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Abstract: An aircraft’s aerodynamic stability and controllability in pitch, roll, and yaw
are determined by its flight performance and actual flight conditions. Traditional stability
augmentation systems based on gyroscopic and inertial feedback are activated only after a
disturbance has been applied, so the aircraft first acquires unwanted angular deflections and
kinetic energy that must subsequently be damped. This article proposes an integrated smart
aerometric approach that enables early detection of atmospheric disturbances before they affect
the aircraft dynamics. Its key element is an atmospheric disturbance monitoring unit based on
smart aerometric sensors located on the wingtips and in the tail section. Coupled with advanced
feedback structures in the pitch, roll, and yaw channels, these sensors reduce transient response
time and improve stability and control in turbulent conditions. The concept is evaluated by
comparative modeling in MATLAB/Simulink for classical, modern, and proposed flight control
architectures, with true airspeed relative to the speed of sound (Mach number) and load factor
taken as the key flight parameters. In stable flight, adaptive modification of the transfer function
coefficients increases the stability margin and prevents autopilot disengagement under intense
turbulence and overload; in maneuvering mode, automatic coefficient readjustment improves
controllability by reducing excess stability. The results of mathematical modeling indicate that
the proposed approach reduces the amplitude and duration of damped transient processes during
maneuvering. An explicit adaptive gain-scheduling law, a closed-loop stability analysis, and a

quantitative case study with performance indices and robustness evaluation are also presented.

Keywords: sound speed; amplitude; frequency; transient process; acrometric stability;
aircraft controllability; smart probe

1. Introduction

Aircraft flight is a complex physical and engineering process in which the aircraft’s
structure, aecrodynamic forces, flight characteristics, and environmental conditions are
constantly depending on each other’s performances [1]. During flight, an aircraft must
have several characteristics to generate sufficient lift, overcome drag, ensure structural
safety, and maintain control under various meteorological influences, such as persistent
atmospheric disturbances such as turbulence, wind gusts, wake vortices, icing, and
sudden changes in altitude and temperature.

Aircraft stability and controllability are not constant properties; they depend
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on multiple factors such as aircraft configuration, speed, altitude, air density, Mach
number, load factor, and control surface effectiveness [1,2].

Traditional flight control and stability augmentation systems typically respond
after an aircraft’s pitch, roll, or yaw input has already occurred [2,3]. Under normal
flight conditions, this feedback-based correction is generally sufficient. However, in a
disturbed atmosphere, delaying the correction can increase the amplitude of oscillations
and prolong the transient response, as well as reduce aircraft controllability. This
study explores the possibility of improving aircraft stability and controllability by using
aerometric information from smart sensors for earlier detection of airflow disturbances
and adaptive correction of aircraft rotational motion along multiple axes.

It should be clearly stated that the underlying aircraft dynamics, transfer-function
models, and Mach-number relations used in this study are classical and well established;
the novelty of the proposed approach lies not in the mathematical formulation itself, but
in the additional aerometric feedback path and the associated adaptive gain-scheduling
law, which provide earlier disturbance detection than conventional gyroscopic and

inertial feedback alone.

1.1. Flight performance characteristics

Flight performance is the ability of an aircraft to operate safely while maintaining
speed, altitude, maneuverability, and controllability under Mach-dependent and
atmospheric disturbances [1-5]. Aircraft flight is governed by the classical balance of
lift, weight, thrust, and drag, and by the resulting pitching, rolling, and yawing moments
generated by aerodynamic forces about the center of gravity [1-4]. These forces and
moments depend on air density, airspeed, angle of attack, aircraft configuration, mass,
and Mach number, and are strongly affected by atmospheric disturbances such as
turbulence, wind shear, icing, and wake-vortex encounters, which can simultaneously

excite pitch, roll, and yaw motion and increase load factor [1,4].

1.2. Aerodynamic strength, Mach number and load factor

Aerodynamic strength and controllability are directly affected by aircraft speed,
altitude, Mach number, and load factor. As altitude and temperature change, the local
speed of sound also changes; therefore, the Mach number may vary even when the

aircraft’s true airspeed remains nearly constant [1-4].

v
A = JrAs 1)

a
where M is the Mach number, Vg is the true airspeed, and « is the local speed of

sound [1,2].
The Mach number is directly linked to the aerometric method of airspeed

measurement. In a pitot-static system, the dynamic (impact) pressure is defined as
Ap=pi—p 2

where p; is total pressure and p is static pressure.

