safety

Article

Safety Considerations for a Distributed Electric Propulsion
Aircraft: Lessons Learnt from an Automated Flight-Test Accident
Involving a Research Demonstrator

Giorgio Filippoli */, Beniamino Maria Perri

and Lorenzo Trainelli

’ '.) Check for updates

Academic Editor: Raphael Grzebieta

Received: 5 May 2026

Revised: 11 July 2026

Accepted: 13 July 2026

Published: 21 July 2026

Copyright: © 2026 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

, Niko Terzaroli, Stefano Cacciola *'/, Carlo E. D. Riboldi

Department of Aerospace Sciences and Technology, Politecnico di Milano, Via G. La Masa 34, 20156 Milan, Italy;
beniaminomaria.perri@polimi.it (B.M.P.); carlo.riboldi@polimi.it (C.E.D.R.); lorenzo.trainelli@polimi.it (L.T.)
* Correspondence: giorgio.filippoli@polimi.it (G.E.); stefano.cacciola@polimi.it (S.C.)

Abstract

Characterizing the highly complex aero-propulsive interaction in distributed electric propul-
sion (DEP) aircraft may require automated flight-testing procedures with dedicated ma-
neuvers, which introduce specific safety challenges. This paper investigates an accident
involving a distributed electric propulsion research demonstrator, named SwitchMaster,
during an automated flight-test mission for aerodynamic model identification. The event
occurred during a scheduled pitch excitation maneuver and resulted in a loss of control
followed by ground impact. The investigation is based on flight logs, telemetry analysis,
and structured accident investigation methods, including the ICAO ADREP taxonomy
and the Swiss Cheese Model. The results show that the accident resulted from a combina-
tion of open-loop control surface fixation, insufficient real-time safety barriers, ineffective
maneuver interruption, and delayed recovery authority. Variable wind speeds and asym-
metric trim acquisition are considered possible contributing factors to the aircraft drift
from equilibrium conditions. This paper concludes with safety recommendations, software
improvements and lessons learnt to enhance the reliability of automated flight testing for
DEP aircraft.

Keywords: distributed electric propulsion; accident investigation; flight safety; automated
flight testing; system identification; safety analysis; Swiss Cheese Model; ADREP taxonomy

1. Introduction

Distributed electric propulsion (DEP) is emerging as a promising technological concept
for future aircraft configurations. By distributing multiple electrically powered propellers
along the wing or airframe, DEP enables strong aero-propulsive coupling, often referred
to as the blowing effect, which may significantly modify aerodynamic performance and
flight dynamics. Potential benefits include lift augmentation, stall margin extension and
improved controllability, all of which can be exploited in novel aircraft architectures [1]. This
configuration should be distinguished from conventional propeller-driven aircraft with a
limited number of wing-mounted engines. In traditional twin-engine aircraft, the propeller
slipstream is mainly a by-product of thrust generation and affects only limited wing regions.
In DEP aircraft, instead, the propulsive system is intentionally distributed along the span
and can significantly modify the aerodynamics of the entire airplane. Moreover, electric
motors provide fast and repeatable changes in propeller operating conditions, allowing
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the blowing level to be treated as an additional aero-propulsive variable. The relevant
flight-test data therefore concern not only lift augmentation, but also the variation in
aerodynamic coefficients, stability and control derivatives, trim conditions, and dynamic
response characteristics with distributed blowing intensity.

However, most investigations of DEP aerodynamics rely primarily on wind tunnel
experiments [2] or numerical simulations. In contrast, the present work adopts a flight-
testing approach based on a scaled demonstrator [3], enabling full-aircraft-level analysis
of aero-propulsive interaction in real flight conditions. Such experimental campaigns
involve specific risks, particularly when automated flight-testing techniques are employed
to perform precise excitation maneuvers for aerodynamic model identification.

The SwitchMaster, the DEP demonstrator examined in this work, is a scaled remotely
piloted aircraft developed at the Politecnico di Milano as part of experimental research
surrounding DEP. Based on the AeroSwitch concept [4], aimed at reducing the cost and
complexity of pilot training by simulating both single- and twin-engine aircraft behavior
on the same airframe, the SwitchMaster is designed to validate DEP aerodynamics, control
laws, and automated flight methodologies.

The aircraft features a 2.1 m wingspan and is equipped with six electrically powered
propellers mounted along the wing leading edge, as can be seen in Figure 1. This configu-
ration is intended to exploit aero-propulsive coupling, particularly the blowing effect of the
propellers on the wing, to improve aerodynamic performance.

Figure 1. The SwitchMaster before a test flight.

In early test campaigns, limitations in manual piloting precision highlighted the
need for improved trim acquisition and maneuver repeatability [5]. As a result, the team
developed an automated flight control architecture based on a customized version of
the Total Energy Control System (TECS) [6]. The adopted control also enables accurate
execution of predefined test inputs (step, doublet, 3-2-1-1) in steady level flight, climbs and
descents, including high-flight-path-angle trajectories (up to 40°), which are essential to
stimulate DEP-specific aerodynamic effects.

The performed experimental program focused on testing adaptive control strategies
and investigating how stability and control derivatives vary with blowing intensity, here
quantified in terms of propeller advance ratio | [7]. The recorded telemetry data exhibit a
high level of quality and consistency, as demonstrated by their successful use in system
identification studies [5,7], where a properly tuned rigid-body aircraft model was able to
accurately reproduce the measured flight responses obtained from multiple independent
sensors, including the IMU, magnetometer, air data system, GPS and actuator data. In
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addition, it has been necessary to design and implement a customized autopilot to execute
automated test campaigns for enhanced repeatability and maneuver precision.

The SwitchMaster thus represents a pivotal research platform in the study of novel
propulsion—airframe interactions and the development of next-generation flight control
techniques for DEP-powered aircraft.

On one hand, the adoption of automated flight-testing methodologies and the use
of a scaled research platform such as the SwitchMaster enabled the investigation of DEP
aero-propulsive interactions under realistic operating conditions. On the other hand, these
experimental activities exposed the aircraft to flight regimes and operational procedures
significantly different from conventional piloted flight testing, and contributed to a loss-
of-control event during an automated maneuver, ultimately resulting in ground impact.
Although no injuries occurred, the accident highlighted several technical and operational
aspects that are particularly relevant when conducting experimental flight campaigns on
DEP research aircraft.

This work presents the analysis of that event. Through the reconstruction of the
accident sequence and the investigation of the underlying technical factors, this paper aims
to identify the mechanisms that led to the loss of control and to extract lessons learned
that may contribute to improving the safety of future flight activities involving distributed
electric propulsion configurations. More broadly, the case highlights the specific safety
challenges associated with automated flight-test architectures and open-loop maneuver
execution in experimental aircraft platforms.

Finally, this research addresses the limited availability of flight-test-based safety anal-
yses for DEP research demonstrators performing automated open-loop maneuvers. Its
novelty lies in the reconstruction of an accident sequence in which trim acquisition, blowing-
dependent control effectiveness, software safety barriers, and manual override logic in-
teracted during an experimental flight-test activity. In addition, this paper shows how
structured accident-analysis tools can be applied to a small experimental DEP demon-
strator to support the identification of technical and systemic contributing factors. The
paper contributes to the safety assessment of automated flight testing by deriving practical
recommendations for future experimental campaigns of scaled demonstrators.

2. Methods

This section describes the methodology adopted for analyzing the accident event,
which is closely related to the definition of the automated testing campaign and the air-
plane control architecture. For this reason, the flight campaign characteristics and the
airplane control system architecture are presented first in Sections 2.1 and 2.2. Finally,
Section 2.3 deals with the description of the methodology employed to perform the acci-
dent investigation. The investigation methodology combined engineering analysis of the
recorded data with structured accident investigation approaches commonly adopted in
aviation safety studies.

2.1. Flight-Testing Campaign Definition

A complete automated testing framework was developed to integrate mission plan-
ning, autonomous flight control and maneuver execution into a unified methodology,
consistent with standard flight-test engineering practices [8]. A nonlinear simulator in-
corporating flight dynamics, aerodynamics and autopilot logic, built in MathWorks MAT-
LAB/Simulink (Natick, MA, USA, version R2024a), served as the foundational tool for
mission design. This simulator allowed the prediction of trim points across a wide range
of airspeeds and climb angles, ensuring feasible steady-state flight conditions. On board,
the aircraft relied on a customized autopilot system capable of reaching and maintaining
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precise trim values of airspeed and climb angle. Once stabilized, the controller executed
predefined excitation maneuvers while following programmed flight paths [9].

