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Abstract

An electromechanical actuator system was used on a general aviation aircraft to automati-
cally execute programmed test inputs for system identification and parameter estimation.
The flight test campaign consisted of approximately 10 flight hours with over 250 carefully
designed dynamic test inputs, including multisteps, frequency sweeps, phase-optimized or-
thogonal multisines, and the optimal inputs for parameter estimation. This paper describes
the actuator system retrofitted to the REMOS GX aircraft and the software developed
for automatic maneuver injection. The design of the flight test maneuvers is discussed
while considering the characteristics and the limits of the onboard actuator system. The
initial parameter estimation results are used to evaluate the effectiveness of the applied
methods, which is a first for a light sport aircraft. The lessons learned and the advantages
of such a system with respect to manual (piloted) flight testing will be described, as will
recommendations for future applications of electromechanical actuators to aircraft of this
weight class.

Keywords: electromechanical actuation; general aviation aircraft; system identification;
flight test; programmed test inputs; automatic maneuver injection

1. Introduction

Flight testing for system identification and parameter estimation is usually associated
with substantial costs and requires extensive effort to formulate suitable input signals. It
is imperative that the flight test objectives are clearly formulated and the input signals
are carefully designed to ensure the acquisition of flight data with sufficient information
content. The quality of the modeling results strongly depends on the applied input signals,
the test conditions, and the signal-to-noise ratio, among other things. Usually, the test
conditions and the quality of the flight data can only be influenced to a certain degree,
which is why substantial effort is spent on carefully designing control inputs that excite the
bare-airframe dynamics of the aircraft in the best way possible. Designing such inputs does
not involve any difficulty, as they can be designed prior to flight testing using many of the
excellent guidelines and recommendations provided in Refs. [1-5]. The maneuvers used for
system identification can be executed either automatically by utilizing an onboard system
or manually by a skilled and trained test pilot. Although piloted flight test maneuvers
achieve acceptable results (cf. Refs. [6,7]), automatic maneuver injection is often preferred
due to its deterministic repeatability, optimized inputs, and discrete frequencies, among
other things, and should therefore be prioritized over piloted inputs.
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Electromechanical actuators (EMAs) have been successfully demonstrated on a
wide range of fixed and rotary aircraft through actual flight tests, including system
identification [8-11] and control law design and validation [12-15]. Jensen et al. [16] re-
ported one of the first in-flight evaluations of an EMA on a NASA-modified F-18, demon-
strating the feasibility of replacing hydraulic actuators in high-performance flight condi-
tions. In an earlier fixed-wing study, Roger et al. [17] demonstrated the first active flutter
suppression system using electromechanical control surfaces, which validated the role of
EMAs in enhancing aeroelastic stability. Burnett et al. [18] extended this work by flight-
testing active flutter suppression on the X-56A testbed, showcasing the real-time control
benefits and structural efficiency gains for flexible aircraft; also, cf. [17,19]. Gruszecki
et al. [20] focused specifically on general aviation aircraft, highlighting the effectiveness of
EMAs in controlling the flight surfaces of light aircraft with high reliability and a reduced
maintenance overhead. The Institute of Aircraft Systems at the University of Stuttgart devel-
oped and tested a safety-critical electromechanical actuator for general aviation, designed
as part of a fault-tolerant, all-electric fly-by-wire system [21]. The prototype aligns with
essential performance and redundancy standards, confirming the feasibility of simplified
and reliable control for small aircraft. In the field of rotary-wing aircraft, Dieterich et al. [22]
presented the Blue PULSE™ system, effectively showcasing the use of trailing-edge flaps for
active rotor control during flight. Subsequent full-scale helicopter tests by Roth et al. [23]
corroborated these results, indicating that electromechanical actuators (EMAs) can sub-
stantially decrease rotor-induced vibrations. Further work by Dieterich et al. [24] explored
the aeroelastic implications of EMAs mounted onto rotors, establishing the foundation for
adaptive and intelligent rotor systems. Dell’Amico and Reichenwallner [25] introduced
a concise approach to evaluating flight control actuation system designs, enabling both
hydraulic and electric actuator modeling when the initial data is limited. The key actuator
characteristics estimated from industry data were integrated into a dynamic simulation
model, supporting system-level trade studies that resulted in aircraft sizing and perfor-
mance decisions. Wan et al. [26] constructed a system-level co-simulation model addressing
nonlinearities in a flap actuation system’s electromechanical actuator and linkage, such as
the joint clearance and rigid—flexible coupling. Experimentally validated, the model facili-
tates analyses of the dynamic performance and transmission accuracy, aiding in designing
high-speed, reliable actuators. For additional research on the use of electromechanical
actuators in aerospace systems where safety is paramount, cf. [27-29].

General aviation aircraft typically are not equipped with fly-by-wire or actuator
systems that can be used for automatic maneuver injection. Therefore, the main body of
literature that has addressed the identification systems for such aircraft has been based on
piloted maneuvers. Previous research [4,6,7] has discussed and analyzed the effectiveness
of using a pilot to execute maneuvers for system identification and parameter estimation.
Despite the good results shown, automatically executing designed maneuvers comes along
with a lot of advantages, such as deterministic repeatability, optimized inputs, and discrete
frequencies, among others, and should therefore be prioritized over piloted inputs. In
a research project called AMIGAA (Automatic maneuver injection for general aviation
aircraft), conducted at the Institute of Flight System Dynamics at the Technical University
of Munich (TUM-FSD), a light sport aircraft equipped with electromechanical actuators was
utilized to demonstrate the advantages and challenges of automatic maneuver injection
for this class of aircraft. The REMOS GX test aircraft is equipped with a complete flight
instrumentation setup and electromechanical servos to manipulate each control input.
The actuator system, combined with the onboard automatic maneuver injection unit,
enabled characterization of the low-risk initial system. This approach provided valuable
information on the dynamic response of the aircraft, guiding the design of subsequent,
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higher-amplitude, and optimal maneuvers. Collectively, these findings improved the
general understanding of the practical challenges and best practices in maneuver injection
for system identification for general aviation aircraft. This paper presents the lessons
learned and challenges encountered throughout the comprehensive flight test campaign
and a flight data analysis. References [30-32] present the results on system identification
and parameter estimation for the aircraft considered in this work. This article is a revised
and expanded version of a paper entitled Automated Maneuver Injection for General Aviation
Aircraft for System Identification—Lessons Learned [33], which was presented at the AIAA
SciTech Forum 2025 in Orlando, Florida, USA.

The work described in this paper is part of the recent efforts of TUM-FSD to advance
the system identification capabilities of the institute. Some of its recent work, such as
numerical optimization, optimal control, and helicopter theory, has used recent advances
in fields adjacent to system identification as the basis for advancing the existing system
identification algorithms, as well as developing new approaches [34]. The institute regu-
larly applies system identification methods to improve the flight controllers for different
aircraft, including subscale aircraft [35], a coaxial helicopter [36], a twin-engine general
aviation aircraft [37], and a wide range of electric vertical take-off and landing aircraft with
maximum take-off weights (MTOWSs) ranging from 600 kg to 2.5 T [34]. The maneuver
injection unit used in this work to execute the programmed test inputs, developed in [38],
has been used successfully in several research works.

This paper is organized as follows. Sections 2 and 3 provide detailed information on
the actuator system of the test aircraft and its instrumentation system. Section 4 describes
the design and testing of the programmed test inputs used for the initial phase 1 flight
test campaign. Section 5 presents the flight test results from both flight test phases. The
concluding remarks provided in Section 6 summarize the key findings of this work.

2. The Research Aircraft, Instrumentation, and Data Acquisition

The REMOS GX aircraft is a 600 kg maximum-take-off-weight light sport general
aviation aircraft with a single piston engine. Figure 1a,b show the REMOS GX on the
ground and in air during the flight test campaign conducted in Germany in summer 2022.
Several of the aircraft’s properties were already available prior to the conducted flight
test campaign. Among others, the components of the aircraft’'s moment of inertia were
estimated based on bifilar pendulum tests, as described in [39]. The latter were therefore
already known, albeit not published in this paper at the request of other project partners.
Table 1 summarizes some of the values of the aircraft’s mass and geometrical properties.
The REMOS GX aircraft was equipped with an inertial measurement unit that provided
a translational accelerometer, angular rate measurements, and estimated attitude angles.
A GPS sensor recorded the kinematic velocity, position, and altitude information. An
air data probe mounted onto the wingtip measured the aerodynamic angle of attack, the
sideslip angle, and the dynamic pressure. Static pressure measurements were used to
compute the barometric altitude. The position of each control surface was measured using
potentiometers mounted onto each control surface. All measurements were recorded
and synchronized at 50 Hz. Further information about the test aircraft can be found in

Refs. [40—42]. Figure 2 shows the instrumentation and data acquisition setup developed by
messWERK GmbH [43].
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Table 1. REMOS GX aircraft’s properties.
Property Value Unit
Mass max./min. 600/380 kg
Mean aerodynamic chord 1.207 m
Span 9.32 m
Wing area 10.97 m?
Length 6.64 m
Height 2.28 m
Engine Rotax 912 —
Max. engine power at wgng,,,, = 5800 RPM 74 kW

Figure 1. The light sport aircraft REMOS GX during the flight test campaign in summer 2022; aircraft
on the ground and in the air.

s
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B4 Pressure sensors |

Figure 2. Operational central instrumentation and data acquisition system; pictures taken from [43].

3. The Maneuver Injection Unit and the Actuator System

In this section, the actuator system used to execute maneuvers during flight is described.
The topics discussed include the actuator’s limitations and the actuator’s hardware integra-
tion, as well as the maneuver injection unit integrated into the onboard control system.

3.1. The Actuator System and Control System Design

The actuator system for REMOS GX consisted of four servos, one for each control
surface and one to manipulate the thrust lever. The servos are controlled by an onboard
flight control computer, running the maneuver injection software, which is responsible
for injecting the programmed test inputs as perturbations around the current control
surface deflection during flight. The rudder servo was mounted inside the legroom of the
copilot, as shown in Figure 3, and connected to the rudder pedals. The servo responsible
for manipulating the elevator was mounted further behind, while the aileron servo was
mounted directly behind the copilot’s seat. The side stick, which is an additional control
input, was used by the pilot to control the attitude of the aircraft during flight once
the actuator system was activated after establishing cruise flight after take-off. During
maneuver execution, the pilot was able to leave the primary control stick freely moving
while using the side stick to correct the aircraft’s attitude. The commands applied to the
side stick were summed with the perturbation inputs right before the actuator controller.
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Figure 3. The rudder servo mounted inside the copilot’s legroom, taken from [40].

