the wind intensity at the thermal center, p,, and p, denote the positions
of the thermal cell on the two-dimensional coordinate axes. During glider flight, the real-
time positions x; and x. are recorded and represented by x in Figure 1. The thermal model
follows a circular bell curve, with py,, pe, the range R of the thermal cell, and w being the
parameters to be identified.

Addressing the issue of airflow perception is crucial in achieving autonomous soaring
technology. Researchers have developed miniature sensors and instruments to measure
and analyze physical quantities such as temperature, air pressure, and flow velocity in
the atmosphere. In practical applications, netto-variometes are commonly employed for
rough estimation, followed by filtering algorithms [33-35]. Hong extended the static
optimization framework to the wind estimation scenario. Based on the optimal control
principle, the three-dimensional airflow is accurately estimated in real time [36]. Accurately
measuring the magnitude of updrafts encountered by the glider is a prerequisite for
parameter estimation. With the significant advancements in airflow perception technology,
capturing updrafts with unmanned aircraft is no longer a challenging task.
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Figure 1. Block diagram of the proposed algorithm for detection of thermal updrafts. Note that the
color of the numbers in the figure represents the coefficients of the corresponding candidate function.

By deriving the energy conservation law of the glider, the principle of the netto-
variometer can be explained. However, during the search for thermal cells, the glider relies
on the engine thrust. In this paper, for ease of calculation, we estimate updrafts from a
kinematic perspective using the following formula [22]:

Wy X Va
wy | =]y —TTew | 0 2)
Wy Z | cps 0

The absolute motion velocities, obtained through the Global Position System (GPS),
are composed of the relative air velocity and the wind velocity. Since the wind speed
is required in the inertial coordinate system, we need to transform the vectors. Tpw is
a rotation matrix that transforms vectors from the wind coordinate system to the body
coordinate system. Similarly, Typ transforms vectors from the body coordinate system to
the inertial coordinate system. V, represents the velocity in the heading direction, which is
directly measured by the airspeed indicator. Combining the rotation matrix Tgw, which is
estimated by using an extended Pitot tube, the representation of relative motion in the body
coordinate system is obtained. Equation (2) is calculated in the inertial coordinate system,
without considering the curvature of the Earth. Therefore, the Inertial Measurement Unit
(IMU) is corrected by Extended Kalman Filter (EKF) and then utilized to rotate the body
velocity vector to the inertial system, resulting in the right side of Equation (2).
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3. Sparse Identification of Nonlinear Dynamics for Thermal Updrafts

SINDy has been demonstrated to successfully extract dynamic processes from data
in various fields, including reaction—diffusion systems and compressible plasmas [37].
It is increasingly advancing the development of directly discovering physical models
from data [38]. We also aim to reconstruct low-dimensional dynamic models with prior
knowledge from high-dimensional measurement data. SINDy falls under data-driven
machine learning methods, and its implementation process is illustrated in Figure 1. It
collects variables that are directly or indirectly associated with the measurements. A linear
or nonlinear function library is manually selected based on prior or unknown models.
Subsequently, the parameter identification problem is transformed into a sparse regression
problem for the solution.

To identify the parameters of the thermal model, estimated updrafts are collected at a
consistent sampling rate. Data are represented by x(t,,). Generally, the dimension of x; .4
depends on the problem being solved. In our thermal identification case, we are concerned
with the vertical airflow, so d is equal to 1. Assuming the number of collected data is t,,,
the X;,, «1 matrix is defined as follows:

x(t1)

— X(fz) )

Xt

Alibrary of candidate functions includes polynomials, trigonometric functions, or other
basic linear or nonlinear function libraries. The selection of an appropriate candidate library
is crucial in coefficient regression. Increasing the complexity of the library is highly effec-
tive in fitting strong nonlinear functions but comes at the cost of computational efficiency.
An alternative approach is to combine partial mathematical models with prior knowledge
to determine the library. For the circular bell model studied in our research, X and Y, along
with the functions derived from them, are chosen [39].

.
oxX)=1|1 x X (4)
.

where, Oy, <6, as illustrated in Figure 1, is the candidate library, and the term P, represents
all quadratic nonlinear combinations of the X sequence. Thus, the nonlinear system is
expressed in the following form [40]:

X =207 (X) (5)

where, E = [ €1 G2 - Cn ] Cn is the coefficient vector of the nonlinear terms. Due to
the majority of coefficients in the vectors being close to zero, solving for & results in a sparse
regression problem. Large values in ¢, determine the dominant terms in the candidate
function library. Since the thermal we aim to identify is a scalar function, n is equal to 1.