Mission profiles were designed to span the entire range of propeller advance ratio ]
relevant for the aero-propulsive characterization of the SwitchMaster. For each airspeed
setpoint, several climb and descent angles were selected to investigate the effect of different
blowing intensities at similar flight speed, while remaining within the limits of aircraft
performance and battery endurance. The simulator was used to estimate the mission
duration, the time required to reach the desired trim conditions and the flight path. Figure 2
illustrates a representative mission profile, including straight segments with different climb
angles and turns, generated during simulation and neatly designed to account for obstacles
and geometric constraints around Mach Aurora airfield, east of Milan, where the flight
campaign was executed.

Figure 2. Example of a simulated mission.

The resulting mission plans were translated into MAVLink-compatible files and up-
loaded directly to the aircraft, enabling fully autonomous execution with the sole exception
of takeoff and landing, which represent the sole phases performed manually. Once the
aircraft reached the prescribed trim state, the system evaluated the tolerances on airspeed
and climb angle before triggering the selected maneuver. The maneuvers included eleva-
tor doublets, aileron and rudder doublets, 3-2-1-1 sequences and combined inputs. Each
excitation was parameterized to deliver consistent spectral content close to the natural
frequencies of the relevant dynamic modes, in accordance with system identification best
practices [10].

During each maneuver, the autopilot temporarily suspended TECS and other control
modules, applied the commanded input and waited for the aircraft to settle, ensuring clear
observation of both forced and free responses.

2.2. Control System Description

The control system was developed to allow the execution of pitch, roll and yaw dou-
blets to excite the longitudinal and lateral-directional modes of the airplane in different
combinations of speed and climb angle. In summary, the requirements that had to be satis-
fied, which led to significant changes to the pre-existing autopilot software, are described
as follows.

The system had to be able to execute climb and descent, following user-defined
climb angle y setpoints, including horizontal flight. Multiple circuits could be executed
in automatic flight, following a GPS flight plan, and along each straight leg of the circuit,
a single climb angle had to be scheduled. After each climb or descent, the aircraft was
required to stabilize at a given altitude, defined in the loaded flight plan. If that altitude
could not be reached within the given leg length, then it had to proceed following the next
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waypoint, loitering to the final altitude if needed. In addition, a Glide Mode had to be

available, as a special case of descent, in which the aircraft keeps the motors at zero power

and follows only a Vr4g setpoint, thus ignoring y. During each leg of the circuit, the system
had to check whether trim conditions had been reached and maintained for a minimum

time, then executing the scheduled maneuver automatically. For the whole maneuver

duration, the autopilot was supposed to remain disengaged, as the system operated in

open loop. In addition, the control surfaces not involved in the excitation input at a certain

time had to remain locked at a fixed computed trim value. Finally, the system had to be

able to execute a wide list of maneuvers to excite the system modes, basically doublets and

3-2-1-1 involving

all the control surfaces, selectable from the ground station parameters

menu. Each maneuver had to be configurable at runtime, to comply with the parametric

identification process and follow the flight campaign planning.

The control system was mainly developed by modifying three modules of PX4 (version

1.15), an open-source professional autopilot which had been used in the previous testing

campaigns: Position Control, Total Enerqy Control System and Control Allocator [11,12]. The

Position Control module in the nominal version of PX4 handles the current flight mode

to have the airplane follow airspeed, altitude and heading setpoints. Its modified version
includes specific features to follow a predefined flight path angle, trigger the gliding flights
when needed, check trim conditions, start or abort the maneuver execution and manage

minor safety checks. According to the TECS algorithm, the controller receives airspeed
and altitude setpoints from Position Control and outputs throttle and pitch angle control
values, by using energetic equations to balance the Specific Potential and Kinetic Energy
Rates [13]. An extended version of the TECS, with the capability to manage high angles of
climb setpoints and gliding flights, was developed. Finally, the Control Allocator module
translates all the setpoints coming from the upper layers into actuator inputs and manages

maneuver selection and execution independently, acting directly on the actuators, while

applying additional safety controls.
In the typical test mission design, the system autonomously executes some circuits

composed of two

straight legs and two turns. On each leg of the circuit, when the system

senses that the trim conditions have been reached, the scheduled maneuver is launched

(and aborted in case of a negative outcome of the safety-related routines) by the Position

Control. In order to perturb the system in open loop for all system identification purposes,

the averaged control values at trim are computed by the Control Allocator for all the control

surfaces and motors, immediately prior to the beginning of the maneuver. Those values

are used as fixed signals to be maintained for the whole duration of the perturbation.
Hence, within this period of time, the Control Allocator ignores all the inputs coming
from the upper layers, realizing an open-loop behavior. The main maneuver chosen for
longitudinal identification was the elevator doublet (Figure 3), whereas for the lateral—
directional identification combined aileron and rudder doublets were used.
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Figure 3. Time history and structure of an elevator doublet input signal.
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During the maneuver execution, the autopilot has no authority over the control
surfaces and motors until the maneuver ends or it is forced to interrupt. Therefore, it
is fundamental to have effective safety checks which can abort the maneuver execution.
Similar checks should also be applied to the gliding logic.

2.3. Accident Investigation Methodology

Following the accident, a structured investigation process was conducted to recon-
struct the event and identify the factors that contributed to the loss of control. The method-
ology adopted combined engineering analysis of the flight-test data with established
approaches used in aviation accident investigation and system safety analysis.

The first step consisted of the recovery and analysis of the onboard telemetry and flight
logs. The aircraft recorded a wide set of flight parameters during the mission, including
airspeed, attitude angles, angular rates, position estimates, actuator inputs, propulsion
commands and autopilot states. The microcontroller supporting the PX4-based FCS is the
Holybro (Tai Po, Hong Kong) PixHawk 4, which features high-performance, low-noise
IMUs, designed for stabilization applications and composed of an accelerometer, gyroscope
and magnetometer. The Inertial Navigation System (INS) uses IMU, GPS and air data
to estimate the aircraft position, speed and attitude through a multi-input EKF-based
estimation module. These data, which fortunately remained accessible despite the accident,
were used to reconstruct the evolution of the aircraft state throughout the final phase of the
flight and to identify the conditions under which the upset began.

In parallel, qualitative information was collected from the flight-test team, including
observations from the remote pilot and the engineers supervising the test campaign. These
operational observations provided additional context regarding the aircraft’s behavior
during the maneuver and the actions taken by the pilot during the final seconds before the
impact. Additional evidence was obtained through post-accident inspection of the aircraft
and analysis of photographic documentation of the impact site. The inspection allowed the
identification of the damage pattern on the airframe and supported the reconstruction of
the final flight path, ensuring consistency between telemetry data and the physical evidence
observed after the accident. Based on these elements, as suggested in the literature [14,15],
the investigation proceeded with the reconstruction of the accident timeline, followed by a
detailed analysis of the accident sequence from the recorded telemetry data.

The overall process was conducted in accordance with general principles of aviation
accident investigation described in ICAO Annex 13-Aircraft Accident and Incident Inves-
tigation, which establishes international standards and recommended practices for the
investigation of aviation occurrences [16]. In addition, methodological guidance provided
in the ICAO Manual of Aircraft Accident and Incident Investigation (Doc 9756) was consid-
ered to structure the collection and interpretation of the available evidence [17]. To further
structure the analysis and ensure a systematic identification of contributing factors, the
investigation was complemented by the application of established aviation safety frame-
works [18]. First, the occurrence was classified using the ICAO Accident/Incident Data
Reporting (ADREP) taxonomy, which provides a standardized system for the classification
of aviation occurrences and contributing factors. The ADREP framework organizes acci-
dent information according to occurrence categories, phases of flight, descriptive factors,
explanatory factors, and safety barriers, enabling a consistent description of events and
facilitating the identification of systemic safety issues across different aviation contexts [19].
The use of the ADREP taxonomy allowed the accident to be analyzed within a structured
framework consistent with international aviation safety reporting practices.

In addition, the accident was interpreted using the Swiss Cheese Model of accident
causation, originally proposed by Reason. According to this model, accidents in complex
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systems rarely result from a single failure but rather from the alignment of multiple
weaknesses across different layers of defense. These layers may include technical systems,
operational procedures, human actions, and organizational processes. When the protective
barriers within these layers contain latent weaknesses, a trajectory of accident opportunity
may emerge, allowing hazards to propagate through the system and ultimately lead to an
accident [20,21].

Applying the Swiss Cheese Model to the present case allowed the investigation to
distinguish between immediate technical causes, such as control system behavior during
maneuver execution, and latent contributing factors, including procedural, operational,
and system-level vulnerabilities associated with automated flight testing.

The combined use of telemetry analysis, operational observations, physical evidence,
and structured safety investigation methodologies enabled a comprehensive reconstruction
of the accident and supported the identification of the findings and contributing factors
discussed in the following sections.