Ground tests were designed and executed to identify linear low-order models of the
actuator dynamics for the subsequent actuator control law design. Linear frequency sweeps
with frequencies from 0.1 to 10 Hz along with designed phase-optimized multisines were
used as the perturbation input to excite each control separately while measuring the control
surface’s position, respectively. The frequency response and the low-order system for each
actuator were estimated using an equation error in the frequency domain [1,4,44] and
validated in the time domain. Figure 4 compares the magnitude and phase of the low-order
system estimated for the elevator servo on the ground with the frequency response estimate
from the phase-optimized multisines during flight, computed at the injected frequencies
for the elevator servo denoted with the “x”-markers. The actuator dynamic estimated on
the ground without external loads shows an approximate bandwidth of 1 Hz, whereas
the loaded actuator dynamic estimated from the flight data during cruise flight shows a
bandwidth of approximately 0.7 Hz, corresponding to a drop of —3 dB in magnitude from
the DC value.

This limitation in bandwidth, especially in longitudinal motion, was a severe issue
when using sharp-edged signals like multisteps to excite fast dynamic modes, e.g., short-
period mode. High-frequency modes, such as the short-period mode, required a basis
step width of approximately 0.76 s, which posed challenges for the actuator in accurately
following the command. The control system for each electromechanical servo motor was
designed using a systematic approach based on ground tests to identify the dynamics of the
open-loop actuator system. These tests involved characterizing the actuator’s response to
various inputs, e.g., frequency sweeps and multisines, which helped to model the behavior
of the system and establish the relationship between the control inputs and output motion.
Based on the identified model for each servo, a control law was designed using MATLAB®.
For each actuator, the low-order equivalent system representing the closed-loop servo,
the linkage, and the surface dynamics can be approximated as a second-order linear time-
invariant system [35]

KA“’%,:‘

§% +2w,iis + wWj

Gi(s) = e e (1)
where G; is the actuator transfer function, wy ; is the actuator’s eigenfrequency, ; is the
relative damping, K 4 is the static gain of the actuator, and T, is the equivalent time delay.
A similar transfer function was also used in [35] to model the servo dynamics for different
servos. The parameters in the actuator model (Equation (1)) were identified using the
equation error and the output error in the frequency domain [44]. The estimation results
from both methods were compared against each other and validated on complementary
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experimental data, and the respective result with the best prediction capability was used for
the design of the control law. Table 2 summarizes the actuator dynamics identified on the
ground and in the air during cruise flight at a dynamic pressure of approx. 1200 N /m? for
each control input, respectively. The input amplitude injected into the servos was similar
between the ground and flight tests. The estimated natural frequencies were slightly lower
for the flight data compared to those in the ground tests. In contrast, the estimated relative
damping was slightly higher during flight than during the ground tests. Furthermore, the
additional external aerodynamic load reduced the bandwidth of all servos during flight,
respectively. The most challenging was the servo connected to the elevator, which showed
a bandwidth of approximately 0.78 Hz, which was in the vicinity of short-period motion for
the REMOS GX. Maneuvers designed to excite the short-period motion therefore had to be
designed by accounting for the slow actuator dynamics, e.g., as is pursued when designing
the optimal maneuvers for the maximum information content [1,3,45,46]. The techniques
and practical considerations employed for the development of the optimal maneuvers are
detailed in [32,47,48].

——  TFFlight —— TFGRND

10 T T T T 177177 X Freq. Resp. Fllght T T T T 7717
O - .
Mag., .| |
dB 10
—20 |- I
30 I L I Lo I |
102 10°! 10° 10 107
Frequency, Hz
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O |- .
Phase, —100 [~ i
deg
—200 - .
—300 | Ll | Ll | RN | I
102 101 100 10 10?
Frequency, Hz

(b)
Figure 4. Frequency response of the actuator system during ground and in-flight tests, (a) magnitude
and (b) phase.

Based on the identified servo dynamics, a position controller was designed which
computed the torque commands for the internal actuator’s control electronics. The control
law utilized a proportional-integral-derived (PID) architecture and was designed using the
MATLAB® control system toolbox. The control law was tuned to optimize the actuator’s
performance while satisfying constraints such as saturating the electric current of the
onboard system and minimizing the error and overshoot. However, the actuator did not
achieve steady-state accuracy in the closed loop. As shown in Figure 5, the programmed test
inputs (PTIs) were superimposed onto the pilot’s side-stick commands and then forwarded
to the actuator controller. The resulting signals were converted into torque commands and
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sent to the corresponding mechanical servos, which manipulated the control rigs connected
to the respective control surfaces.

Table 2. The closed-loop actuator dynamics identified for each control effector, on the ground without
an aerodynamic load and in flight at § ~ 1200N/m?. fgy denotes the estimated servo bandwidth,
i.e., the frequency at which the magnitude drops 3 dB from the DC value [5,35].

On Ground T, wo,i Ci Ka fBw
Aileron ¢ 0.0165 8.28 0.54 1.58 1.6129
Elevator 0.0155 8.89 0.95 1.35 0.9771
Rudder ¢ 0.0164 9.62 0.94 2.24 1.0732
In Flight T wo,i Ti Ka fw
Aileron ¢ 0.0162 4.51 0.44 1.61 0.9586
Elevator % 0.0151 5.35 0.77 1.45 0.77526
Rudder ¢ 0.0161 5.91 0.78 2.52 0.84346

Control Stick Side Stick

I ]

A

Actuator ¢ ( )
O Controller 2 B

Servo

Figure 5. Mechanical mounting of each electromechanical actuator to the control rigs, adapted from
Ref. [40].

The control architecture integrates pilot inputs with superimposed programmed test
inputs, allowing the system to simultaneously fulfill operational control demands and
support system identification procedures. The resulting control strategy enabled accurate
and reliable surface deflections considering the low bandwidth of the actuators during
flight. Figure 6 presents the control architecture implemented in Simulink®.

ACT POS CMD Fe () ACTTRQ
T eMD
ACT POS N >
(=) Kp
RESETFLAG | 1 K1 )
[
ot

Figure 6. Actuator controller structure.

3.2. The Flight Test Maneuver Injection Unit and In-Flight Maneuver Execution

The Flight Test Maneuver Injection Unit (FTMIU) was developed in Ref. [38] and was
used as a basis for the scope of this work. The FTMIU has been implemented in Simulink®
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and provides the opportunity to inject arbitrary signals at various positions into the flight
control system. In this work, the automated signals generated by the FTMIU were added
as perturbations to the positions determined by the pilot in command.Furthermore, the
injection unit offers the capability for automatic trim point capture and verification in order
to automatically execute the dynamic programmed test inputs as soon as a predefined
trim point is reached. To maintain safe operation, the FTMIU operates in various modes,
which are summarized in Table 3. During standard cruise flight, i.e., the default operation
mode, the FTMIU remains in Standby and switches, once activated by an external command
flag, into the Execute-Maneuver mode. If the current maneuver is terminated or a failure is
detected, the FTMIU directly switches to the Wait mode and returns to the initial Standby
mode. Further details on the system architecture are provided in Ref. [38].

The FTMIU supports the design of various types of maneuvers prior to the actual
flight. Among others, phase-optimized orthogonal multisines, logarithmic and linear fre-
quency sweeps, conventional multisteps (i.e., 3-2-1-1, doublet), and the optimal inputs can
be designed on the ground and selected for injection during flight. In addition, splines,
which offer great flexibility in designing arbitrary maneuver shapes, are also implemented
in the injection system in order to provide the possibility to design and inject maneuvers of
an arbitrary shape.

Table 3. Description of FTMIU operation modes; cf. Ref. [38].

Mode Status Flag Description
Standby (SBY) 0 Initial and default mode.

Fallback mode for maneuver abortion and
Wait (WAT) — maneuver termination. Automatic transition

to Standby.
Execute-Maneuver (EMA) 1 Actlve maneuver without control surface ma-

nipulation

2 Control surface manipulation

During flight, the pilot manually flew the aircraft under a defined flight condition.
The pilot’s commands were sent via the electromechanical actuator system to the control
surfaces. Once the defined flight condition was reached, the onboard flight test engineer
was responsible for injecting the designed maneuvers using the maneuver injection system.
The programmed test inputs were added on top of the pilot’s commands right before the
actuator control system, ensuring that the pilot was always able to control the aircraft’s
attitude during the execution of the maneuver. In case of any malfunction of the onboard
maneuver injection system, the engineer could terminate the current maneuver by pressing
the termination button on the control box. Furthermore, any rapid and strong inputs
applied to the primary control units (i.e., with the control stick) by the pilot would have
disengaged the onboard actuator system, providing an additional safety barrier for the
flight crew.

Figure 7 illustrates the cockpit of the REMOS GX test aircraft during a flight test. The
commanding pilot on the left monitored the execution of the maneuvers and was ready to
adjust any critical attitudes of the aircraft using the side stick. Meanwhile, the flight test
engineer on the right was in charge of monitoring and assessing the maneuver’s execution.
Once a test input was completed, the pilot controlled the aircraft with the side stick to
direct it to the next trim point, ensuring it was in a stable trim state, and gave the go-ahead
for the subsequent programmed test input execution. The test engineer then chose the new
test input, prepared the maneuver injection unit, and, upon the pilot’s confirmation of the



Actuators 2025, 14, 310

9 of 42

loaded maneuver, initiated the maneuver. This process was methodically repeated until all
of the programmed test inputs in the flight computer had been completed.

Control
box

Control
stick

Side stick

Figure 7. REMOS GX cockpit with flight test pilot (left) and flight test engineer (right) during flight.