Accounting for air compressibility at flight speeds, the Mach number can be
expressed directly in terms of the measured dynamic pressure, where k is the specific
heat ratio of air [1,2]. This relation is significant for the proposed approach because
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Ap is the physical quantity measured directly by the smart aerometric probes described

in Section 3.

Apk%1
— —1]. 3
(1+p) 1] (€))

where Ap is the dynamic pressure, p; is the total pressure measured by the pitot tube, p
is the static pressure, M is the Mach number, and & is the specific heat ratio of air [1,2].

The flight Mach number is used to classify the airflow regime around an aircraft.
At low subsonic speeds, the airflow can be treated as nearly incompressible. As the
Mach number increases, compressibility effects become more important. When the
aircraft approaches the critical Mach number, some local regions of the flow may reach
sonic speed, and shock waves may begin to form [1-4].

The main flow regimes can be described as follows: low subsonic flow occurs at
M < 0.4, where compressibility effects are usually small. High subsonic flow occurs
at 0.4 <M < M,;, where the airflow remains subsonic but compressibility becomes
important. Transonic flow begins near or above M,,;;, when both subsonic and local
supersonic regions may exist around the aircraft. Supersonic flow occurs when the
flow is generally above M = 1.0. Hypersonic flow occurs at M > 5, where very strong
compressibility effects, shock-wave interactions, and aerodynamic heating become
dominant factors [1-4].

For transport aircraft, high cruise speed is operationally beneficial. However,
flight above the critical Mach number can lead to shock-wave formation and a rapid
drag increase. This additional drag is known as wave drag and is mainly associated
with energy losses and boundary-layer separation. The Mach number at which drag
starts to increase rapidly is called the drag-divergence Mach number, which is usually
close to, but higher than, the critical Mach number [1-4].

Mach number influences aerodynamic behavior, compressibility effects,
control-surface effectiveness, and stability margins [1, 3]. At the same time,
maneuvering flight, turbulence, gusts, or wake-vortex encounters may increase the

load factor [1-4]:
L

n= W 4
where n is the load factor, L is lift, and W is aircraft weight.

When the load factor increases or when the aircraft operates close to acrodynamic
limits, the available control margin may decrease. This can make the aircraft more
sensitive to disturbances and may increase oscillatory motion in pitch, roll, and yaw
channels. Therefore, Mach number, sound speed, and load factor must be considered
before analyzing aircraft stability and controllability under disturbed atmospheric

conditions [2—4].

2. Stability and controllability under disturbed atmospheric

conditions

Aircraft controllability and stability are two fundamental, but opposite

characteristics of flight dynamics. Stability describes the tendency of an aircraft



Advances in Differential Equations and Control Processes 2026, 33(3), 4719.

to return to its equilibrium condition after a disturbance, whereas controllability
describes the ability of the pilot or automatic flight-control system to change the
aircraft’s attitude and trajectory as required. In general, increasing stability improves
the natural resistance of the aircraft to disturbances, but may reduce maneuverability
and response speed. Conversely, increasing controllability can improve maneuvering
capability, but may also increase sensitivity to pilot inputs, atmospheric disturbances,
and oscillatory motion [2—4].

This balance becomes especially important under disturbed atmospheric
conditions. Turbulence, wind gusts, wake-vortex encounters, wind shear, icing, and
system failures can disturb the aircraft’s motion in pitch, roll, and yaw channels. Ifthese
disturbances are not corrected in time, they may increase transient deviations, reduce
damping, and create conditions that can contribute to loss of control in flight [2—4,6].
Although commercial aviation accident rates have decreased over recent decades,
Boeing Commercial Airplanes [6] still identifies LOC-I (Loss of Control—Inflight)
among the principal fatal-accident occurrence categories for the worldwide commercial
jet fleet in 2015-2024. This confirms that aircraft controllability, stability margins,
and disturbance response remain relevant safety-related research topics.