3. Accident Description

The accident occurred during an automated flight-test mission conducted as part of
the experimental research campaign on the SwitchMaster distributed electric propulsion
demonstrator. The objective of the flight was to collect dynamic response data for parametric
identification of the aircraft aerodynamic model in different flight regimes, following estab-
lished aircraft system identification methodologies [22]. The mission profile consisted of
a sequence of autonomous circuits flown along a predefined GPS trajectory. During each
straight leg of the circuit, the aircraft was required to reach a specified trim condition in terms
of true airspeed and flight path angle before executing scheduled excitation maneuvers.

Within this experimental framework, the most critical phase of the flight was the
transition between closed-loop trim holding and open-loop maneuver execution. During
this phase, the autopilot temporarily relinquished corrective authority in order to allow
the execution of predefined excitation inputs without feedback interference. At the same
time, all control surfaces not directly involved in the maneuver were held fixed at their
estimated trim values. This implies that any asymmetry in the trim condition may generate
uncompensated aerodynamic moments.

The accident occurred during the second test point of the mission while the aircraft
was executing a longitudinal excitation maneuver and led to a loss of control followed by a
ground impact. Figure 4 shows images of the aircraft after the accident. Despite the severe
structural damage sustained by the airframe, the onboard avionics and instrumentation
remained largely intact, allowing the recovery of flight logs and telemetry data used for the
reconstruction of the event.

Figure 4. Post-accident images of the SwitchMaster research demonstrator.
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A summary of the main characteristics of the occurrence is provided in Table 1,
including the aircraft configuration, operational context, and personnel involved in the
flight-test activity.

Table 1. Summary of the accident.

Parameter Description
Operator Politecnico di Milano-DAER, FMSLab
Aircraft category Remotely piloted research demonstrator
Aircraft model Extreme Flight—Turbo Bushmaster 84" (Modified)
Aircraft registration SwitchMaster
Propulsion configuration Distributed electric propulsion (six electric motors)
Wingspan 21m
MTOM 4.95 kg
Location Mach Aurora airfield, Truccazzano (Milan), Italy
Mission type Automated flight-test mission for system identification
Date and time 13:14:55 UTC
Pilots 1
Flight-test engineers 3
Damage to aircraft Severe structural damage
Injuries None

The accident reconstruction, including the timeline of the events, the accident sequence
and the key findings, is presented in the following subsections.

3.1. Timeline of Key Events

The sequence of events reconstructed from the flight logs is summarized in Table 2.
The timeline shows that the entire upset sequence developed over only a few seconds.
In small remotely piloted demonstrators flying at relatively low altitude, such short time
intervals significantly reduce the available margin for recovery.

Table 2. Timeline of the main accident events.

Event Timestamp (UTC)
PX4 system start 13:11:57

Takeoff 13:13:36.5
Mission mode activation 13:13:46.5
Test point 1 (aborted) 13:14:25.5
Trim check start 13:14:49.6
Test point 2 start 13:14:49.8
Residual roll motion begins 13:14:51.6
Pilot action (maneuver kill/manual) 13:14:52.5
Manual control regained 13:14:54.1
Crash 13:14:55.9

3.2. Accident Sequence

Following takeoff and stabilization in level flight, the aircraft initiated an automatic
pitch excitation maneuver for identification purposes. The maneuver logic froze the control
surfaces at values calculated during a trim check.

The recorded trim, however, contained significant asymmetries: = +4.0°
= +0.3° (rudder) and § = —1.6° (elevator).

Since the external conditions may have changed during or immediately after the trim

Atrim

(ailerons), é

Ttrim Ctrim

check phase, the frozen trim values may no longer have represented an actual equilibrium
condition for the aircraft (nearby meteorological information from the closest available
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airport station was consistent with non-negligible variable wind conditions at the time
of the event; however, since no on-site high-frequency wind measurement was available,
wind is considered only as a possible contributing disturbance during trim acquisition).
Under the corresponding blowing condition, a simplified static rolling-moment estimation
based on the recorded aileron and rudder trim values provided a residual rolling moment
of approximately L,s = —0.66 Nm, compatible with the roll-rate growth observed in the
flight logs, up to about —40°/s. The simplified computation assumes steady conditions,
null sideslip angle and null yaw rate, and relies on the roll-axis moment equilibrium
Lyp = Ls,00 + Ls, 0y, where Ly, Ls, and L, were taken from the SwitchMaster aerodynamic
model identified from flight-test data and reported in [5,7]. Evaluating the equation
with the recorded aileron and rudder trim values gives the corresponding steady roll
rate Psteady = Lres/Lp, which is comparable with the measured value. This value was
affected by the medium-to-high-blowing condition of the test point, since the aileron rolling-
moment effectiveness depends on the blowing intensity, as reported in [7]. Therefore, the
DEP-related aerodynamic condition contributed to amplifying the residual roll moment
generated by the frozen asymmetric lateral trim.

The maneuver began with a residual roll moment induced by asymmetric trim condi-
tions, probably due to a variable lateral wind, resulting in an uncommanded rotation about
the longitudinal axis. Upon disengagement of the autopilot, the aircraft exhibited progres-
sive increase in bank angle, indicative of a sustained left roll motion not counteracted due
to fixed control surface positions. The evolution of the main flight parameters is shown in
Figure 5, which reports the time histories of roll angle, pitch angle, airspeed, and control
surface deflections during the maneuver. The plots clearly show that the roll motion begins
immediately after maneuver initiation and increases rapidly while the control surfaces
remain fixed. The complete flight-test log used to generate the time histories presented is
provided as Supplementary File.
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Figure 5. Time histories of main flight data during the last maneuver before the impact.
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To better quantify the lateral-directional upset, Figure 6 reports the time histories of
roll rate p and yaw rate r during the final maneuver. The angular rates were initially
limited at maneuver initiation, but p rapidly became negative after the beginning of the
open-loop phase. Around the pilot intervention, the roll rate had already reached values
of the order of —35 to —40 deg/s, while r also evolved consistently with the developing
lateral-directional departure. When manual control authority was restored, p remained
close to —40 deg/s, confirming that the aircraft had already entered a rapidly evolving
upset condition with limited remaining recovery margin.

Roll and Yaw Rates

I
p—"
- - - ‘tolerances check start
actuators fixed trim start
- = = -maneuver start
free response start
- - - -pilot first action

-20 -

p, r [deg/s]

-40 -

-50 |~

1725 173 1735 174 174.5 175 176.5 176 176.5 177
time [s]

Figure 6. Time histories of roll rate p and yaw rate r during the final maneuver before impact.

The resulting deviation from the planned flight path is illustrated in Figure 7, which
shows the reconstructed aircraft trajectory during the final phase of the flight. The figure
highlights how the aircraft departs from the nominal straight segment and develops a
descending curved trajectory before ground impact.

As the upset developed, the pilot attempted to interrupt the maneuver using the
dedicated maneuver kill switch. However, the command did not take effect because
the mapping between the physical RC switch and the autopilot parameter controlling
maneuver interruption had been lost following a firmware update.

A second recovery attempt was made by switching to manual flight mode. Although
the mode transition occurred correctly, the maneuver logic kept the control surfaces fixed
until the end of the predefined free-response time window associated with the identification
maneuver. Consequently, manual control authority was not immediately restored.

During this delay, approximately 1.6 s, the aircraft continued rolling and descending
without corrective inputs. When manual control was finally regained, after the time a
priori-defined to complete the maneuver, the remaining altitude margin was insufficient
to arrest the motion and stabilize the aircraft. The aircraft impacted the ground shortly
afterwards. Although the aircraft was not intentionally excited in a spiral mode, the
trajectory developed into a descending roll motion. The pilot’s corrective input just before
impact reduced speed and pitch angle, partially mitigating damage.

https:/ /doi.org/10.3390/safety12040096
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Figure 7. Flight path recorded in local navigation frame during flight mission.

3.3. Findings

The investigation identified several key findings related to the dynamic behavior of the
aircraft and to the configuration of the flight control system during the maneuver execution.

A first finding concerns the trim condition applied immediately before the maneuver.
The trim values computed during the trim acquisition phase contained significant asymme-
tries in the lateral and directional control surfaces. In particular, the aileron and rudder trim
commands were not balanced around the neutral position, indicating that the aircraft was
compensating for disturbances or transient deviations during the trim acquisition window.
Because the maneuver logic subsequently froze the control surfaces at these values, the
asymmetric trim state became a fixed input to the aircraft.

A second finding is that the rolling motion observed after the maneuver initiation
was not generated by the maneuver logic itself. The identification maneuver consisted of a
longitudinal excitation input and therefore did not intentionally introduce lateral control
commands. The initial roll moment was instead a consequence of the asymmetric trim
values previously computed and accepted by the system without verification.

Once the maneuver started and the autopilot authority was removed, this residual
rolling moment generated an uncommanded roll motion that progressively increased the
bank angle of the aircraft. Because the control surfaces remained fixed during the maneuver
execution, no automatic correction was applied to counteract this motion, allowing the roll
rate to grow and the aircraft to depart from the intended flight condition.