Figure 8 presents the executed maneuver logic implemented, as described previously.
In the lower part of Figure 8, the control box inputs applied by the flight test engineer are
presented. The corresponding event changes are provided as additional annotations on
top of Figure 8. The status values indicating the operation modes of the FTMIU during
the execution of the test input—cf. Table 3—are shown on the right y-axis. At around
17 s, the flight test engineer selects a new maneuver by pressing the corresponding button
on the control box, indicated with an orange discrete pulse signal in the lower subplot.
Once the new selected maneuver had been confirmed on the control box display, the flight
test engineer armed the maneuver injection unit and executed the selected maneuver,
as indicated by the blue and yellow step signals in the lower subplot. Note that the
corresponding events are also indicated on top of Figure 8. The maneuver was programmed
to maintain a steady-state trim condition of around 5 s before starting the actual maneuver
(during approx. 41s and 465s). This is indicated by the status flag with a value of 1. A
status flag with a value of 2 indicated that the maneuver was being executed. Once the
maneuver had terminated, the maneuver injection unit returned to the initial trim control
inputs. Additional flight time was always added afterward to record the aircraft’s response
to the maneuver executed.

Active Maneuver FT-4-9-1 FT-4-10-1
MIU Status ~ INACTIVE HOLD EXECUTING HOLD
Event Select next maneuver ARM
T T T T T T
— e | 1 [ s
1 - - - MIU Command : |
:
]
ndeg  b-----o Ao rmmmmmm— oo 1 Status
_2 1
I
|
B Tl e B Aad It e e B I Sy B ) =10
| | | | | | |
I I I I I I I ‘
1 et
Control
box 0.5 B
SWITCH ——— Arm Switch

= Counter
Execute

0 I I I I | | |
0 10 20 30 40 50 60 70 80

Time, s

Figure 8. In-flight execution of two concatenated doublets injected as perturbations into the elevator
control surface.
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4. The Design of Programmed Test Inputs and Flight Test Preparation

This section summarizes key aspects relevant to the designed flight test campaign
for the test aircraft REMOS GX and presents the selected flight test conditions used for
the execution of the dynamic programmed test inputs. The guidelines, recommendations,
and mathematical background on the maneuver design and optimization are provided in
several of Refs. [1,3] and will therefore not be repeated.

4.1. The Flight Dynamic Model

The maneuvers used for the flight test campaign were designed and tested using a non-
linear simulation model of the REMOS GX. The model was implemented in MATLAB® us-
ing the set of six-degrees-of-freedom equations of motion for a non-flat, rotating Earth [3,49].
The aerodynamic model was formulated as a conventional single-point linear model with a
quadratic drag polar

Cp= Cpg+k-C? 2)
Co= Coo+Cop-B+Cop-¢ 3)
C. = CL,0+CL,0(~¢X+CL,;7 '77+CL,,1'£]* 4)
CG= Cpo+Cec+Cp-p ()
Cm == Cm,O + Cm,a X + Cm,q : q + Cm,;7 : ’7 (6)
Ci= Cuo+Cup-B+Cug-C+Cur-r+Cup-p+Cue-C 7)
with k defined as 1
k= meAR ®

where AR is the aircraft’s aspect ratio, and e is the Oswald efficiency factor and was
estimated following Ref. [50]. The propulsion system was modeled as

o
Fp = Lp"V - (p) )
PMSL
where ny = —1 for piston engines and 1, = 0.8. The engine power Lp was modeled as a

function of the propeller’s rotational speed wg

Lp = Lp,mMsLmax - WE (10)

The engine’s rotational speed wg was modeled as a first-order linear time-invariant
system as a function of the normalized thrust lever 4. Available data sheets containing
information on the aircraft’s aerodynamics and geometry were used to initialize and
calibrate the aerodynamic and propulsion model. Unspecified parameters, e.g., ¢, C 4, and
Cn,r, were determined based on the guidelines and handbook methods provided in Ref. [50].
The aerodynamic parameters obtained were checked for their consistency compared to the
aerodynamic derivatives for other aircraft with similar geometry and mass properties. The
flight dynamic model was trimmed and linearized over a defined grid of velocities and
altitudes. The obtained flight envelope revealed a characteristic shape for a single-piston-
engine aircraft showing similar airspeed limitations to those stated in the operation manual
for the REMOS GX. Linear longitudinal and lateral models obtained from linearization
around selected cruise flight conditions were used to compute the reference values for the
aircraft’s dynamic modes of interest, i.e., phugoid, short-period, and Dutch roll, which
were then used for the subsequent maneuver design. The computed frequencies of the
dominant aircraft modes are summarized in Table 4.
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Table 4. The frequencies of the dominant modes obtained from a preliminary aircraft model used to
design the first set of maneuvers.

Mode Frequency, Hz
Short-Period 0.649
Phugoid 0.041
Dutch Roll 0.411
Roll 0.965

4.2. Maneuver Design

The maneuvers used for system identification were designed as perturbation inputs to
be executed under different flight conditions. The designed test inputs needed to fulfill the
flight test objectives under several constraints. Among other things, the maneuvers needed
to excite the bare-airframe dynamics with a sufficient signal-to-noise ratio and frequency
content while considering the limitations of the actuators. The operational and load limits
were of secondary interest because the pilot could always correct the aircraft’s response
during maneuver execution or, in the worst case, terminate the execution.

For the preparation of the initial flights, a first set of maneuvers was tested on the
ground to identify the actuator’s dynamics without external loads. Limitations and other
constraints identified during these ground tests were used to correct the maneuvers de-
signed for flight testing. Furthermore, additional maneuvers were designed to identify the
actuator limitations during flight. The flight data gained during these initial flights was
primarily used to calibrate and improve the maneuvers for the following flights.

All programmed test inputs (PTIs) were executed open-loop without a feedback
control law to control the dynamic motion of the aircraft, as shown in Figure 9, and were
summed with the pilot’s control inputs right before the actuators and the limiters. Detailed
information about the maneuver injection unit and the electromechanical servo system is
provided in Section 3.

Stick \ Excitations

Iﬂputs Stick Bare
Mapping —)@—) Actuators " Airframe —

Figure 9. Block diagram of open-loop injection of excitation inputs.

The flight test campaign conducted in AMIGAA included numerous maneuvers.
Among others, phase-optimized orthogonal multisines, multistep maneuvers, frequency
sweeps, and the optimal maneuvers were designed and executed. In total, more than
250 maneuvers were executed in the whole flight test campaign, which included over 10 h
of flight testing. Tables A2—A4 provide a summary of some of the maneuvers executed
in the scope of AMIGAA. The first flight test phase, known as phase 1, included four
flights, where each flight included different maneuvers, among others phase-optimized
orthogonal multisines, multisteps, and frequency sweeps. The goal of phase 1 was to
verify the overall test and instrumentation setup, perform data consistency checks, identify
the actuator dynamics in flight, tune the maneuver amplitude for good signal-to-noise
ratios, and improve the preliminary aircraft model used for the experimental design. The
latter was used to update and improve the maneuvers for the final test phase, referred
to as phase 2. Linear models identified from the flight data for phase 1, along with the
identified actuator dynamics, were used to design the optimal inputs for the maximum
information content for phase 2; cf. Ref. [32]. A similar division of the test phases was
used in Ref. [8] in order to first identify the actuator dynamics and then the bare-airframe
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dynamics. Table 5 and Table A2 list the maneuvers performed in each flight test phase.In
the following part of this section, a brief overview of the maneuver design process is
provided. The theory behind this is very well documented and explained in several
references, e.g., Refs. [1,3-5], which is why only the key aspects relevant to the maneuver
design conducted in this work are presented.

4.2.1. Phase-Optimized Orthogonal Multisines

Table Al presents an overview of some of the multisines designed for the flight tests in
AMIGAA. A full list of multisines is included in the appendix in Table A2. The first column
lists the maneuver marker, where the first digit represents the flight number, the second
digit the maneuver number, and the last digit the maneuver type (i.e., 3 for multisine).
Table Al also lists the target dynamic modes for each maneuver, respectively. Multisines
were designed by first selecting the base period T, which defined the base frequency of all
included harmonic frequencies [51-55]. The total duration was then selected as an integer
multiple of the base period T, as shown in Table Al. The harmonic frequencies, which
were integer multiples of the base frequency, were then assigned to each control effector
individually to ensure orthogonality in the frequency domain. The frequency distribution
among the control effectors was ensured by alternating between control effectors, as
described in Ref. [51], as well as doing so in a non-alternating manner. The multisines
were then optimized to minimize the overall amplitude applied to the aircraft while still
maintaining a high input energy. The phase angles of each multisine were therefore initially
randomly chosen and then optimized using a simplex method to obtain a low relative peak
factor, as described in Refs. [1,56]. The designed maneuvers were tested and adopted prior
to flight testing through open-loop nonlinear simulations using the flight dynamic model
described in Section 4.1. Since optimized multisines do not require a priori information
about the dynamic modes of interest, their design is, in general, aircraft-independent,
which is why the maneuver design in phase 1 was focused on multisines. The information
about the dynamic modes of interest retrieved from the preliminary flight dynamic model
was still used to restrict the frequency range covered by the multisines. For conventional
aircraft configurations, such as the REMOS GX, however, the dynamic modes of interest
usually lie in the frequency range of approximately [0.1,2] Hz [1]. Since the maneuver
injection system limited the number of frequencies to 40, various multisine configurations
were designed to vary the frequency spacing and distribution in the excitation. Figure 10
visualizes the frequency distribution and assignment among different control effectors
for four different multisine maneuvers. The maneuvers shown were designed only for
aerodynamic modeling, which is why the assigned normalized power for the propulsive
channel shows as zero for all maneuvers. Further information on multisines designed
especially for aero-propulsive modeling is provided in Section 4.2.4. Maneuver FL-4-39-3
was designed with a uniform normalized power distribution over all control effectors
over all frequencies, while maneuver FL-4-32-3 was designed with a higher normalized
power applied to the rudder. Note that maneuver FL-4-32-3 also covers a larger frequency
range than that of all other maneuvers shown. Maneuvers FL-4-31-3 and FL-4-30-3 were
designed by directly assigning the frequencies of interest to the respective control effectors:
frequencies in the vicinity of the short-period mode were assigned to the elevator, and
frequencies near the Dutch roll were assigned to the rudder control.
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Figure 10. Different frequency distributions and assignments among the control effectors for multi-

sines used in phase 1: (a) maneuver FL-4-32-3, (b) maneuver FL-4-39-3, (c) maneuver FL-4-31-3, and
(d) maneuver FL-4-30-3.