The state derivative, such as velocity, can be measured through sensors or calculated
using other numerical methods. Sparse regression is employed to activate the most in-
fluential terms in the candidate library. It minimizes the least square error between the
measured and estimated values [39].

¢ = argmin 3[x —£07 00 [, + a1l ©

A regularization term is incorporated to promote the sparsity of the coefficients of
the activated terms. Although the convergence of the equation is not always guaranteed,
to prevent computational errors in the optimization process, the equation is solved using
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either the sequentially thresholded least squares procedure or sparse regularized relaxed
regression. In fact, various versions of SINDy have been developed to incorporate addi-
tional physical constraints into the applied scenarios and even to identify time delays in
dynamic processes. A more robust approach, known as Ensemble-SINDy, has also been
proposed [41], which is capable of learning partial differential equations from limited data
corrupted by noise, significantly enhancing the practicality of the SINDy algorithm.

In practical applications, computations are commonly conducted in discrete time.
Thus, to apply SINDy to discrete dynamical systems, we consider the spatiotemporal
variations resulting from the relative motion between the thermal updraft and the glider as
a nonlinear dynamical system [39], represented in the following discrete form:

Xer1 = F(xg) 7)

In the original SINDy algorithm, the time derivative of X is computed using the
advanced one timestep. However, in our identification model, incorporating the next
time step is not considered. This is because the current measurement of the updraft is
determined by the relative positions of the glider and the thermal at the current moment,
with little direct connection to time. In this case, the spatiotemporal coherent structures
transform into spatial coherence.

To enhance the intuitiveness and convenience of the sparse regression process, a loga-
rithmic transformation to Equation (1) is applied initially as follows:

ll’lwz:pn.xn+pe.x621{2.x%2R2.x§+(lnwpn2R2pe> (8)

where w; is obtained through measurement. To mitigate solution complexity, we take its
logarithm for subsequent calculations. The discrete dynamical form becomes the following:

Y = 207 (X) )

where, Y = [lnwz(tl), In®=(2) ... lan(t'”)} , which is a vector composed of the time series of

In“=. We aim to solve & to approximate measured values of Y. Then, the regression problem
becomes the following:

(’f:arggnin;HYf@T(X)H§+AH§AH1 (10)

For most application scenarios, the solution of sparse regression serves as the identified
parameter. However, in our experiment, further processing of the solved parameters
is necessary.

Here, for the sake of convenience in expression, the ¢; is used to denote the ith element
of the column vector ¢,,. Note that this scalar value should not be confused with the vector
¢y in Equation (5).

1
R= —2¢;
P (11)
Pn = Cl 2(:1'
- H L =34
pe— 62 261 1=,

In the SINDy algorithm, a crucial step involves selecting the library functions, which
is typically achieved through expert knowledge to determine the inclusion of nonlinear
types. Incorrect library selection frequently leads to non-sparse models, resulting in in-
creased complexity of the reconstructed model. When the underlying nonlinear system
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is unknown, the use of proper orthogonal decomposition (POD) allows for the extraction
of spatiotemporal coherent structures. Additionally, by imposing constraints in SINDy,
the search space for candidate function libraries can be reduced [40]. Likewise, in [42],
low-rank tensor decomposition achieved a similar effect. However, in our identification
case, we possess preliminary knowledge about the system, eliminating the need to consider
scanning candidate function libraries. This further reduces the training execution time. It
is important to note that before the sparse regression is further extended to identify the
parameters of the thermal updraft, the x, - x,, term is artificially eliminated, considering the
decoupling of the identified model from x, and x,.

The flowchart of SINDy is comprehensively outlined in Algorithm 1. Prior to its
execution, a continuous sequence of updrafts is collected. Once a sufficient number of
updrafts have been amassed, the SINDy algorithm starts. The data are organized into a
matrix, and the logarithmic form of this matrix is computed. The candidate function library,
denoted as ©(X), is then constructed based on the position of the aircraft. We solve the
coefficients of these candidate functions to minimize Equation (10). Ultimately, coefficients
are transformed into thermal source parameters following Equation (11).