Another finding concerns the safety barrier represented by the maneuver kill switch.
Although the maneuver interruption logic was implemented in the software, the physical
RC switch intended to activate it was no longer correctly associated with the corresponding
autopilot parameter following a firmware update. As a result, the pilot’s attempt to abort
the maneuver did not trigger the intended interruption of the open-loop control logic.

https://doi.org/10.3390/safety12040096
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Another finding relates to the behavior of the control system during the transition to
manual flight mode. When the pilot switched to manual control, the maneuver execution
logic continued to hold the control surfaces at the previously computed trim values until
the end of the predefined free-response interval associated with the identification maneuver.
Consequently, the pilot did not immediately regain full authority over the control surfaces.

Finally, the investigation highlighted the limited altitude margin available at the time
of the event. The aircraft was operating at relatively low altitude during the automated
maneuver sequence, and once the uncontrolled rolling motion began, the time and height
available for recovery were insufficient to stabilize the aircraft before ground impact.

3.4. Contributing Factors

In addition to the findings described above, several contributing factors increased
both the probability of the upset and the severity of its outcome. These factors are related to
the interaction between environmental disturbances, trim estimation logic, control system
architecture, and operational constraints of the flight-test campaign.

The first contributing factor was the asymmetry of the trim condition computed during
the trim acquisition phase. The trim values were derived from averaged actuator signals
over a short time window, without applying additional filtering or plausibility checks.
Under the influence of turbulence, the aircraft experienced oscillatory motion during the
trim acquisition process, which likely biased the computed trim values. As a consequence,
the trim solution contained significant lateral-directional asymmetries that were accepted
by the system and got subsequently frozen at the beginning of the maneuver.

A second factor was the lack of real-time monitoring of aircraft attitude and angular
rates during the maneuver execution. At the time of the accident, the safety logic included
only a check for minimum airspeed for the considered flight condition, while no abort
criteria were implemented based on roll or pitch angles, angular rates, or other indicators
of unusual conditions. Therefore, once the rolling motion started to develop, the autopilot
did not trigger any maneuver stop.

Another relevant factor was the incomplete safety chain related to maneuver interrup-
tion. The maneuver kill switch was implemented in the control software as a safety barrier
intended to allow the pilot to immediately stop the maneuver and restore normal autopilot
operation. However, a firmware update performed before the flight caused the decoupling
between the physical RC switch and the corresponding PX4 parameter responsible for
maneuver interruption. As a result, the kill switch command had no effect during the
accident sequence.

The altitude margin available for recovery also contributed to the severity of the event.
Although the minimum altitude of the automated mission had previously been increased
from 30 m to 45 m to mitigate the risks associated with low-speed flight conditions, this
margin proved insufficient to allow recovery once the aircraft entered the descending roll
motion during open-loop control.

Another factor was the low-airspeed conditions during the maneuver, which reduced
the aerodynamic effectiveness of the vertical and horizontal stabilizers. Under these
conditions, the aircraft had limited natural stability and reduced control authority, making
it more sensitive to disturbances and residual moments generated by asymmetric trim.

Finally, the control logic responsible for fixing the control surfaces during maneuver
execution did not include any validation of trim symmetry or plausibility. Once the
maneuver was initiated, the system froze the control surfaces at the computed trim values
regardless of their magnitude or balance. This design choice allowed the asymmetric trim
state to directly generate a rolling moment as soon as the autopilot was disengaged.
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Overall, the accident resulted from the combined effect of these contributing factors,
which together created conditions in which a residual rolling moment could develop
without timely detection or correction by either the automated safety logic or the pilot.

4. Accident Analysis

The accident reconstruction presented in the previous section provides a detailed
description of the event sequence and the main technical findings derived from telemetry
data and operational observations. However, understanding the broader safety implications
of the occurrence requires a structured analytical interpretation of these findings.

For this reason, the accident was further examined using established aviation safety
analysis frameworks. The analysis combines a classification of the occurrence according
to the ICAO ADREP taxonomy with a systemic interpretation based on the Swiss Cheese
Model of accident causation. The objective of this section is therefore not to repeat the
reconstruction of the event, but to interpret the identified factors within a structured
safety framework, highlighting the interaction between technical conditions, operational
procedures, and system-level defenses.

Through this approach, the accident is analyzed both in terms of occurrence categoriza-
tion and in terms of the alignment of latent weaknesses across different layers of the system.
In addition, the analysis also highlights some broader technical considerations emerging
from the experimental campaign, particularly regarding the aero-propulsive behavior and
dynamic characteristics of distributed electric propulsion configurations. These additional
insights, although not representing the direct cause of the accident, provide useful context
for interpreting the operational conditions under which the event occurred and contribute
to the broader discussion on safety in experimental DEP flight testing. In particular, the
medium-to-high-blowing condition is interpreted as an amplifying factor of the residual
roll moment, since the control derivatives depend on blowing intensity, as shown in Ref. [7].

These combined perspectives support the identification of the underlying safety mech-
anisms that allowed the event to develop and provide the basis for the safety recommenda-
tions discussed in the following sections.

4.1. ADREP Analysis

To frame the accident within a structured and internationally recognized investigation
methodology, it was analyzed using the ICAO ADREP taxonomy. Although the SwitchMas-
ter is a scaled research demonstrator and not a conventional crewed aircraft, the application
of ADREP proved useful in organizing the occurrence, events, contributing factors, and
failed barriers in a systematic way. This approach also supports traceability between raw
evidence, technical interpretation, and safety recommendations.

At the occurrence level, the event is best classified as an accident with primary category
LOC-I (Loss of Control—Inflight), since the aircraft departed from the intended flight
condition and entered an uncommanded rolling and descending motion that could not
be arrested before impact. A secondary occurrence category can be associated with SCF-
NP (System/Component Failure—Non-Powerplant), because a critical software-related
protection function, namely the maneuver interruption chain via RC switch mapping, was
ineffective. Another secondary category is HF-PRO (Human Factors—Procedural/Task
Performance), not in the sense of pilot mishandling as the primary cause, but because the
procedural safety chain did not include sufficient verification of post-firmware parameter
mapping and pre-maneuver trim plausibility. The event also falls within LALT (Low
Altitude Operations), as the low available height significantly reduced the possibility of
recovery after the upset began. The occurrence classification and the associated ADREP
categories identified for this event are summarized in Table 3.
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Table 3. ADREP occurrence.
FIELD CODE DESCRIPTION
Occurrence Class 100 Accident
Occurrence Category—Primary LOC-I Loss of Control—Inflight
Occurrence Category—Secondary 1 SCF-NP System/Component Failure—Non-Powerplant
Occurrence Category—Secondary 2 HE-PRO Human Factors—Procedural/Task performance
Occurrence Category—Secondary 3 LALT Low Altitude Operations
Event Phase 10500 Maneuvering
Event 2080700 Loss of Roll Control
Injury Level 98 No Injuries
Geographical Area 141 Italy
Operation Type 1030200 General Aviation—Training/Check
Aircraft Category 106 UAV—Model Aircraft (RC)
Landing Gear Type 5 Tricycle, Fixed
Propulsion Type 100 Electrical Engine
Mass Group 1 0-2250 kg
Damage to Aircraft 2 Substantial Damage

Regarding the event phase, the accident occurred during Maneuvering, which is con-
sistent with the fact that the aircraft was not in a nominal cruise or transit segment, but in a
dedicated test phase involving a purposely scheduled system identification maneuver. The
key event within that phase was a loss of roll control, which accurately reflects the dynamic
development observed in the data and in the reconstructed sequence. The corresponding
phase-of-flight classification is reported in Table 4.

Table 4. ADREP event phases.

Time Code Phase Event Description Evidence
1313365 10301 Takeoff run Takeoff roll. and rotation completed; Sequen.ce timing from
climb to test area mission log
13:13:46.5 10402 Cruise Short stabilized segment pre-trim check Mission mode entered

13:14:49.6 10500 M

13:14:49.8 10504 M

13:14:52.5 10504 M

13:14:54.1 10504 M

13:14:55.9 10598 M

Trim acquisition under disturbance;

aneuvering asymmetric trim computed Measured trim 6,/6,/ J,
Aneuverin Controls fixed at asymmetric trim — Loss of roll control
& roll deviation grows (LOC-I chain)

aneuvering Maneuver kill attempted Command 1ssged but
not effective
Manual selected; control still delayed
by free-response window
Collision with terrain/object on

ground (impact)

aneuvering Lockout until window end

aneuvering Ground impact recorded

A further level of analysis was performed through the identification of descriptive
factors, which characterize the observable conditions under which the event developed. In
this case, the descriptive factors include the fixation of control surfaces during open-loop
maneuver execution, the asymmetric trim condition acquired during the trim evaluation
phase, and the resulting loss of roll control shortly after the maneuver initiation.