4.2.2. Multisteps

The multistep maneuvers include doublets, 3-2-1-1, and 2-1-1 square-wave signals,
where the label’s integer values indicate the relative time length of alternating sign step
changes in the input signal [3]. The maneuver injection unit used in this work allows
arbitrary sequences of square-wave signals to be designed by simply specifying the duration
of the fundamental step length (indicated with 1) and defining the corresponding multistep
sequence, e.g., 2-1-1 or 1-2-1. Arbitrary multisteps such as 2-2-1-1 can therefore easily be
designed using a few parameters. The maneuver injection system furthermore allows a
specific multistep sequence to be repeated several times, as well as adding arbitrary time
delays between each repetition. Such compound maneuvers, also described in Ref. [1],
increase the energy applied to the system and excite higher frequencies.

The fundamental step width used in each multistep was determined following the
design guidelines provided in Refs. [1,3]. Depending on the fundamental step length
and repetition, different frequencies are excited by the designed signal. The frequency
excited by a multistep is defined by the maximum input energy over a range of frequencies.
The input energy applied by a multistep signal can be quantified by the one-sided power
spectrum density based on the input signal’s Fourier transform [1]. The Fourier transform
of an arbitrary multistep with m pulses is computed from [1]

~ _ 1 z 7jwt1 . 7]‘(4}f2 ~ _ i o
d(w)=-— Y Ay (e k—e k) 1(0) = Y Ax(ty, — t1,) (11)
JW = k=1

The one-sided power spectrum density is defined as [1]

Figure 11 shows the time history and the power spectrum density for the multistep
maneuver FL-4-9-1 designed to excite phugoid motion in the aircraft. The frequency of the
phugoid mode can be approximated by
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fon ~ (éﬁ)/(zn) (13)

which corresponds to a frequency of 0.04 Hz at a reference speed of V) = 45 m/s, indicated
by the red dashed line in Figure 11. However, the maneuver shown was designed to
excite a higher frequency than calculated. A target frequency of 0.04 Hz requires a doublet
period duration of 25, corresponding to a fundamental step length of 12.5s. Simulations
using the nonlinear flight dynamic model revealed that the aircraft reached unsafe flight
conditions far from the initial trim condition, which is why the maneuver was designed to
excite a slightly higher frequency (i.e., a shorter fundamental step length) than that initially
calculated. The maneuver with the shortened fundamental step was still able to excite the
initially determined phugoid frequency because only a single doublet sequence was used.
This shifted the maximum input energy applied to the aircraft to lower frequencies; cf.
Ref. [1].
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Figure 11. A doublet maneuver to excite phugoid motion, maneuver FL-4-9-1.

Figure 12 shows maneuvers FL-3-1-1 and FL-3-3-1 designed to excite the short-period
motion of REMOS GX. The doublet maneuver in Figure 12 has a fundamental step width
of 0.76 s, corresponding to the maximum input energy at approximately 0.65 Hz, indicated
by the black dashed vertical line. Maneuver FL-3-3-1 in Figure 12 is a 3-2-1-1 maneuver
with a fundamental step width of 0.38 s, corresponding to the same target frequency as
that of maneuver FL-3-1-1. For the 3-2-1-1 maneuvers, the target frequency is bracketed by
selecting the 2 pulse to match half the period of the dynamic mode, i.e., 1/0.65 Hz = 1.54 s.
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Figure 12. Maneuvers designed to excite the short-period mode: (a) doublet FL-4-1-1, (b) 3-2-1-1
FL-5-13-1.

4.2.3. Frequency Sweeps

Frequency sweeps are only applied to one control effector at a time and usually need
a much longer execution time than multisines in order to excite the selected frequency
range [1,5]. Both reasons mean that sweeps increase the flight test time significantly, which
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is why only a few sweeps were designed and executed. Furthermore, due to the limitations
imposed by the actuator system on board (cf. Section 3), the full potential of the frequency
sweeps could not be used in the flight test campaign. The latter is also another reason why
only a few sweeps were designed and executed.

Figure A5 presents the flight data from linear frequency sweeps designed to excite the
longitudinal and lateral motion of the REMOS GX. Table A3 summarizes all of the sweeps
executed in AMIGAA, where the last digit of the maneuver marker represents the type of
maneuver (that is, 2 for the frequency sweep).

4.2.4. Maneuvers for Aero-Propulsive Modeling

Both single-input and multi-input maneuvers were designed and executed to identify
the propulsive and aerodynamic—propulsive coupling. Frequency sweeps, multisteps,
and phase-optimized orthogonal multisines were designed and executed to quantify the
propulsive and aero-propulsive interactions. Orthogonal multisines were designed using
various frequency distributions among the control effectors. Similar to the design of the ma-
neuvers used for aerodynamic modeling, the multisines used for aero-propulsive modeling
were designed to minimize the relative peak factor, as described in Refs. [1,4,7,11,44], and
included maneuvers exciting all control effectors, as well as only longitudinal excitations.
Figure 13 shows the frequency distribution for each control effector for different multisines,
respectively. The FL-9-15-3 maneuver was designed to excite all modes of the aircraft in a
frequency range of [0.1,1.6] Hz, using an alternating frequency distribution between all
possible control effectors. Maneuvers FL-9-12-3 and FL-9-17-3 were designed to excite only
the aircraft’s longitudinal motion, respectively, using a frequency distribution alternating
between only longitudinal regressors. Since the onboard maneuver injection system was
only capable of handling 40 frequencies in total, reducing the number of control effectors
used increased the number of possible frequencies available for each control input. The
FL-9-12-3 maneuver was designed with a finer frequency distribution between 7 and 4,
while the FL-9-17-3 maneuver shows a much coarser frequency selection. Maneuver FL-
9-13-3 excites only higher frequencies, i.e., in the vicinity of the short-period mode, with
the elevator, while all remaining frequencies are excited with the throttle lever. Note that
the frequency density is much higher in the lower-frequency region, i.e., in the vicinity of
phugoid motion, while only a few higher frequencies are assigned to the throttle lever.
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Figure 13. Frequency distribution of different phase-optimized orthogonal multisines used for
aero-propulsive modeling: (a) FL-9-15-3, (b) FL-9-12-2, (c) FL-9-17-3, and (d) FL-9-13-3.
4.3. Test Point Selection

The flight test campaign included nine flights in total with numerous maneuvers
executed under various flight conditions. In each flight, different maneuvers were executed
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under different flight conditions. Figure 14 shows the flight conditions under which the
programmed test inputs were executed. The selected flight conditions included flights at
low speeds and altitudes, as well as those at high speeds and higher altitudes. Different
flights are indicated with different colors, whereas the shape of each marker represents a
different type of maneuver. Local airspace restrictions limited possible flight conditions,
which is why higher altitudes were not used. The entire flight test campaign was divided
into two major flight test phases, known as phase 1 and phase 2. The phase 1 flight test
series included flights 1 to 5, while phase 2 included flights 6 to 9. The initial flight tests
in phase 1 were primarily used to correct the flight data for systematic errors, validate the
automatic maneuver execution unit, and determine the actuator’s in-flight performance,
among other things. Based on the information retrieved from the phase 1 flight test series,
the designed maneuvers were improved and updated by adjusting their amplitude and
frequency content. Some updated maneuvers were already executed in phase 1; however,
most of the improved maneuvers were executed in flight test series phase 2. Table 5 lists the
four flights that were part of the phase 1 campaign. Each flight covered different maneuvers
at different trim points.

Table 6 summarizes the four flight tests conducted in the phase 2 flight test series. The
flights included primarily improved maneuvers, such as improved multisteps, multisines
with different frequencies, and the optimal maneuvers. In some cases, similar maneu-
vers were repeated because the previous flight test results were corrupted by significant
turbulence. Flights 4 and 9 were both conducted in the morning in perfectly calm air.

Table 5. The maneuvers conducted in the initial phase 1 flight test series.

Flight Time (UTC) Maneuvers Objective
hh:mm
1 09:20 Optimized multisines, multisteps Data csonsmtency Che.Ck’ .Vahda'tlon of the au-
tomatic maneuver injection unit
) High-frequency dynamic modes, assess actu-
2 12:40 Frequency sweeps ator bandwidth in flight
3 14:50 Multisteps, optimized multisine Var} eql m.lﬂtIStep.S’ tlm.e _Skew.e(.j multisteps,
variation in amplitude in multisines
4 08:10 Multisteps, Optimized Multisine Var.l ec-l mgltlstep§, time -skew.ecli multisteps,
variation in amplitude in multisines
5 14:40 Multisteps, frequency sweeps and multisines Vahd.a.te adjusted multisteps, sweeps, and
multisines
Table 6. Improved maneuvers executed in the final phase 2 flight test series.
Flight Time (UTC) Maneuvers Objective
hh:mm
6 14:30 Multisines on thrust, multisteps on thrust :i(:ir(\)e;ate flight data with thrust channel exci-
Initial optimal maneuvers, frequency sweeps Test initial optimal maneuvers, test frequency
7 09:40 ..
on thrust and multisines sweeps on throttle
3 14:30 Optimal maneuvers, sweeps on throttle, mul- Validate improved optimal maneuvers and
’ tisines improved frequency sweeps
9 07:10 Optimal maneuvers, multisine Undisturbed flight data in calm air for im-

proved modeling results
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Figure 14. The flight test conditions and maneuvers executed in the flight test campaign of AMIGAA.