Algorithm 1: SINDy for themal identification.

Input: {w;(t1),..., wz(ty)}, position of aircraft
1 while sequential w, exists do
2 Formed updraft Equation (3)
3 Calculate the logarithmic form of updrafts In"*
4 Construct library terms ®(X)
5
6

Solve coefficient &
Obtain thermal parameters using Equation (11)
7 end
Output: R, p., pxu

4. Results
4.1. Particle-Filter-Based Method

In this paper, in order to compare the SINDy algorithm with this algorithm, we briefly
introduce its implementation details. The essence of the algorithm is to optimize the
estimated object based on the current observation. The idea is to utilize a large number of
random particles to approximate the posterior probability density function of the value to
be estimated p(6y | Z),where 0 = [py, pe, w, R] and Zj is the observation value at k step.
The samples are then assigned weight coefficients, and the particles are reweighted based
on the measurement to estimate the parameters.

The state transition function is chosen as the importance probability density function.
It serves as the prior estimate for the parameters of interest in the heat source. At the k step,
it is updated in the following form [22]:

Py = Py + (00 +vi), v~ N<0/ (75)

Per = Pep_y +ti(ve +vk), vp ~ N(Or ‘732> 12)
W = Wy | +Vw, Vo~ N(O, a%,)

Ri =R +ve, vk ~ N (0,0%)
Here, (i) represents the i-th particle. ¢ denotes the standard deviation of the esti-

mated parameters. At the beginning of the algorithm execution, we initialize the particles
as follows:
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Pugs P ~ U(p — 350, p + 350)
w0~ N e, 03 (13)
Rg ~ N(MR, 0121)

Equation (13) indicates that the search for thermals is only conducted within a rectan-
gular area of 700 m around the aircraft’s position. I/ represents particles being uniformly
scattered in the designated area as shown in Figure 2.

1200 ,
1000 - A
g0\ / 1
E
= | |
= 600
o
100l T fL g |
+ Thermal centers TN
¢ Initial particles j N j: i
200 ¢ — Thermal radius \_/
0 : : :

0 200 400 600 800 1000 1200
East [m]

Figure 2. The illustration of the particle filter algorithm.

Then, weights are updated [43]:

1 @, — h(6;))*
Ve = Ve o P <—( 202 ) ) (14)

where, W, is the estimated updraft. The likelihood provides the calculation accuracy of the
estimation of particles. When the value of a particle is closer to the measured value, we
have more reason to believe in the parameters of this particle. These particle parameters are
assigned greater weight and have a better chance of being carried over to the next round of
the iteration.

Note that during the algorithm iteration process, degeneracy may occur, resulting in
the difficulty of changing the weight 7. To avoid ineffective computational costs, the parti-
cles are resampled at each iteration.

4.2. Experimental Setup
4.2.1. Software-in-the-Loop Simulations

The experiments are conducted on the RflySim, an advanced platform developed by
the Reliable Flight Control Group [44]. The core of RflySim lies in its support for custom
high-fidelity simulation framework, achieved through specialized components such as the
well-designed simulator CopterSim [45]. Through the utilization of RflySim, researchers
are able to efficiently design models, develop and validate control algorithms, and verify
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Human Machine Interface

hardware systems, thereby reducing the time required for the algorithm’s conception
and deployment.

Initially, experiments are tested through SITL under observable conditions to validate
the implementation of modeling, and algorithm design as illustrated in Figure 3. All the
components are appropriately connected to the flight control algorithm system, ensuring the
consistency of input-output signals with the actual fixed-wing aircraft. Similar to real flight
environments, the fixed-wing transmits updated sensor data or state estimation information,
including attitude angles, angular rates, positions, and velocity, to the flight controller.
Subsequently, the algorithm sends PWM commands back to the model, establishing a
closed-loop simulation. SINDy is executed online using Python 3.8.0 code to search for
thermal cells, while incorporating upper-level control logic in the code to switch flight
modes. The guidance and navigation algorithms are implemented based on the PX4
Firmware (PX4-1.12.3) , a widely used open-source flight control software. The core
communication architecture of the experiment, depicted by the solid black box in the
diagram, serves as the central hub for all data. The model is reconstructed and aerodynamic
parameters are computed based on the existing aircraft, with some adjustments made
to the physical shape and aerodynamic coefficients to ensure smooth and controllable
motion. The model file is generated in Simulink and subsequently transferred to CopterSim,
as indicated in the bottom left corner of the diagram. The underlying control system is
connected to CopterSim through TCP/UDP, and MAVLink is utilized to transmit actuator
commands from the PX4 runtime output. CopterSim not only relays MAVLink messages
and transmits the real-time status of the glider to the upper-level control system but also
receives planning commands from the purple module to send to PX4. In order to streamline
communication and reduce complexity, messages are packed in UDP format. Finally,
the aircraft’s pose and actuator parameters are sent to the 3D engine for visualization,
as indicated by the solid yellow box.