In addition to the descriptive factors, the investigation also identified a number of
explanatory factors that contributed to the development and escalation of the accident
sequence. These factors relate to system design choices, operational constraints, and config-
uration issues that allowed the upset condition to propagate without timely mitigation. In
particular, they include the absence of real-time attitude monitoring during the maneuver,
the lack of trim symmetry validation prior to maneuver initiation, and the ineffective
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maneuver interruption caused by the decoupling between the physical RC switch and
the corresponding PX4 parameter following a firmware update. The descriptive and

explanatory factors identified for this occurrence are summarized in Table 5.

Table 5. ADREP descriptive and explanatory factors.

Factor TYPE Code Title Description Notes
The maneuver logic held the
Descriptive 11221000 Autopilot system Surface fixation f:lurmg control sgrfaces at the .
free-response window computed trim values during
the open-loop interval.
Asvmmetric aileron trim The asymmetric lateral trim
Descriptive 11576000 Ailerons and elevons Y . generated a residual
frozen during maneuver .
rolling moment.
Wind is treated only as
Descriptive 52020000,/52021700 'Wmd /other Posgble d1§tgrbed ppss1ble contextual
wind-turbulence trim acquisition disturbance, not as a
demonstrated direct cause.
o Flight crew’s control of Limited altitude margin Low available he.lght reduced
Descriptive 12240300 . , . . recovery margin after the
the aircraft’s altitude during upset
upset began.
Descriptive 12240200 thht. crew’s antrol of Low airspeed during Low alrspee(?l ‘reducedicontrol
the aircraft’s airspeed maneuver and stability margins.
Lack of real-time No automatic abort was
Explanatory 103040301 .Psy.chologlcal— . monitoring /abort trigger triggered on bank angle, roll
monitoring automation on attitude and rate, pitch angle, or
angular rates vertical-speed exceedance.
Checklist or procedural gate
Missing trim- did not require trim symmetry
Explanatory 306010200 Workplace checklists validation/abort-criteria and safety-threshold
checklist gate verification before
maneuver start.
The software/parameter
Maneuver interruption mapping allowed the
Explanatory 303020000 Software logic not robust to maneuver-kill command to
configuration change become ineffective after
firmware update.
Reliability of Maneuver-kill safety The exp ?Cteq automated safety
Explanatory 304010500 ; Lo . barrier did not perform
automation barrier ineffective .
as intended.
Human The interface/configuration
Explanatory 303000000 software/firmware Post—flrmware parameter between the RC switch and
interface mapping not verified PX4 parameter was not

verified as a go/no-go item.

Finally, the accident was analyzed in terms of safety barriers, identifying both the
barriers that were expected to mitigate the event and those that proved ineffective during
the accident sequence. These barriers include the maneuver interruption logic, the manual
override capability, and the safety checks implemented in the autopilot software. The
analysis showed that several of these barriers were either unavailable or insufficient to
prevent the escalation of the upset condition. The identified safety barriers and their status
during the accident are summarized in Table 6.
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Table 6. Safety barriers.
Barrier Domain Barrier Name Status at Event Issue Recommended
Change
Binding lost after Improve bindin
Design/Software Maneuver kill Present but ineffective firmware update; P &
not verified persistence + self-test
. Manual . Actuator release blocked Bypass window
Operations/Procedure selection override Delayed effectiveness by window on MANUAL
. Abort logic . No auto-abort on o
Automation/Safety (¢/6/p/q/r, vertical) Absent at the time bank /altitude /rate Add hard abort limits
Verification Trim symmetry Absent Nq automated plausibil- Add thresholded
validation ity /symmetry gate symmetry check

Overall, the ADREP-based analysis highlights that the accident cannot be attributed
to a single isolated failure, but rather to the alignment of multiple contributing elements
across different layers of the system. Environmental disturbances during trim acquisition,
limitations in the automated safety logic, configuration issues introduced by software
updates, and limited operational margins collectively contributed to the development of
the accident sequence.

4.2. Swiss Cheese Model Analysis

The Swiss Cheese Model provides an effective interpretative framework for this
accident because the event did not result from one catastrophic failure alone, but from
the alignment of multiple weaknesses across several layers of defense. In the present
case, each safety barrier had been conceived with the intention of either preventing unsafe
flight conditions or interrupting an upset before impact. However, the barriers were either
incomplete, unavailable, or not timely enough to stop the escalation.

The first barrier was represented by the flight-test design logic, namely the assumption
that the mission profile, selected maneuver, and minimum altitude were adequate to safely
conduct the test. This barrier was only partially effective. The flight plan had already been
modified compared to previous campaigns by raising the minimum altitude from 30 m to
45 m, acknowledging the possibility of low-speed or upset-related risk. Nevertheless, this
increase was based on engineering judgment rather than on a formal upset-recovery margin
analysis. In practice, the available height remained insufficient once the aircraft entered an
uncontrolled roll during an open-loop phase. Therefore, this barrier reduced exposure but
did not provide a sufficient margin against the specific hazard that materialized.

The second barrier was the trim acquisition process. In principle, this step should
ensure that the maneuver begins from a stable and nearly symmetric flight condition. How-
ever, at the time of the accident, trim computation relied on averaged actuator demands
over a short time window and did not verify whether the resulting values were physically
reasonable, symmetric, or compatible with safe maneuver execution. As a consequence, a
disturbed trim condition passed unchecked into the next phase of the mission. This barrier
therefore contained a latent weakness: it assumed that averaging was enough to filter
disturbances, while in reality the aircraft dynamics and wind perturbations could bias the
estimated trim values.

The third barrier consisted of the automatic onboard safety checks active during
maneuver execution. These checks were intended to abort the maneuver if abnormal
conditions arose. Yet, their implementation was incomplete and condition-dependent. In
the accident configuration, there was a check on minimum speed, but no active check on
excessive bank angle, attitude excursion, vertical path degradation, or altitude loss. Hence,
when the aircraft started to roll and descend, the logic did not classify the situation as
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Hazards

N

unsafe. This barrier therefore failed because it monitored the wrong variables for the actual
failure mode.

The fourth barrier was the maneuver kill switch, a direct pilot-triggered protection
designed to interrupt the open-loop maneuver and return the system to safer control logic.
Conceptually, this was a strong barrier because it allowed immediate human intervention.
In practice, it was ineffective because the mapping between the physical switch and the PX4
internal parameter had been lost after a firmware update. The barrier was present in design
but absent in operation. This is particularly significant from a safety perspective, because
hidden unavailability of a barrier is often more dangerous than its declared absence: the
operator expects protection to exist and may structure the mission accordingly.

The fifth barrier was the manual mode selection, which should have represented the
ultimate recovery mechanism by giving the pilot full direct authority over the aircraft.
However, because the maneuver logic kept the control surfaces fixed until the end of the
free-response interval, manual selection did not immediately restore control. Thus, even
after the pilot correctly reacted, the system architecture continued to prioritize experimental
data acquisition logic over immediate recovery authority. This barrier was not completely
absent but delayed beyond the timeframe in which it could be effective.

The sixth and final barrier was the pilot’s recovery action after control restoration.
The evidence suggests that the pilot did act in the final seconds in a way that reduced the
severity of the impact, likely by lowering speed and modifying the pitch attitude. This
partial mitigation confirms that the human recovery attempt was not the weak link of the
chain. Rather, the pilot received usable authority too late, when the remaining altitude was
no longer adequate to arrest the descent and roll motion.

Seen through the Swiss Cheese Model in Figure 8, the accident resulted from the
temporary alignment of holes across all these layers: insufficient altitude margin, unsafe
trim acceptance, incomplete automatic abort logic, unavailable maneuver kill function,
delayed manual override, and very limited recovery time.

* Barrier 1: automatic checks

o Check on minimum speed did not trigger the failsafe,
because the airspeed never went below 10 m/s, indeed it
increased due to the spiral movement.

o Inlevel flight there was not a check on altitude, as in
climb and sink modes, because the aircraft oscillates
around the setpoint.

o No checks on attitude or trim values of the CS.

* Barrier 2: manual kill switch

o The kill switch did not trigger the interruption because
the mapping between RC switch and PX4 parameter had
been lost when changing firmware.

* Barrier 3: manual control

o Manual mode activated correctly, with little delay, but the
last seconds of free response continued, keeping the
control surfaces blocked until 1.5 s before the crash.

* Barrier 4: altitude increase

Losses o Altitude of 45 m was thought to be reasonably safe, but
it has not been enough to give the pilot sufficient time.

Figure 8. The Swiss Cheese Model representation.