5. Flight Test Results
5.1. Maneuver Evaluation

Figure A5 presents the flight data obtained from various longitudinal and lateral
frequency sweeps designed to excite the longitudinal and lateral motion of the aircraft,
respectively. The sweeps were injected into the elevator, aileron, and rudder separately
during steady-state wing-level flight. Unlike the longitudinal sweeps applied to the eleva-
tor, the frequency sweeps applied to the aileron and rudder targeted towards the lateral
modes of interest, respectively, also excited off-axis rates. Figure 15 compares the frequency
spectra for maneuvers FL-2-4-2 and FL-9-17-3. Maneuver FL-2-4-2 is a linear frequency
sweep applied to the elevator, and maneuver FL-9-17-3 is an orthogonal multisine opti-
mized for a low relative peak factor with an alternating frequency distribution among
all of the longitudinal control inputs, i.e., the elevator and thrust lever. Both maneuvers
were designed to excite frequencies in the vicinity of short-period motion, i.e., frequency
bandwidths of [0.48,0.95] Hz for maneuver FL-2-4-2 and [0.4, 1] Hz for maneuver FL-9-17-3,
with similar control amplitudes of 2 deg of excitation for maneuver FL-2-4-2 and 2.5 deg for
maneuver FL-9-17-3. Multisine FL-9-17-3 was designed with a uniform power distribution
over all of the control effectors and frequencies, respectively. The frequency range around
the short-period region is excited well with both maneuvers; however, higher frequencies
are excited better when using the optimized multisine. The latter also clearly excites the
discrete frequencies applied by the elevator. A limitation in bandwidth is also visible
around 0.7 Hz.

] — FL-9-17-3 — FL-2-4-2

] — FL-9-17-3 — FL-2-4-2

1 1
9%, I,
deg 05| deg 0.5
O | | | L O
02 04 06 0. 1 12 14 1.6 02 04 06 08 1 12 14 16
Frequency, Hz Frequency, Hz
(a) (b)

Figure 15. Fourier transform magnitudes of (a) pitch rate and (b) elevator surface deflection during
multisine FL-9-17-3 and frequency sweep FL-2-4-2.

The effectiveness and performance of both maneuvers were compared by estimating a
single-point aerodynamic model for the vertical force coefficient C
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&c c
Cz = CZO“’CZMX"‘CZ&W +Czq2q7 + Czyn (14)

Both maneuvers had identical excitation times of 30 s and similar input amplitudes
and generated similar aircraft responses in terms of the longitudinal explanatory variables.
Both maneuvers produced different information content in the frequency domain due
to their different input energy distributions—cf. Figure 15—which is why the following
analysis was executed in the time domain. The comparison of both inputs, although both
have different input energies, is consistent with the argumentation provided in Ref. [1]. The
parameters of Equation (14) were estimated using the equation error in the time domain,
as described in Refs. [1,3]. Table 7 summarizes the estimation results obtained for both
maneuvers, respectively. In addition, the sums of the parameters’ standard errors are
provided for both maneuvers. The multisine was shown to provide lower estimation errors
for almost all of the parameters, except for Czy. Most of the parameters are in statistical
agreement between both maneuvers, except for Cz;, which is far away from the value
obtained using the multisine for the frequency sweep.

Figure 16 shows the regressor cross plots for both maneuvers, respectively. The multi-
sine maneuver produces pairwise correlation values less than or equal to those obtained
with the frequency sweep, while the largest reductions in the absolute pairwise correla-
tion are observed for the regressor pairs «c/2V—qc/2V, «c/2V-y, and a—#. Regressors
&c/2V—qc/2V are close to the common threshold of 0.9 for the flight data obtained using
the frequency sweep.

Table 7. The estimated parameters for the vertical force coefficient Cz.

0 Oms s(0) ms Osw s(0)sw
Cyzo —0.291 0.003 —0.295 0.001
Cza —5.609 0.068 —6.253 0.067
Czi —-7.073 0.569 —1.251 1.529
CZq +15.006 2.814 +16.312 3.700
CZ,7 —-0.773 0.134 —0.893 0.174

M — 3.588 — 5.472

o o}
—0.10 | ac/2vV 0.10
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Figure 16. Regressor cross plots of maneuvers both designed to excite short-period dynamics:
(a) maneuver FL-9-17-3 and (b) maneuver FL-2-4-2.

The low bandwidth of the actuators was also a major issue when using multisteps
to excite fast dynamic modes such as the short-period mode. Figure 17 presents the
in-flight performance of multistep maneuvers FL-3-1-1 and FL-3-3-1, both designed to
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excite the short-period mode; cf. Figure 12. Maneuver FL-3-1-1 is a conventional doublet
multistep with a fundamental time step of 0.76 s for exciting a short-period frequency
of approximately 0.65 Hz. Figure 17 presents the normalized frequency transform of the
injected and measured elevator deflections and their respective time histories. The actuator
is not able to follow the command properly, indicated by the lagged and alternated surface
deflection. Although the actual surface deflection lags behind the commanded deflection,
the excited frequency almost matches the target frequency. Maneuver FL-3-3-1 is a 3-2-1-1
maneuver that also targets the short-period mode, with a shorter fundamental step width
than that of FL-3-1-1 in order to bracket the short-period frequency with the slower and
faster pulse of the 3-2-1-1 sequence. The slow actuator response excites the commanded
multistep poorly; cf. Figure 17. The latter is also visible in the sudden drop in the power
distribution around 0.6 Hz, which is shown on the left-hand side in Figure 17, which is
why the 3-2-1-1 maneuver could not excite the short-period mode at all.

As expected, multisteps performed significantly better in exciting slower dynamic
modes, e.g., phugoid motion. Figure 18 shows the flight data obtained after the execution
of the FL-4-9-1 maneuver, which was designed to excite phugoid motion in the REMOS GX;
cf. Figure 11. Maneuver FL-4-10-1, as shown in Figure 18, is a direct repetition of maneuver
FL-4-9-1, with the goal of shifting the maximum injected power to higher frequencies. Both
maneuvers excite phugoid motion; however, maneuver FL-4-9-1 performs better than its
repeated version.
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Figure 17. In-flight performance of multistep maneuvers to excite the short-period mode, (a) doublet
and (b) 3-2-1-1 maneuver.

Multistep maneuvers designed to excite the dominant lateral modes did not result in
any loss of the input energy. Figure 19 presents the normalized power spectra for three
different orthogonal multisteps applied to both the aileron and the rudder in a time-skewed
manner to excite the lateral dynamic modes, e.g., Dutch roll and roll mode. The main
reason for the better excitation was that higher frequencies of interest (e.g., roll mode) were
assigned to the aileron input, which had a significantly higher bandwidth compared to
that of all other actuators, and the designed multistep could therefore be injected properly.
Lower lateral frequencies of interest (e.g., Dutch roll) were assigned to the rudder input,
which had no difficulties in exciting low-frequency multisteps.

Figure 20 presents the flight data for maneuvers FL-4-23-1, FL-5-30-1, and FL-6-29-1.
All three maneuvers presented were designed to be orthogonal to each other in the time
domain, i.e., to have an inner cross-product of zero. The longitudinal control effectors
(elevator and thrust input) were kept in trim conditions, which is why Figure 20 is reduced
to the states for lateral aircraft. In all maneuvers, the duration of the aileron doublet is
chosen to match half the duration of one rudder doublet. The time duration and amplitude
of both the aileron and rudder inputs were also varied for all three maneuvers. Unlike all
other maneuvers, maneuver FL-6-29-1 was designed to shift the maximum input energy to
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a higher frequency by concatenating each doublet input sequence several times in time, i.e.,
six times the aileron sequences and three times the rudder sequences, respectively.

Marker | FL-4-9-1 FL-4-10-1 FL-9-3-6
Velocity | 39.8 [m/s] 43.2 [m/s] 43.3 [m/s]
Altitude | 841.2 [m] 909.0 [m] 791.3 [m]
Type | Multistep Multistep Optimal Input
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Figure 18. Multistep maneuvers designed to excite the phugoid motion.
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Figure 19. Power spectral densities for various orthogonal lateral multistep maneuvers.

All three maneuvers shown in Figure 20 showed low pairwise correlations among the
lateral explanatory variables. Figure 21 compares the pairwise correlations of the lateral
explanatory variables of an optimized orthogonal multisine, designed for the aileron and
the rudder only (maneuver FL-9-22-3), with those for the orthogonal multistep maneuver
FL-6-29-1. Maneuver FL-9-22-3 was designed to excite roll and yaw motion in the aircraft
in the frequency range of 0.05 to 2.00 Hz by manipulating only the lateral controls, i.e.,
the aileron and the rudder. The atmospheric conditions for both maneuvers were very
similar in terms of wind and turbulence levels, producing similar signal-to-noise ratios.
The optimized multisine shows lower absolute pairwise correlation values for all lateral
regressor pairs. For most of the regressor pairs, however, the pairwise correlation values
are similar between both maneuvers. The regressor pairs {—, {—p, and r—p show the largest
discrepancies between both maneuvers.
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Marker | FL-6-29-1 FL-5-30-1 FL-9-8-6 FL-9-7-6
Velocity | 43.7 [m/s] 38.6 [m/s] 43.7 [m/s] 43.5 [m/s]
Altitude | 557.6 [m] 753.5 [m] 831.4 [m] 855.7 [m]
Type | Ortho. Doublet Ortho. Doublet | Optimal Input Optimal Input
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Figure 20. Orthogonal lateral multistep with several repetitions.
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Figure 21. Pairwise correlations of lateral explanatory variables: (a) orthogonal multistep FL-6-29-1
and (b) optimized multisine FL-9-22-3.
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5.2. Improvements in the Experiments from Phase 1 Flight Tests

The frequency range used for the phase 1 flight test series was selected to correspond
to the frequencies usually associated with the dominant frequencies of conventional aircraft
configurations, which usually lie between 0.10 to 2.00 Hz (cf. Ref. [1]). The maneuvers
executed during the phase 1 campaign were used to correct and refine the assumptions
about the frequencies of the dominant modes of the REMOS GX. The flight test time was
critical and limited during phase 1, which is why a fast and top-level analysis of the air-
craft’s dynamics was required to improve the excitation of the aircraft. The main analysis
is therefore focused on the frequency responses and transfer function estimates. Phase-
optimized orthogonal multisines were primarily used to update the initial information
about the aircraft’s modes. Figure A1 presents several phase-optimized orthogonal multi-
sines designed for aerodynamic modeling (excluding thrust excitation) that were designed
using the commonly known frequency spectrum mentioned before. The frequencies were
assigned to each control input in an alternating manner, as well as by varying the frequency
spectrum for each input, respectively. All maneuvers were designed using a uniform power
distribution over all frequencies. Because the maximum number of frequencies was limited
to 40 by the maneuver injection unit, the maximum number of frequencies, as well as the
finest possible frequency spacing applied to each control effector, was also limited. Further
restriction of the maximum and minimum frequency for excitation was therefore required
to improve the aircraft’s excitation and the flight data’s information content, especially in
the vicinity of the dominant modes. In terms of longitudinal motion, the most difficult
mode to excite was the short-period mode. One approach to determining the short period’s
frequency was estimating the transfer function between the elevator and the aircraft’s pitch
rate. The transfer function from the elevator to the aircraft’s pitch rate is [1]

K-(s+1/Tp))  bis+b

q
G = - = =
VG T 24 2gpwsp s+ w?,  $2+ags+ag

(15)

where ws) is the short-period frequency, and (s is the short period’s damping. The pa-
rameters of Equation (15) were estimated using equation error parameter estimation in the
frequency domain, following the recommendations provided in Ref. [44]. The parameters
estimated for the transfer function G/, are summarized in Table 8 and correspond to a
short-period frequency of approximately 0.89 Hz.