Bottom control system

Scene display Upper level control

- ﬁ Fliht mode/ Cable
— @ Network Position/Attitude )

communicatiop ommunicatign

Software in the loop Simulation

Python/ SINDy o
Simulation platform o
o

Control
_____________ signal

i Control H
parameters Rl Rl ol >

1
______ - I ) ! . . .
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/ .”“_ S Mavlink /UDP |
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SIMULINK ! N\~ Displayer
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Figure 3. Framework diagram of experiments integrating six subsystems.

4.2.2. Hardware-in-the-Loop Simulations

Prior to actual flight tests, hardware-in-the-loop simulation is performed to assess the
performance of SINDy. Unlike SITL, the fixed-wing model in HITL operates in real-time,
synchronized with the actual clock, ensuring accurate results. Winl0WSL serves as the cross-
compilation environment for flashing the firmware onto the Pixhawk4 autopilot hardware.
The algorithm is uploaded to the flight control hardware environment. Pixhawk4 integrates
powerful processors, sensor technology, and the NuttX real-time operating system, enabling
flexible and reliable control of the glider. In this stage, communication is established using
cable signal lines instead of virtual network transmission as shown in Figure 4. CopterSim
transmits sensor data, including a barometer and magnetometer readings, to Pixhawk4



Aerospace 2024, 11, 858

10 of 18

via serial communication. The PX4 firmware running on the flight controller estimates the
state information using filtering algorithms, such as EKF. The state is then broadcast to the
information bus. The controller subscribes to messages from the information bus, calculates
control commands, and sends them back to CopterSim. Additionally, the wireless data
transmission module is equipped to transmit the glider’s status and flight parameters
to QGC for monitoring. In case the glider deviates from the expected flight path or
experiences loss of control, intervention may be performed by the operator. HITL facilitates
the deployment and execution of control algorithms on real embedded systems, providing
an indoor simulation environment for outdoor flight testing.

3D Monitor

Flight environment
component

Figure 4. System components of Hardware-in-the-loop simulations.

4.3. Identification of Partial Parameters in Unobservable Conditions

In practical applications, the issue of observability arises as not all parameters can be
identified through observed output trajectories. A comprehensive theoretical analysis based
on the Fisher information matrix is offered in [22]. The authors point out that the existence
of the inverse of the Fisher information matrix is insufficient to ensure the observability of
nonlinear systems in specific flight modes using the PF algorithm. This is due to the fact
the same measurements are observed from different thermals symmetrically located with
respect to the trajectory, making positions unidentifiable.

In this subsection, the proposed SINDy method was conducted through software-
in-the-loop simulation. This test verifies two results, one being that the algorithm can
be embedded in the flight experiment framework, and the other being that the thermal
center is still unobservable in straight and flight modes using this method. Although these
two modes are unobservable, we demonstrate that partial parameters could be estimated
using SINDy.

In order to demonstrate the observability of specific parameters under unobservable
conditions using SINDy, the glider is forced to fly directly along the thermal, as depicted
in Figure 5. To make the analysis clearer, takeoff, landing, and additional irrelevant flight
trajectories are not plotted in the figure. For the purpose of theoretical analysis, random
characteristics of the wind field are deactivated. This observability is illustrated through
two relative motions. The green line in the figure represents the ground tracks of the glider
parallel to the coordinate axis, whereas the blue lines intersect with the coordinate axis.
The radii solved by SINDy are displayed in Figure 6. When combined with the blue lines,
it is evident that despite changes in the x and y components of the state matrices, there are
still challenges in estimating the radius. In contrast to the blue tracks, along the coordinate
axis as indicated by the green trajectory, the third and fifth columns of ®(X) approximate a
constant. This scenario results in changes in physical information along the coordinate axis,
while providing almost no information perpendicular to it. Concise and singular physical
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information grants SINDy a special solving property for thermal identification, enabling
accurate estimation of the radius and its position parallel to the coordinate axis.