5. Safety Implications and Corrective Actions

This section presents the main post-accident safety lessons and corrective actions
derived from the investigation, including operational recommendations, software and
control-logic improvements, and DEP-related considerations for future automated flight-
test activities. After the accident, it was clear that the previously thought software safety
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checks and mechanisms were not sufficient to guarantee a sufficiently reliable and safe
testing platform; hence, a redefinition of the System Requirements and Safety Features
was necessary. Along with several software updates, another important outcome was
the definition of procedural checklists for each phase of the test flight, from assembly to
landing, in order to avoid gross errors and omissions in the future.

5.1. Safety Recommendations

Several general safety recommendations were formulated as a mitigation action for
some of the most representative risks identified for this type of testing activity, following
the results of a Test Hazard Analysis. The reference framework for the risk assessment and
mitigation process is reported in Appendix B. Since this study focuses on an experimental
demonstrator not intended for commercial use, the proposed safety recommendations only
represent an attempt to mitigate the risks involved in similar research activities, focusing
on the mitigation actions for the major characteristic risks identified.

The first recommendation is the necessity of integrating a real-time abort logic into
the autopilot modules, based on the analysis of sensor data and parameters, to avoid
or mitigate situations outside of the normal flight envelope that could compromise safe
execution of the flight.

Additionally, the system must guarantee that the aircraft sticks to the programmed
flight plan, made of coordinates and precise vertical profiles. This means that the system
can meet the requirements, not only the safety-related ones, only if the loaded flight plan
is feasible and tailored to the aircraft performance, and there is also the need for correct
setup of all the numerous system parameters. For example, the climb angles and minimum
altitude should be defined to maintain the aircraft in a range of visibility and in the range
of the remote control, at least for this type of application and reliability level, while keeping
a safe altitude margin and taking into account the aircraft performance.

A pre-flight wind check should also be included as an additional go/no-go criterion
before executing automated open-loop maneuvers.

Another fundamental recommendation is to be sure that the pilot is allowed by the
system to regain control at any time, through a simple operation like moving a switch
on the remote control, or at least to abort the ongoing maneuver and go back to normal
automatic flight. This would not be a trivial task if manual and autonomous features are
mixed with specific open-loop maneuvers, as in this case.

At the same time, one must be careful that the remote control binding with the flight
control system is persistent, or at least regularly checked and maintained, in order to make
all the safety-related switches, mapped to a certain frequency channel, recognized by the
system and thus effective.

Regarding the autopilot disengagement, which surely was a critical part of this FCS
implementation, its logic must embed robust rules to define the time slots when this can
happen, as previously said, whereas the input trim value for all the actuators (control
surfaces and motors) during this time window must be checked and calibrated. Hence, it is
necessary to always check the computed trim values, before going in open-loop mode and
turning the autopilot off. This is needed to avoid problems such as trim asymmetry that
could start dangerous uncontrolled rolling or pitching moments, which is what happened
in the described accident. A safer way to cope with this issue could be letting the automatic
lateral-directional control stay active during the longitudinal maneuvers, while the lateral—-
directional maneuvers work completely in open loop.

Finally, explicit safety checklists should be included in the mission sequence, in each
phase of the flight, to standardize and ensure that the right procedures are followed, along
with filling out proper test cards throughout the flight-testing activity. These checklists
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must be available during the flight tests, to be checked by the ground station operator
or the test pilot, while being ready to abort the test if evident signals show that checklist
adherence is compromised. The checklists developed and used for the SwitchMaster flight
testing are available in Appendix A.1.

5.2. Software Improvements

After the accident and its detailed analysis, as described in the previous sections, a
process of redefinition of the System Requirements was carried out, leading to an improved
implementation of the Safety Features at the software level and a set of design guidelines
to improve safety.

The first step was the addition of a new System Requirement oriented to guarantee an
acceptable level of safety in the flight-test missions, which represents the starting point for
the software updates described later. It is stated as follows:

There must be automatic controls to abort an ongoing maneuver, or to prevent its beginning,
whenever anomalous conditions are sensed in flight, such as low airspeed or altitude, critical
attitude, high vertical speed or navigation issues. The maneuvers must also be interrupted
when the aircraft is near to the altitude setpoint or to the next GPS waypoint. In addition,
at any time the Test Pilot must be able to interrupt a maneuver and possibly regain manual
control. The Glide Mode should be subjected to similar safety checks.

In the subsequent version of the autopilot software, all the safety checks were enhanced,
as a result of the accident analysis and redefinition of the requirements. Numerous automatic
Safety Features have been implemented and tested throughout the testing campaign, which in
general do not require pilot intervention and give control back to the autopilot, in case critical
or upset conditions are sensed during maneuver execution or gliding.

The Position Control schedules these control procedures periodically, through the analysis
of altitude, airspeed, sink rate, GPS position and attitude in real time. In particular, the altitude
is checked against setpoint proximity; thus, when the aircraft is near the final setpoint, either
in climb or descent, the maneuver or glide is aborted within a certain margin and the TECS
gradually reduces the vertical speed to stabilize at the final altitude. In addition, a check on
minimum altitude represents the last barrier in case of uncontrolled descent.

The control on true airspeed focuses on a certain minimum value, slightly greater than
the stall airspeed, while for the sink rate, a maximum value is checked. Also, the horizontal
GPS position is considered, as the aircraft approaches the subsequent waypoint, because
the maneuver or glide has to be interrupted before the end of the straight leg to avoid
problems entering the turn.

Additionally, pitch and roll angles must remain inside fixed thresholds while the
maneuver or glide is being executed, independently of the maneuver type, whereas the
yaw angle remains unconstrained.

In general, if a maneuver has to be aborted, the Position Control sends a message to
the Control Allocator, which interrupts it in case it is still ongoing. For the glides, instead, a
message is sent to the TECS, which is responsible for the gliding logic. The Control Allocator
can also prevent the maneuver initiation in case of out-of-bounds aileron or rudder trim
computation. An example of a source code extract implementing this particular function is
illustrated in Appendix A.2.

Lastly, the pilot can use two manual switches mapped on the remote control, one
Safety Switch to override the maneuver or glide logic and go back to normal automatic
flight and a standard Mode Switch to activate manual flight and regain full control, in
which case maneuvers and glides are immediately aborted.

Several console messages have been implemented in PX4 to describe, during the
real-time simulations, all the details related to the maneuver execution, control surfaces
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and motor trim computation, currently scheduled flight path angle and safety checks. In
particular, warning messages colored in yellow show whether the Position Control has
detected conditions for maneuver or glide abort (when the dedicated message is sent to the
other modules), and whether the Control Allocator has actually aborted it, along with a
message describing the reason. An example of console messages that appeared during a
simulated automatic mission is shown in Figure 9. These messages are equally generated
during real flight tests, but they are usually saved in the logs and then retrieved offline.

[control_allocator] EXECUTING PITCH DOUBLET...
[control_allocator] Motors offse ©.14 0.14 0.14 0.14 0.14 0.14
[control_allocator] Aileron of 0.00
[control_allocator] Elevator off 1 0.24
[control_allocator] Rudder offset: ©.02
[tecs] TECS STAND BY MODE ON
[control_allocator] —--— MANEUVER ENDED ---
[tecs] TECS STAND BY MODE OFF
[f os_control] Conditions for potential mane
F os_control] Gamma point: 46.0
[control_allocator] EXECUTING PITCH DOUBLET.

[control_allocator]
[contro locator]
[contro locator]
[control_allocator]
[tecs] TECS STAND BY
[fw_pos_control]
[control_allocator]
[control_allocator]

Motors offset:
Aileron offs
Elevator offse
Rudder offset: ©
MODE ON
itions

ER E
MANEUVER ENDED ---

[tecs] TECS STAND BY MODE OFF
[navigator] Executing Mission
[navigator] Climb to 300.0 meters above home
[fw_pos_control] Gamma tpoint: -5.0
[control_allocator] E TING PITCH DOUBLET...
[control_allocator] Motors offset: ©.28 0.28 0.2
[control_allocator] Aileron of
[control_allocator] Elevator off
allocator] Rudder offse

AND BY MODE ON
= rol] Condit

allocator] M V

[control_allocator] - MANEUVE
[navigator] Executing Mission
[tecs] TECS STAND MODE OFF
[navigator] Mission finished, loitering

Figure 9. PX4 console information messages and warnings during a simulated mission.

Another remarkable feature developed is the Failure Injection, which is able to simulate
the failure of one or more motors. In case a motor failure is injected, the Control Allocator
automatically redistributes the longitudinal thrust on the other motors, following the
allocation algorithm. Instead, for thrust asymmetry compensation, one of the Individual
Thrust Control (ITC) modes is activated.

The ITC is a broad set of features being developed which can be used to control the
roll and yaw moments using a differential thrust commanded to the motors, together with
or in place of the control surfaces. This serves to demonstrate the concept of redundancy
and potential increased safety of DEP aircraft, not only due to the presence of multiple
motors but also because those motors can be used to enhance or recover degraded control
authority in any case of motor, control surface, servo-mechanical or other failures.