Table 8. Estimated parameters for the longitudinal transfer function from the elevator to the pitch rate.

0 Oms s(8)ms
b —23.54 0.77
bo —47.07 4.07
a 1733 0.24
) +30.95 1.30

The estimated transfer function was validated against the frequency response esti-
mated from phase-optimized multisines and multisteps from different maneuvers and
showed good prediction capabilities. Orthogonal phase-optimized multisines offer various
advantages for the computation of frequency responses. Since multisines excite a discrete
set of frequencies, there is no need to apply spectral estimation methods that require
windowing, averaging, and coherence weighting because the frequency response can be
computed at the known excitation frequencies [1,44,57]. Multisines also excite multiple
inputs simultaneously (in contrast to frequency sweeps) and therefore reduce the required
flight test time significantly. After detrending the explanatory variables in the time domain,
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the input u; and the output y; are transformed into the frequency domain utilizing the
chirp z-transform applied at the known discrete input frequencies of the injected multisine,
respectively. The frequency response is then computed from [44]

The magnitude and phase of the estimated frequency response are given by [1,5,44]

[1Hi(jeo)]| = 201ogyq /R[Hi ()2 + S[Hy )2 (17)

S[Hij(]'w)]>

R(H; ()] 18)

ZHjj(jw) = % arctan(
and are plotted against a logarithmic scale of the frequencies. The components R and < in
Equation (17) are the real and imaginary parts of a complex number, respectively. Figure A6
presents the estimated frequency response, magnitude, and phase for the estimated transfer
function (cf. Equation (15)). Analogously to longitudinal motion, the same analysis was per-
formed for lateral motion—cf. Figure A4—which yielded the estimated frequency response
of the rudder to the yaw rate. Table 9 summarizes the estimated bare-airframe frequencies
for the dominant modes used to optimize the maneuvers for the phase 2 flight test series.
Since phugoid motion could already be excited very well with the designed multisteps—cf.
maneuver FL-4-9-1—no significant update to the phugoid frequency was recognized.

Table 9. Estimated bare-airframe frequencies used for maneuver improvements.

Mode Frequency, Hz
Short-Period 0.89
Phugoid 0.05
Dutch Roll 0.48

The optimization of maneuvers conducted in preparation for phase 2 focused on
varying the excitation frequencies and input amplitudes associated with the maneuvers.
The multisines designed for phase 1 were modified by varying the frequency bandwidth
and refining the frequency spacing to effectively align the frequencies of interest with
the corresponding control effectors. Due to the limitation on the maximum number of
frequencies by the injection unit, multisines were also designed for only two control inputs,
allowing for a finer allocation of frequencies to each individual control effector. As an
example, multisines were also designed for aero-propulsive modeling exciting just the
elevator and thrust input. Due to the reduction of control inputs, the frequency spacing
could be refined for each input, improving the frequency content near the frequency of
interest. Figure A7 shows the estimated frequency response for an optimized multisine
applied only to elevator and thrust. The shown input provides a finer frequency spacing
around the estimated short-period frequency. In addition, linear models were estimated to
further improve information about the frequencies of interest from maneuvers of phase 1.
As an example, the short-period model for the REMOS GX was identified using the output
error in the time domain. The results were presented in Ref. [34] and are summarized in
Equation (19):

z.+1]| ] |z 254 (—0.14+1)] |a 023
(Zg+1) M. ( ) n ” (19)
M, |lq] " |m, ~2286 591 ||q|  |-3095
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Similar analyses were performed for the dominant lateral modes. The estimation
results obtained were used to verify the estimation results based on the frequency responses.
Using updated and longitudinal multisines with refined frequencies, the magnitude and
phase of 4/7, q/7n, and a/5 were estimated. Figure 22 shows the estimated frequency
responses against the magnitude and phase obtained from the identified linear short-period
model from Equation (19). The short period’s usual frequency range (cf. Ref. [3]) was
well covered by the updated refined multisine maneuvers. Although the actuators were
limited in bandwidth, which at first degraded the quality of the multisteps for exciting
short-period motion and imposed difficulties on its excitation, the multisines provided a
good alternative for exciting the short-period mode with an acceptable information content.

T T T T T T T 717 T T T 1T T T T 717 T T T 1 1 1 117
PUPNR

20.00 |- / q/n N
\ q/n

Mag. 0.00 o
dB
—20.00 i
Short-Period
—40.00 < ?
I I I I S I I I S | I I I S |
(a)
300.00 - T T T T T T 17T T T T T T T 1] T T T T T T T
200.00 i
Phase
deg
100.00 A
[ ]
| | I S S | | | I N | | | | N N
10! 10° 10! 10?
Frequency, rad/s

(b)

Figure 22. Frequency responses 4/1, q/1, and «/# computed from the updated single-axis phase-
optimized multisine, (a) mangitude and (b) phase.

5.3. Deterministic Repeatability of the Programmed Test Inputs

The automatic maneuver injection unit provided a significant advantage in executing
test inputs designed multiple times under different flight conditions. Figure 23 shows the
time histories of the state of the aircraft obtained from a single phase-optimized orthogonal
multisine. Each execution was carried out under the same flight conditions. The control
deflections show the exact and accurate deterministic repeatability of the designed ma-
neuvers, which could not have been accomplished by a test pilot. The measured angle of
attack and the sideslip angle directly show the lower signal-to-noise ratio during flight 8. A
comparison of the aircraft’s states reveals that in flight 8, the designed maneuver resulted
in a different aircraft response compared to the true airspeed, which is believed to be due
to the different c.g. position and mass configuration during that particular flight.

Figure 24 shows the normalized absolute Fourier transform for each control effector
injected for the three multisines discussed in Figure 23. The first row of the subplot matrix
presents the frequency content of the maneuver executed in flight 8, whereas the remaining
two rows show the results for flight 9 at different time steps. The multisine was designed
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with a uniform power distribution and an identical number of frequencies distributed
across all control effectors. It is clearly visible that the injected multisines result in the same
frequencies for the measured control surfaces, confirming the accurate repeatability of the
designed maneuver. The latter would not have been possible for an experienced test pilot
because humans naturally introduce randomness into the applied maneuvers.

—— FL-8-14-3 —— FL-9-15-3, EVT 53 —— FL-9-15-3, EVT 54
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Figure 23. The phase-optimized orthogonal three-axis multisine (FL-9-15-3) executed under different
atmospheric conditions. Only aerodynamic control effectors were moved in each maneuver while
keeping the thrust lever under the trim setting.
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Figure 24. Frequency content of different execution of maneuver FL-9-15-3.

5.4. The Actuator Dynamics in Light of External Aerodynamic Loads

Figure 25 shows three different multistep signals, doublet, 2-1-1, and 3-2-1-1, and
one optimal input maneuver designed to excite 0.5 Hz in the longitudinal motion of the
test aircraft. For all test inputs, the designed signal and the corresponding control surface
deflections are shown. The doublet maneuver was designed with a step width of 1 s
for each pulse, corresponding to a frequency of 0.5 Hz. Similarly, 2-1-1 and 3-2-1-1 were
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designed following the respective guidelines of [1,3] to excite the same target frequency.
All inputs were designed with an equal input amplitude, while the optimal inputs were
designed by considering the actuator dynamics identified during optimization to maximize
the information content. More detailed information on the design of the optimal inputs
is provided in Ref. [32]. The doublet maneuver was excited very well; however, both the
2-1-1 and 3-2-1-1 maneuvers were not excited properly because the slow actuators could
not follow the faster pulse sequences at the end of both maneuvers. The optimal maneuver
could, in contrast to all conventional maneuvers, excite each pulse properly because the
actuator’s dynamics were considered during the design.
Marker | FL-4-2-1 FL-4-4-1 FL-4-5-1 FL-9-2-6
Velocity | 39.3 [m/s] 38.4 [m/s] 39.8 [m/s] 45.1 [m/s]
Altitude | 930.5 [m] 939.6 [m] 921.3 [m] 814.8 [m]
Type | 1-1 2-1-1 3-2-1-1 Optimal Input
5 I I I I I I 7]
Aw B
[deg]
) |
| | | | | | | | |
Ag I N
[degrs) O ]

AFinj

Time, s

Figure 25. Comparison of 1-1 (doublet), 2-1-1, 3-2-1-1, and optimal input designed to excite the
short-period of REMOS GX.

Figure 26 shows the corresponding normalized power spectral density for each ma-
neuver shown in Figure 25. For each maneuver, the designed input spectra and the power
spectra computed on the basis of the measured control surface deflection are shown. Both
the doublet and the optimal input excite the target frequency; however, the doublet maneu-
ver indicates a significant shift in the maximum input power to lower frequencies. Both
2-1-1 and 3-2-1-1 show degraded input spectra at frequencies of around 0.5 Hz compared
to the designed input spectra.
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Figure 26. Comparison of the normalized power spectral density of different multistep maneuvers
and one optimal maneuver designed for a target frequency of 0.50Hz. Blue line is normalized
power spectral density of the designed input, green line is power spectral density of measured
control surface.