In Figure 7, symbol X signifies the case of intersecting with the coordinate axis, where
a significant deviation between the estimated north position and the true value is observed.
However, the green triangles demonstrate the estimated results are close to the true values.
This indicates that compared to the parallel trajectory, the accuracy of estimated north
positions severely decreases when the flight intersects with the coordinate axis. While we
cannot mathematically prove this phenomenon, the failure of the SINDy algorithm may be
related to unobservability intuitively.
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700 - o, ~ 4~ ~thermal cell
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Figure 5. Top view of straight flight paths.
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Figure 6. Top view of circling flight paths.

The observability matrices are singular when in circular flight [22], rendering them
unidentifiable through updraft measurement using PF. Although the intensity and radius
of the thermal are unobservable, the SINDy algorithm seems to be able to estimate the
northward and eastward positions within specific flight regions. As depicted in Figure §,
the green trajectory reflects the central point of the circular flight at the origin of the
coordinate axis, while the centers of the blue tracks are arbitrary. This conclusion is further
elaborated in Figure 9. The estimated position around an arbitrary point is represented
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by the symbol x. It is observed that only the north in case 2 and the east in case 4 can
be accurately determined, while positions estimated in most cases are inaccurate. If the
coordinate axis is selected as the origin, the thermal is accurately located in any direction.

2500 . x . . . . .
2000 - x .
1500 - - - - - reference north position 4
'g' x estimated north in blue trajectory
‘E' 1000 F A estimated north in green trajectory| |
]
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-1000 . ]
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Case
Figure 7. Top view of straight flight paths.
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- = = thermal cell
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100 1 T
E
= L i
= 50
o
Z
0 L .
-50 T
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Figure 8. Top view of circling flight paths.
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Figure 9. Estimated positions in circling flights.

4.4. Parameter Identification in Observable Conditions

To completely demonstrate the performance of SINDy, the identification is evaluated
in observable flight modes. The glider’s flight trajectory is simulated using a lawnmower
pattern, primarily consisting of irregular curves. This pattern is chosen to minimize the
occurrence of straight-line and circular flights, thus ensuring a relatively high level of
observability for the parameters to be estimated. Figure 10 portrays the flight trajectory,
consisting of light blue and orange segments. The thick solid orange line represents the
trajectory during the detection of updrafts with amplitudes surpassing a specific threshold
for a defined duration, while simultaneously enabling the PF algorithm.

Cruise trajectory
=== Updraft detected
Thermal estimated by Sindy
- - == Thermal estimated by PF
4 Thermal centers

o
o

3()\

Altitude [m]

North [m]

Figure 10. 3-D flight trajectories in observable conditions.

Both SINDy and PF executed six cases during the entire flight. Figure 11 demonstrates
the estimation capability of PF. The true values are illustrated by green and blue dashed
lines, while the estimated values obtained through the PF method are presented as solid
lines. In Case 1, the PF method exhibits gradual convergence, with the 3¢ error band



Aerospace 2024, 11, 858

14 of 18

stabilizing in the later phases of the flight. When comparing to results of SINDy, there is
still a deviation in the estimated location of the thermal source. In Case 2, there is a slight
estimation error in the eastward position, despite the 3¢ error band remaining stable until
the end. In both cases, the SINDy algorithm locates thermals with almost no error. This
phenomenon is also observed in the final run when the algorithm is activated. The results
of PF detections are depicted as purple dashed lines in Figure 10, highlighting the presence
of estimation errors in the PF method.

Triangles and circles are symbolized to recognize eastward and northward directions,
respectively. To enhance clarity and conciseness, the points in the plot are plotted at a fixed
interval, lower than the frequency of the SINDy execution. Figure 11 demonstrates that
from Case 3 to Case 6, SINDy consistently outperforms PF in terms of position estimation.
Regardless of estimating the east or north position of the thermal, the error of PF’s identifi-
cation is several to dozens of times greater than that of the SINDy algorithm. In Case 3 and
Case 4, SINDy exhibits slight deviations in estimating the east position. However, in most
cases, its estimated values coincide with the setpoint. It is noteworthy that the estimations
exhibit a slight delay compared to PF due to the requirement of SINDy to accumulate
a specific quantity of physical quantities for the computation of the information matrix.
Once the collected updrafts reach the predetermined threshold, SINDy precisely locates
the thermal cell.
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‘2200 ‘% 400
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Figure 11. Estimated results of thermal positions obtained by SINDy. Note that the datum mark for
estimated positions is the origin of the coordinate system shown in Figure 10.