These technologies are promising and allow us to expand the use case possibilities of DEP
models and increase their overall safety level, as will be discussed in forthcoming publications.

5.3. Safety Lesson from DEP-Related Dynamics

The considerations discussed in this subsection originated from the investigation of a
possible contributing mechanism, but they are not intended to identify the spiral mode as
a direct cause of the accident. The direct causal chain remains associated with the frozen
asymmetric trim condition, ineffective maneuver interruption, and delayed restoration of
manual control authority. Nevertheless, the analysis highlighted a relevant safety lesson
for future DEP flight-test activities.

After the accident, the SwitchMaster was rebuilt and the testing campaign finalized.
This allowed the final quantification of the stability and control derivatives of the airplane,
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considering the aero-propulsive interaction, in the same flight conditions of the accident,
characterized by a high blowing level.

In particular, it was observed that in such conditions, the spiral mode exhibits a lower
damping factor, highlighting a tendency of the system to approach instability [23] as the
blowing level increases.

Although this effect was not the direct cause of the accident described in this paper,
it represents an important dynamic characteristic of blown-wing DEP configurations and
must be considered in the interpretation of flight-test data and in the design of safe flight-
test envelopes.

These results suggest that, in DEP aircraft, the aero-propulsive interaction may not
only influence steady aerodynamic coefficients such as lift and drag, but also modify the
dynamic stability characteristics of the aircraft. The presence of propeller slipstream over
the wing and tail surfaces alters the effective aerodynamic environment experienced by the
aircraft, potentially affecting damping ratios, natural frequencies, and stability margins of
the lateral-directional modes.

From a flight-test safety perspective, this observation has important implications. First,
the propeller advance ratio J should be considered as an additional parameter influencing
the dynamic stability of the aircraft during experimental campaigns.

Second, the results highlight the importance of integrating aerodynamic modeling,
system identification, and flight-test safety considerations within a unified framework. In
experimental campaigns involving DEP aircraft, flight-test planning should account not
only for traditional flight envelope parameters such as airspeed, altitude, and attitude, but
also for aero-propulsive operating conditions that may alter the aircraft dynamic response.

Finally, the observations obtained during the SwitchMaster campaign suggest that
future flight-test architectures for DEP demonstrators should incorporate model-aware
safety logic, capable of adapting safety thresholds and abort criteria based on the current
aero-propulsive state of the aircraft. Such an approach could improve the robustness of
automated flight-test campaigns and reduce the risk associated with open-loop maneuver
execution in conditions where the aircraft stability margins may be reduced.

Overall, these additional insights reinforce the need for a holistic approach to DEP
flight testing, in which aerodynamic modeling, flight dynamics, control architecture, and
safety barriers are considered as interconnected elements of the same experimental system.

6. Discussion and Conclusions

This paper presented the investigation of an accident involving the SwitchMaster, a
distributed electric propulsion research demonstrator used for automated flight testing
and system identification. The event occurred during the execution of an open-loop pitch
excitation maneuver and resulted in a loss of control followed by ground impact. The
reconstruction showed that the accident was generated by a combination of multiple
factors rather than by a single isolated fault. The variable lateral wind, combined with
lateral control surface fixation, is hypothesized to have caused the airplane to drift from its
steady-flight condition.

All findings of this investigation are consistent with broader challenges in experimen-
tal aircraft flight testing and aerodynamic model identification. Flight-test maneuvers are
widely used to obtain informative dynamic responses for aerodynamic modeling, and
previous studies have shown that flight data can be used to identify nonlinear aerody-
namic models over wide portions of the flight envelope [24,25]. At the same time, DEP
demonstrators such as GL-10 and X-57 have highlighted the additional complexity intro-
duced by distributed propulsion, closed-loop control architectures, and unconventional
aero-propulsive interactions [26,27]. In this context, the SwitchMaster accident emphasizes
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the need for robust trim validation, immediate manual override authority, software config-
uration control, and independent abort criteria during automated open-loop maneuvers.

The accident discussed in this work highlights a central issue in experimental flight
testing: when automation is introduced to improve repeatability and data quality, it also
changes the hazard structure of the mission. In conventional manually piloted RC test
activity, the pilot continuously closes the loop and compensates, at least partially, for
disturbances and residual asymmetries. In the automated SwitchMaster campaign, instead,
the need for clean excitation data led to an intentional temporary removal of feedback
corrections during the maneuver. This created a condition in which even relatively small
errors in trim estimation or logic configuration could rapidly escalate into an unrecoverable
upset. Therefore, the same architecture that enabled higher-quality identification data also
introduced a new and more demanding safety problem.

The structured analysis performed through the ADREP taxonomy and the Swiss
Cheese Model confirmed that the accident should be interpreted as a layered systems
event involving software logic, operational assumptions, procedural verification gaps, and
environmental disturbance effects. This is an important result in itself, because it shows that
research flight-test accidents in small demonstrators can benefit from the same disciplined
safety analysis methods commonly used in broader aviation contexts.

A first point emerging from the analysis is that the transition between autopilot-
controlled trim holding and open-loop maneuver execution must be considered a distinct
hazard phase, not merely a technical implementation detail. In the accident flight, the
aircraft was not lost during nominal autonomous path following, nor during ordinary
manual piloting, but during this transition phase. The findings suggest that such phases
should be protected by dedicated barrier logic, including trim plausibility checks, attitude
guards, and immediate manual override authority. In other words, safety should not be
evaluated only over the global mission profile, but specifically around the control-transition
events that may expose the aircraft to latent unsafe states.

A second important element concerns the nature of the trim acquisition itself. In
principle, the idea of computing trim values from recent actuator history is reasonable and
widely used in practical test environments. However, the accident demonstrates that this
method becomes unsafe if not accompanied by validation criteria. A trim state is not merely
a numerical average: it is an operational assumption that the aircraft is in a physically
acceptable equilibrium. If the environment is disturbed, or the aircraft is oscillating, the
averaged controls may reflect the compensation of transient deviations rather than a stable
underlying trim. For this reason, future implementations should verify not only the mean
actuator values, but also signal dispersion, attitude stability, angular rates, and symmetry
conditions before accepting the trim as valid.

The event also shows the importance of distinguishing between the existence of a
safety feature and its verified availability. The maneuver kill switch was conceptually
present, but functionally absent because of an unnoticed firmware-related mapping issue.
This is a classic systems safety problem: latent configuration changes can silently invalidate
critical protections. In research campaigns, where software and firmware are updated
frequently, the probability of such latent misconfigurations is inherently higher than in
mature certified environments. Consequently, pre-flight verification procedures must
include explicit checks of all safety-critical channels, not only a generic confirmation that
the system powers on and executes the mission logic.

Another major lesson is that manual takeover authority must dominate experimental
logic at all times. The delayed restoration of control after manual mode activation was
acceptable from an identification perspective, because it preserved the free-response portion
of the maneuver, but it was not acceptable from a safety standpoint once an upset had already
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started. This paper therefore supports a clear design principle: when manual intervention is
requested, any identification-related logic should be immediately overridden. In experimental
flight testing, data integrity is always subordinate to flight safety and asset preservation.

More broadly, the case illustrates that lightweight research demonstrators used for
advanced flight-dynamics studies occupy an intermediate space between hobby-grade
RC aircraft and more formal unmanned test systems. They often lack the certification
framework, redundancy, and development assurance processes of higher-end aerospace
platforms, yet they may execute missions involving highly specialized automation, non-
standard control laws, and narrow safety margins. This mismatch can create a dangerous
illusion of simplicity. The SwitchMaster campaign shows that once an aircraft is used as
a platform for autonomous maneuver execution, system identification, and DEP-related
model validation, it should be managed with a safety culture closer to that of professional
flight-test operations than to that of conventional model flying.

The use of ADREP and Swiss Cheese analysis in this context also proved valuable.
These frameworks helped translate a technically complex accident into an organized
sequence of occurrence categories, contributing factors, failed barriers, and latent conditions.
This is especially important in research environments, where accident interpretation can
otherwise remain fragmented across software, flight-dynamics, and operational viewpoints.
By adopting structured investigation approaches, the team was able not only to explain
what happened, but also to derive corrective actions that directly informed software
upgrades and procedural reforms.

Finally, the accident must also be read in light of the scientific objectives of the cam-
paign. The broader SwitchMaster activity is devoted to studying how blowing affects
aerodynamic coefficients, stability derivatives, and control characteristics. The additional
technical findings suggest that some DEP operating conditions may reduce stability mar-
gins and modify modal behavior. This means that future safety architectures should become
more model-aware and envelope-aware, taking into account not only classical flight pa-
rameters but also the evolving aero-propulsive condition of the aircraft. In this sense, the
accident is not only a lesson in software safety or procedural rigor; it is also a reminder
that research into unconventional configurations demands an equally unconventional and
integrated safety methodology.