5.5. Maneuvers for Aero-Propulsive Modeling

Figures A2 and A3 show the flight data obtained from the frequency sweeps, time-
skewed longitudinal multisteps, and phase-optimized orthogonal multisines used for
aero-propulsive modeling. The frequency sweeps and optimized multisines were used
to identify the propulsive model, whereas the multisteps were used primarily to validate
the identified model. The identified model structure, along with the estimated parameter
values, is presented and discussed in Ref. [30].

Maneuver FL-9-15-3 was designed as an orthogonal multisine with a conventional
consecutive frequency distribution across all of the control effectors excited, i.e., &, 7, Z,
and é. This type of multisine was used primarily to identify any possible cross-coupling
effects of the longitudinal motion, including the propulsive system with lateral motion.
To decouple the longitudinal control effectors more effectively, i.e., the elevator # and the
thrust lever 4, several multisines were designed to excite the longitudinal motion only. The
frequencies were either assigned in an alternating manner or through simple engineering
judgment, as described previously in Section 4.2.4. Maneuvers FL-9-12-3, FL-9-17-3, and
FL-9-13-3 are shown as examples of the longitudinal phase-optimized multisines that
were used for aero-propulsive modeling. Both maneuvers FL-9-12-3 and FL-9-17-3 were
designed using alternating frequencies between the elevator and the thrust lever, whereas
maneuver FL-9-13-3 excited the low-frequency spectrum only in the thrust lever channel.
Maneuvers FL-9-12-3, FL-9-13-3, and FL-9-17-3 were designed to excite the longitudinal
control inputs only, whereas FL-9-15-3 was designed to excite all controls. Maneuvers
FL-9-13-3, FL-9-15-3, and FL-9-17-3 had a fundamental period of 30 s, respectively, while
maneuver FL-9-12-3 was designed with a period of 50 s, reducing the frequency spacing
of the frequencies excited; cf. Figure 13. All maneuvers had roughly the same frequency
bandwidth. All multisines shown were designed with different power spectra among the
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control effectors. In general, higher frequencies above 1 Hz were avoided for the thrust
lever channel in order to minimize the total load acting on the engine and the propeller.
Furthermore, lower frequencies applied to the thrust lever also resulted in a better response
from the aircraft with respect to the injected input.

Input design metrics, e.g., the relative peak factor, the pairwise absolute correlation,
and the variance inflation factor, quantify the efficiency and quality of a dynamic test
input for exciting the system under test for system identification and parameter estimation.
Figure 27 presents the evolution of the commonly used input design metrics against time.
Among others, the relative peak factor, the maximum absolute variance inflation factor
VIF;, the maximum absolute pairwise input correlation, and the condition number of
the input matrix U” U are shown as a function of time for the different multisine designs
designed for dynamic aero-propulsive modeling. All of these metrics were computed based
on the actual measured control inputs. The relative peak factor of a signal u; is defined
as [1]

[max(u;) — min(u;)] /2

1/ujTu]-/N

and quantifies the ratio of the input signal’s amplitude range to its root mean square value,

RPF = (20)

normalized to the peak factor of a single-frequency sinusoidal signal [1,58]. For system
identification, an RPF value close to one is desirable, as this helps to keep the system
close to its reference flight conditions [51]. Low RPF values lead to a diminished peak-to-
peak amplitude in the multisine excitation, consequently limiting the achievable temporal
gradients of the signal. Mutual orthogonality remains unaffected regardless of the phase
angles selected for the minimum RPF [2]. However, due to the actuator dynamics, mutual
orthogonality of the measured control inputs is not guaranteed. The correlation between
two signals can be assessed using the pairwise correlation coefficient 7j [1,3]

o N [55(0) - 5] (i) o

T VRN [0 — 50 BN () — %))

where ¥; and X are the mean values of the j-th and k-th regressors, respectively. As an
alternative to the pairwise correlation coefficient, the variance inflation factor, defined as

the diagonal elements of the (UTU) ! matrix, can be investigated [1]:

1

=i
]

(22)

where RJZ is the coefficient of determination of the regression of the j-th regressor, mod-
eled as a linear function of all of the other regressors in the model [1]. A VI Fj value of
1 indicates no correlation between the j-th regressor and all other regressors, whereas a
VI Fj value greater than 10 indicates high correlation, which is, however, always database-
dependent [1]. The pairwise correlation rj and VIF; can only be used to assess the correla-
tion among two regressors and can therefore not guarantee that collinearity among more
than two regressors is not present because mutual collinearity can be masked by other
regressors. To address this shortcoming, the condition number «, defined as the ratio of the
maximum to the minimum eigenvalue of the input matrix uTu, can be used [1,59]:

max (eig(UTU))

min(eig(UTQ)) @)

K =
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Figure 27. The input design metrics for aero-propulsive maneuvers assuming a regressor matrix
containing only linear terms against time, computed using the acutal measured control inputs.

This is used to identify collinearity issues among the columns of U. A value of « near
one suggests low multicollinearity, while a high x value indicates a poorly conditioned
estimation problem caused by collinearity. Depending on the dataset, x values between 100
and 100,000 are considered problematic [1,58].

The maximum absolute pairwise correlation for all control effectors as a function of
time is shown in Figure 27a. For all multisines, the maximum absolute pairwise correlation
values show a similar trend of decreasing toward low absolute correlation values. All
multisines achieve a low correlation value after approximately 25 s, independent of their
fundamental base period and frequency distribution. The maximum relative peak factor is
shown in Figure 27b. All multisines show a comparable trend of increasing slightly toward
their designed peak factor. In summary, all multisines show acceptable peak factors around
or below 1.5 after approximately 10 s. The maximum variance inflation factor VIF; is
shown in Figure 27c. Only the two multisines with the highest base periods and the lowest
frequency ranges achieve an acceptable maximum VIF; value. All of the other multisines
show significantly higher values, which is believed to be due to the sluggish response
of the servo manipulating the thrust channel. The condition number of the input matrix
UTU is shown in Figure 27d. All test inputs converge to a constant condition number of
approximately 100 or lower after approximately 10 s. Maneuvers FL-6-39-3 and FL-9-13-
3 exhibit, in general, the lowest condition number of approximately 10. The condition
number continues to decrease for all test inputs. In summary, optimized multisines with a
lower frequency content and higher base periods revealed superior input design metrics
for aero-propulsive modeling. Furthermore, guided by the results of this time-dependent
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analysis and corroborated by previous studies that have demonstrated the efficiency of
an enhanced frequency spacing [58,59], multisines with higher fundamental periods were
selected for aero-propulsive modeling.

Figure 28 shows the final cross plots of the propulsive explanatory variables for each
maneuver, respectively. In general, all of the multisines showed good pairwise correlations
among the aero-propulsive explanatory variables. Although the amplitude applied to the
thrust lever was lower than that for the other maneuvers, maneuver FL-9-15-3 showed the
best capability to decorrelate both longitudinal control effectors, which might be related
to the fact that the propulsion system could respond to lower frequencies better with
coarser frequency spacing. All of the other maneuvers discussed also showed acceptable
correlation values but were designed with a finer frequency spacing, which meant they
could not be excited precisely by the sluggish propulsion system.
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Figure 28. Cross-plots of propulsive regressors for different multisines used for aero-propulsive
modeling: (a) maneuver FL-9-12-3, (b) maneuver FL-9-13-3, (c) maneuver FL-9-17-3, and (d) maneuver
FL-9-15-3.

6. Concluding Remarks

Automatic maneuver injection was implemented on a general aviation aircraft to
produce flight data rich in information, facilitating system identification and parameter
estimation. These maneuvers were introduced into an open-loop configuration under
diverse flight conditions spanning the aircraft’s operational envelope. The test aircraft,
a REMOS GX possessing a maximum take-off weight of 600 kg, is a comprehensively
instrumented research aircraft that is employed for the evaluation of bespoke flight control
systems. The findings highlight several key lessons that are critical for the design and
execution of similar experimental campaigns. First, it is essential that the actuator linkage
designs avoid any form of kinematic singularity. Such singularities can lead to mechanical
jamming, restricting the motion of the control surfaces and compromising the pilot’s ability
to provide timely corrective inputs. Ensuring smooth and continuous kinematic behavior
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is fundamental to both safety and control fidelity. Second, the actuator selection must
consider the pilot’s override capabilities. In this study, relatively weak actuators were
chosen to allow for manual overriding at all times. Alternatively, actuators should be
equipped with dedicated fail-safe mechanisms such as clutches or shear pins to satisfy
the aviation safety requirements. This consideration is especially important in manned
flight tests, where system failures must not compromise controllability. Power management
was identified as another critical aspect. The electrical system on board light general
aviation aircraft may not be able to reliably support the additional load imposed by the
actuators. Therefore, the provision of a separate, dedicated power supply is strongly
recommended to ensure consistent actuator operation throughout the test campaign. In
addition, significant discrepancies were observed between the actuator’s performance on
the ground and in flight. Specifically, the actuator dynamics were noticeably slower in the
airborne environment. This behavior, which aligns with the findings reported for smaller
aircraft in Ref. [35], underscores the importance of characterizing the actuator behavior
under actual flight conditions rather than relying solely on ground-based assessments.
Given the actuator’s dynamic limitations and the lack of steady-state accuracy, direct
measurements of the control surface deflections proved to be vital. These measurements
enabled accurate tracking of the actual control inputs delivered to the aircraft, which
was essential for validating the excitation maneuvers and ensuring the integrity of the
identification procedures for the system. Finally, a cautious and incremental approach
to maneuver injection is strongly advised. Beginning the flight test campaign with low-
amplitude, broadband excitations,such as multisine signals, allowed for initial system
characterization with minimal risk. This strategy provided valuable information on the
dynamic behavior of the aircraft and helped inform the design of subsequent higher-
amplitude maneuvers. Together, these insights contribute to a broader understanding of
the practical challenges and best practices in maneuver injection for system identification
for light sport general aviation aircraft. Future work may expand upon these findings by
exploring adaptive control strategies and more advanced actuator technologies to enhance
the test efficiency and safety further.
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Abbreviations

The following abbreviations are used in this manuscript:

ax,y, az body-axis translational accelerometer measurements, m/ 2



Actuators 2025, 14, 310 32 of 42

p,.qr body-axis roll, pitch and yaw rate, rad/s or deg/s

¢,0,¢p euler roll, pitch and yaw angle, rad or deg

7,¢,C elevator, aileron, rudder control surface deflections, rad or deg

b wing span, m

o mean aerodynamic chord, m

Sref wing reference area, m?

m aircraft mass, kg

w, B angle of attack, sideslip angle, rad or deg

q dynamic pressure, N/m?