The estimation performance of the SINDy algorithm is summarized in Table 1. The
mean absolute errors fall within a range of 20 m. When comparing the shadows and solid
lines in Figure 11, representing the estimation process of the PF algorithm, the estimation
accuracy of the SINDy algorithm significantly surpasses that of the PF algorithm from
Case 1 to Case 6. Furthermore, its standard deviation is not as large as that of the PF
algorithm. It is necessary to note that presenting a table to show the estimation effect of PF
is not suitable due to the constant variability of its mean and standard deviation over time,
and the lack of convergence in some cases.
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The estimated thermal radius is depicted in Figure 12 in solid black circles, with blue
dashed lines representing the true values of the radius. In Case 1 and Case 2, the radius of
the thermal source is set to 50m. The estimated values of the SINDy algorithm are close
to the true values. In comparison, the identification of PF exhibits significant deviations,
particularly in Case 2. In Case 3, we attempted to set the initial values of PF near the
setpoint, yet the PF algorithm still fails to converge. In contrast, the error value of SINDy is
within 3 m, outperforming PF in the identification of the radius. Monte Carlo simulations
of the PF algorithm demonstrate that the mean estimations during the fourth and fifth
running closely align with the true values. However, the 3¢ variance bands for each
estimation progressively expand, possibly as a result of the relatively brief period of
algorithm activation. It is further confirmed by examining Case 1 and Case 2, where the
duration of the encounter between the glider and the thermal is longer compared to other
instances. Comparing these two algorithmes, it is apparent that the issues encountered by
PF during identification are absent in SINDy. In all six cases, SINDy accurately identified
the radius of the thermal source.

Table 1. The mean absolute error(MAE) and standard deviation(Std) of estimation of SINDy.

MAE
Case Std (North) MAE (East) Std (East)
(North)
Case 1 2.6 2.3 3.7 2.8
Case 2 3.9 3.1 54 4.3
Case 3 6.3 4.1 13.9 19.7
Case 4 2.7 35 15.7 16.2
Case 5 24 2.2 1.9 2.1
Case 6 0.9 1.8 0.8 2.6
100 100
= = Radius reference
—_ Radius estimated by PF —_ i
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Figure 12. Estimation results of thermal radius obtained by SINDy.
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5. Conclusions

This article presents a novel online method for identifying and locating the thermal cell.
SINDy is initially introduced and slightly modified to accurately estimate the parameters.
Compared to previous methods for estimating a single thermal, the identification capability
is significantly enhanced, enabling the precise search for updrafts. The performance and
reliability of integrating the SINDy with the flight control system are verified. The flight
test results demonstrate nearly error-free identification of the radius and positions while
avoiding potential algorithm anomalies or real-time operating system blocking issues
during use. Through SITL, it is demonstrated that straight trajectories parallel to the
coordinate axes are capable of identifying the radius, while circular trajectories can identify
positions. The HITL tests are conducted under conditions where all parameters are fully
observable, which shows the feasibility of deploying the proposed algorithm in real-
world scenarios

This study provides an innovative idea for advancing future autonomous soaring
technology. Nevertheless, it remains challenging to mathematically prove the partial
observability of thermals when deploying the SINDy algorithm in straight and circling
flight modes. Although existing literature has demonstrated that the parameters of the
heat source are unobservable in two modes, this conclusion relies on specific estimation
methods. Furthermore, given that the flight trajectory of the fixed-wing aircraft primarily
comprises straight lines and turns, which involves unobservability, identifying parameters
of the thermal source under such conditions would represent an advancement in the field
of autonomous soaring.

SINDy has been shown to be efficient compared to numerous prominent machine
learning techniques. Considering the current issue of inadequate computational real-time
performance with model-based controllers, SINDy presents the potential for the swift exe-
cution of them. Not only does it enable better avoidance of overfitting, but it also strikes a
favorable balance between data memory and computational accuracy. Consequently, future
efforts may concentrate on integrating the SINDy algorithm into advanced controllers.
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