Beyond the specific case, this work provides a more general lesson for distributed
electric propulsion flight testing. DEP demonstrators should not be treated as simple scaled
aircraft once they are used to investigate automated maneuvers, open-loop responses,
and blowing-sensitive dynamics. Their safety architecture must reflect the complexity
of the physical and software interactions involved. In particular, the results suggest that
future automated flight-test frameworks should integrate flight-dynamics awareness, trim
plausibility assessment, control-transition protection, and stronger pilot override authority
as core design principles.

Since the analysis performed in this work refers to a single accident involving a scaled
remotely piloted research demonstrator, the conclusions should be interpreted in the context of
experimental flight testing and cannot be directly generalized to certified or full-scale aircraft.
Nevertheless, these limitations do not affect the main safety lessons identified.

In conclusion, the SwitchMaster accident represents not only a failure event to be
documented, but also a valuable source of lessons learned for the development of safer
automated flight-testing methodologies. The findings are relevant not only to the specific
demonstrator considered here, but more broadly to experimental campaigns involving un-
conventional propulsion architectures, evolving control systems, and system identification
in real flight conditions. More generally, the case suggests that future automated flight-
testing architectures should explicitly consider control-transition phases, trim validation
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mechanisms, and model-aware safety barriers as fundamental elements of the flight-test
system design.

Supplementary Materials: The log file generated during the flight test mission, used to realize the
accident analysis, is available for download at https://doi.org/10.5281/zenodo.21441555, accessed
on 1 April 2026.
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Abbreviations

The following abbreviations are used in this manuscript:

ADREP  Accident/Incident Data Reporting

DEP Distributed Electric Propulsion
FAA Federal Aviation Administration
FCS Flight Control System

GPS Global Positioning System
ICAO International Civil Aviation Organization
MU Inertial Measurement Unit

INS Inertial Navigation System

ITC Individual Thrust Control
MTOM  Maximum Takeoff Mass

PX4 PX4 Autopilot

RC Remote Control

TECS Total Energy Control System
THA Test Hazard Analysis

UAV Unmanned Aerial Vehicle
UTC Coordinated Universal Time

Appendix A
Appendix A.1. Checklists

The checklists implemented and used for the flight operations are shown in Figure A1,
divided in flight phases from assembly to disassembly, plus an emergency section.

Appendix A.2. Extract from the Improved Source Code

In the following figure, Figure A2, an extract from the improved Control Allocator
module source code is presented, where the aileron trim values are computed and the input
signal for maneuver execution is added. In particular, a safety check over the computed
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trim value is performed, which can lead to process interruption and consequent return to

the pre-maneuver state.

AIRCRAFT ASSEMBLY

LANDING

WING LEFT.
WING RIGHT « « INSERT
WING LEFT. sessssssensssLOCK
WING RIGHT seneaaLOCK

«+ « INSERT

CAN 1.. « CONNECT
CAN 2.. « CONNECT
AILERON LEFT. « CONNECT
AILERON RIGHT « CONNECT
FLAP LEFT... « CONNECT

FLAP RIGHT.uussssnnnsssseess CONNECT

RADIO MODE..
WIND.vsvanas
FLAP.....
THROTTLE +esvnass

+AS REQUIRED
«+++AS REQUIRED

AFTER LANDING

MOTORS sesaees +es 00« DISARM
BATTERY 1... DISCONNECT
BATTERY 2... DISCONNECT
RADIO svvvvnns sesessss OFF

POWER UP & PRE-FLIGHT CHECKS

AIRCRAFT DISASSEMBLY

RADIO MODE:ssssuss + o000 MANUAL

BATTERY 1. «++« CONNECT
PX4 LED. + o000 s CHECK
GPS SOUND. seseeee s CHECK

BATTERY 1.
BATTERY 2.

+FIX IN POSITION
+ee00s CONNECT
«FIX IN POSITION
RADIO CONNECTION.. seeeees s CHECK
TELEMETRY CONNECTION..........CHECK

FLAP RIGHT ssussussesseess DISCONNECT
FLAP LEFT..0uus + « DISCONNECT|
AILERON RIGHT. DISCONNECT
AILERON LEFT.. DISCONNECT
CAN 2i0vennn DISCONNECT
CAN liveenss DISCONNECT

WING RIGHT.. UNLOCK
WING LEFT... UNLOCK
WING RIGHT.. REMOVE
WING LEFT..... «REMOVE

BEFORE TAKEOFF

EMERGENCY

FLIGHT PLANE sevvvnss
AIRSPEED AUTO PILOT
ANGLES OF CLIMB
SAFETY SWITCH.. « « « CHECK
WAYPOINT l.uesusssnsnnssasess SELECT
CONTROL SURFACES.....FREE & CORRECT
BATTERY LEVEL..... s CHECK
TELEMETRY CONNECTION.........STABLE
MOTORS. s ssasnsnsssnnsnssnnsnsss s ARM
AIRCRAFT ...HOLD BY HORIZONTAL TAIL

THROTTLE. ssesaFULL POWER

MOTORS . +eeee e CHECK
THROTTLE . « + o s MINIMUM
FLAP... . «AS REQUIRED

TAKEOFF
THROTTLE......GRADUAL TO FULL POWER
WAYPOINT 1 ++++«APPROACH
RADIO MODE + s« «MISSION

AUTONOMOUS MISSION
AIRCRAFT.... + 000 MONITOR
TELEMETRY... +ee0. .MONITOR

Figure A1. The SwitchMaster checklists for testing operations.

num_actuators[1] > @

RADIO MODE.....

SAFETY SWITCH.

THROTTLE +uaue «++AS REQUIRED
TERMINATE FLIGHT ASAP

r (servos_idx = ©; servos_idx < _num_actuators[1] && servos_idx <

selected_matrix = _control_allo

ation_selection_indexes[actuator_idx];

::NUM_CONTROLS; servos_idx++

actuator_sp = _control_allocation[selected_matrix]->getActuatorSetpoint()(actuator_idx_matrix[selected _matrix]);

(_working_mode ==
servos_idx

ervos_idx == 1 || servos_idx

actuator_sp = _trims|[servos_idx];

(exec_maneuver) f

servos_idx == @

|_offsets.offset_computed_a

_offsets.offset

= 0.0f;

r( i = 0; i < WINDOW_SIZE; i++) {

_offsets.offset_a += _actuators_latest_samples[servos_idx

1
s

offsets.offset_a /= (

YWINDOW_SIZE;

_offsets.offset_computed a = K

(

(fabsf(_offsets

end_maneuver

-2f", offsets.offset_a);

trims[0]) > 0.1f) {

actuator_sp = _offsets.offset_a + roll / 2.f;

i];

Figure A2. Extract from the Control Allocator module source code.
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Appendix B. Test Hazard Analysis Reference Framework

The reference framework for the Test Hazard Analysis performed is presented in
Tables A1-A3. This framework, taken from [28] and adapted to the research scope, has
been used to define the level of risk for each hazard identified and the resulting mitigation
procedures.

All the main hazards identified were assigned a high grade of severity and probability
(from I-A to III-B), given that the reliability and redundancy level of the system under
study is not comparable with that of certified commercial aircraft. In addition, the severity
description of the hazards in the framework was rescaled to be compatible with the type of
flight-testing activity involved in this study.

Table A1. Hazard severity reference classification.

Description Category Hazard Severity

Catastrophic I Serious injury to the public or loss of the asset.

Major damage to the asset, major safety-critical system damage,
Critical I significant reduction in safety margins, or significant increase in
crew workload.

Marginal I Minor damage to the asset or minor safety-critical damage.

Not serious enough to cause damage to the asset or safety-critical

Negligible v system damage.

Table A2. Probability reference classification.

Description Level Individual Item

Likely to occur often in the life of an item, with a likelihood of

F A . -
requent occurrence greater than 1072 in any one mission.
Will occur several times in the life of an item, with a likelihood of
Probable B ) 3. -
occurrence less than 107 < but greater than 10~ in any one mission.
. Likely to occur sometime in the life of an item, with a likelihood of
Occasional C 3 5. .
occurrence less than 107~ but greater than 107> in any one mission.
Unlikely but possible to occur in the life of an item, with a likelihood
Remote D 5 6 .
of occurrence less than 107 but greater than 10™° in any one mission.
Extremely Remote E So unlikely, it can be assumed occurrence may not be experienced,

with a likelihood of occurrence less than 10~° in any one mission.

Table A3. Risk Index reference matrix.

Risk Hazard Index
I IT III v
A 1 3 7 13
B 2 5 9 16
C 4 6 11 18
D 8 10 14 19
E 12 15 17 20
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