0 vector of model parameters

g gravitational acceleration, 9.80665 m /s’

Lp engine power, kW

) aircraft fuselage length, m

h altitude, m

t time, s

T Maneuver length, s

Py power spectrum

p normalized power spectral density

w, f frequency, rad or Hz

dB dezibel

deg degree

Mag magnitude

FITMI/MIU  FHlight Test Maneuver Injection (Unit)

\% airspeed, m/s

] advance ratio, —

T transpose

- delayed

t transform

-1 matrix inverse

" estimate

Appendix A

Table Al. Optimized multisines for the phase 1 flight test campaign.

Frequencies per Input Targeted Modes

Marker = Duration  fys0 [Hzl  finin [Hz]  fmax[Hz] ¢ 5 T ) PH SP DR RM
FL-1-1-3 3T 0.10 0.10 1.10 4 4 4 0 X X X
FL-1-3-3 3T 0.10 0.10 2.00 7 7 7 0 X X X
FL-1-5-3 1T 0.01 0.01 0.09 3 3 3 0 X
FL-1-7-3 2T 0.05 0.50 1.00 4 4 4 0 X X
FL-3-40-3 2T 0.10 0.10 3.00 10 10 10 0 X X X
FL-4-29-3 3T 0.10 0.10 1.10 4 4 4 0 X X X
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Table Al. Cont.

Frequencies per Input Targeted Modes
Marker  Duration  fp,e. [Hz]  fiin [Hz]  fiax [Hzl & i 4 S PH SP DR RM
FL-4-30-3 3T 0.10 0.10 1.10 4 4 4 0 X X X
FL-4-31-3 3T 0.10 0.10 1.10 4 4 4 0 X X X
FL-4-32-3 3T 0.10 0.10 2.00 7 7 7 0 X X X
FL-4-33-3 3T 0.10 0.10 2.00 7 7 7 0 X X X
FL-4-36-3 2T 0.05 0.50 1.05 4 4 4 0 X X
FL-4-37-3 2T 0.05 0.50 1.50 7 7 7 0 X X
FL-4-38-3 2T 0.05 0.20 1.20 7 7 7 0 X X X
FL-4-39-3 2T 0.05 0.20 1.20 7 7 7 0 X X X
FL-4-40-3 2T 0.10 0.10 3.00 10 10 10 0 X X X
Table A2. Multisine designs for the phase 2 flight test campaign.
Frequencies per Input Targeted Modes
Marker  Duration  fy,5. [Hzl  fiuin [Hz]l  finax [Hz] & N 4 1) PH SP DR RM
FL-5-5-3 2T 0.10 0.10 3.00 10 10 10 0 — X X X
FL-6-39-3 3T 0.10 0.10 1.60 4 4 4 4 — X X X
FL-7-32-3 2T 0.04 0.04 1.60 0 20 O 20 X X — —
FL-7-34-3 1T 0.03 0.03 1.20 0 20 O 20 X X — —
FL-7-35-3 1T 0.01 0.01 0.40 10 10 10 10 X — —
FL-7-36-3 3T 0.10 0.10 1.60 4 4 4 4 — X X X
FL-7-37-3 3T 0.05 0.05 2.00 10 10 10 10 — X X X
FL-7-38-3 3T 0.10 0.10 1.00 0 5 0 5 — X — —
FL-7-39-3 2T 0.03 0.03 1.20 10 10 10 10 X X X X
FL-7-40-3 3T 0.04 0.04 1.60 10 10 10 10 X X X X
FL-8-10-3 2T 0.04 0.04 1.60 0 20 0 20 X X — —
FL-8-12-3 1T 0.03 0.03 1.20 0 20 0 20 X X — —
FL-8-13-3 1T 0.01 0.01 0.40 10 10 10 10 X — —
FL-8-14-3 3T 0.10 0.10 1.60 4 4 4 4 — X X X
FL-8-15-3 3T 0.05 0.05 2.00 10 10 10 10 — X X X
FL-8-16-3 3T 0.10 0.10 1.00 0 5 0 5 — X — —
FL-8-17-3 2T 0.03 0.03 1.20 10 10 10 10 X X X X
FL-8-19-3 3T 0.05 0.05 2.00 10 10 10 10 — X X X
FL-8-20-3 2T 0.05 0.05 2.00 20 0 20 0 —-  — X X
FL-9-11-3 2T 0.04 0.04 1.60 0 20 0 20 X X — —
FL-9-13-3 1T 0.03 0.03 1.20 0 20 0 20 X X — —
FL-9-15-3 3T 0.10 0.10 1.60 4 4 4 4 — X X X
FL-9-16-3 3T 0.05 0.05 2.00 10 10 10 10 — X X X
FL-9-17-3 3T 0.10 0.10 1.00 0 5 0 5 — X — —
FL-9-18-3 2T 0.03 0.03 1.20 10 10 10 10 X X X X
FL-9-20-3 3T 0.05 0.05 2.00 10 10 10 10 — X X X
FL-9-21-3 2T 0.05 0.05 2.00 20 0 20 0 — - X X
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Table A3. Frequency sweep design parameters used to excite both longitudinal and lateral dynamics.

Excited Input

Marker Duration [s] fmin [Hz] fmax [Hz] ¢ n 4 )
FL-2-1-2 40 0.16 0.80 — X — —
FL-2-2-2 40 0.32 0.80 — X — —
FL-2-3-2 60 0.02 0.16 — X — —
FL-2-4-2 30 0.48 0.95 — X — —
FL-2-5-2 20 0.48 1.27 X — — —
FL-2-6-2 30 0.64 1.27 X — — —
FL-2-7-2 20 0.16 0.64 — — X —
FL-2-9-2 40 0.08 0.80 — — X —
FL-5-20-2 40 0.16 0.32 — X — —
FL-5-25-2 40 0.10 0.48 X — — —
FL-7-44-2 10 0.02 4.77 — — — X
FL-7-45-2 30 0.00 0.78 — — — X
FL-7-46-2 30 0.00 0.78 — — — X
FL-8-22-2 25 0.16 0.48 — — — X
FL-8-23-2 40 0.00 3.18 — — — X
FL-8-24-2 20 0.02 1.11 — — — X
FL-8-25-2 30 0.00 0.80 X — — —
FL-8-27-2 30 0.02 0.80 — — X —

Table A4. Single-input and multi-input multistep parameters to excite both longitudinal and lateral

dynamics.
Target Freq., Hz
Marker Atls] Sequence ¢ 7 4
FL-3-1-1 0.77 1-1 — 0.47 —
FL-3-2-1 0.54 2-1-1 — 0.6 —
FL-3-3-1 0.38 3-2-1-1 — 0.25 —
FL-3-12-1 0.52 1-1 0.71 — —
FL-3-13-1 0.36 2-1-1 0.87 — —
FL-4-1-1 0.77 1-1 — 0.47 —
FL-4-2-1 1.00 1-1 — 0.37 —
FL-4-3-1 1.50 1-1 — 0.25 —
FL-4-4-1 0.54 2-1-1 — 0.6 —
FL-4-5-1 0.38 3-2-1-1 — 0.25 —
FL-4-9-1 6.00 1-1 — 0.06 —
FL-4-10-1 4.00 1-1 — 0.12 —
FL-4-12-1 0.52 1-1 0.71 — —
FL-4-13-1 0.36 2-1-1 0.87 — —
FL-4-14-1 0.36 1-2-1 0.77 — —
FL-4-15-1 1.22 1-1 — — 0.3
FL-4-16-1 0.85 2-1-1 — — 0.38
FL-4-17-1 0.61 3-2-1-1 — — 0.16
FL-4-18-1 1.22-0.52 1-1,1-1 0.71 — 0.3
FL-4-19-1 0.85-0.40 2-1-1,1-2-1 0.71 — 0.38
FL-4-20-1 1.00-0.50 1-1,1-1 0.74 — 0.37
FL-4-21-1 1.50-0.75 1-1,1-1 0.49 — 0.25
FL-4-22-1 1.22-0.61 1-1,1-1 0.74 — 0.3
FL-4-23-1 1.22-0.61 1-1,1-1 0.74 — 0.3
FL-4-25-1 1.00-0.50 1-1,1-1 0.92 — 0.37
FL-4-26-1 1.50-0.75 1-1,1-1 0.61 — 0.25




Actuators 2025, 14, 310 35 of 42
Marker | FL-1-1-3 FL-4-30-3 FL-4-36-3 FL-9-15-3 FL-9-21-3
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Figure A1. Phase-optimized orthogonal multisines with different frequency selection.
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Marker | FL-9-12-3 FL-9-13-3 FL-9-15-3 FL-9-17-3
Velocity | 43.0 [m/s] 42.5 [m/s] 43.5 [m/s] 43.4 [m/s]
Altitude | 841.9 [m] 843.4 [m] 844.8 [m] 832.5 [m]
Mass | 585.4 [kg] 585.2 [kg] 584.9 [kg] 584.2 [kg]
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Figure A2. Optimized multisines for aero-propulsive modeling.
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Figure A3. Longitudinal multisteps and frequency sweeps for aero-propulsive modeling.

300

Phase, 200 |
deg
100 =
| I |
107! 10° 10! 107

Frequency, rad/s

Figure A4. Frequency Response r/{ estimated from initial optimized multisines. Solid line is
magnitude and phase of the transfer function estimated with the output-error formulation of the
maximum likelihood method in time domain.
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Figure A5. Frequency sweeps designed for both longitudinal and lateral excitations. (a) Longitudinal
sweep injected onto the elevator control. (b) Lateral sweep injected onto the aileron and rudder
control, respectively.
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Figure A6. Frequency Response q/1 estimated from initial optimized multisines, (a) magnitude and
(b) phase.
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Figure A7. Frequency Response q/17 estimated from updated and refined multisine, (a) magnitude
and (b) phase.
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