As shown in Table 1, although the overall accident, hull-loss, and fatal accident
rates have decreased over the last two decades, LOC-I remains one of the most severe
fatal-accident categories in terms of onboard fatalities. Therefore, improving aircraft
controllability, stability margins, and disturbance response remains an important

safety-related research direction.

Table 1. Boeing accident statistics supporting the continued relevance of aircraft stability and
controllability research [6].

Parameter/Category Period Boeing statistical data Relevance to this study
Accident rate trend Last two decades 40% decline in total accident rate Safety motivation
Hull-loss rate trend Last two decades 55% decline in hull-loss rate Severity reduction

Fatal accident rate trend Last two decades 65% decline in total accident rate Fatal-risk context
Departures Last two decades 23% increase in departures Growing exposure

Total commercial jet accidents 2015-2024 298 total accidents Ongoing risk

Fatal accidents 2015-2024 30 fatal accidents Safety-critical issue
Hull-loss accidents 2015-2024 90 hull-loss accidents Severe outcomes
Onboard and external fatalities 2015-2024 982 onboard fatalities and 66 external fatalities Human-safety impact
LOC-I 2015-2024 6 fatal accidents, 428 onboard fatalities Direct control relevance

Conventional flight-control and stability-augmentation systems operate with a
finite stability margin. In control-system analysis, this margin is commonly evaluated
through phase margin and gain margin [7-9].

Under severe turbulence, wind shear, wake-vortex encounter, or abnormal system
conditions, the aircraft may experience rapid pitch, roll, and yaw deviations. The
autopilot and stability-augmentation system must keep sufficient robustness despite
changing aerodynamic conditions.

Sometimes severe turbulence, excessive attitude deviations, pilot override,
flight-envelope protection activation, or system failures may lead to autopilot
disengagement or require manual control, depending on the aircraft type and system
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logic. When manual control is required under disturbed atmospheric conditions, pilot
workload increases. The pilot must control the aircraft, monitor flight parameters,
follow abnormal procedures, and react to external disturbances at the same time. This
may increase the probability of human-factor errors [6,10-12].

Therefore, adaptive modification of phase and gain margins under disturbed
atmospheric conditions may improve the robustness of the flight-control system [10—-12].
In this study, acrometric smart-probe information is proposed as an additional input for

earlier disturbance detection and adaptive correction of aircraft rotational motion [10—15].
Vortex disturbance and its influence on pitch, roll, and yaw motions

Wake-vortex disturbance is one of the important external atmospheric hazards that
can significantly affect aircraft stability and controllability, especially during takeoff,
approach, and landing, when the aircraft operates at low altitude. A wake vortex
generated by a preceding aircraft may create strong local airflow asymmetry and
vertical gust components, which can disturb the aircraft in pitch, roll, and yaw channels
simultaneously [2—4].

Among these motions, pitch disturbance may be considered the most dangerous at
low altitude, because a sudden nose-down response can rapidly reduce the flight-path
angle and altitude, increasing the risk of ground impact before the crew or automatic
control system can fully compensate for the deviation. Roll and yaw disturbances
are also dangerous, particularly during takeoff and landing, because they can cause
lateral-directional deviation from the runway centerline, increase sideslip, and in severe
cases lead to runway excursion or loss of directional control [2—4,16,17].

Therefore, wake-vortex influence should be considered as a critical disturbance
source in the analysis of aircraft stability and controllability under disturbed
atmospheric conditions. In this study, the wake-vortex effect is represented as a

transient vertical-gust input, as shown in Figure 1.
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Figure 1. Wake-vortex disturbance profile used in the simulation (vertical gust component).

As shown in Figure 1, the wake-vortex disturbance is represented as a
time-domain vertical-gust input with a limited effective duration. This disturbance
profile is used in the present study as an external input for evaluating the transient

response of the aircraft in the pitch, roll, and yaw channels under disturbed atmospheric
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conditions.

Because pitch motion directly affects flight-path angle, load factor, and altitude
safety margin, the pitch channel is analyzed first in the following section.

The proposed aerometric approach for measuring aerometric disturbance in
aircraft is based on the placement of pressure probes at several aircraft locations,
including the nose section, wingtips, and tail section. The general arrangement of the

pressure probes is shown in Figure 2 [15].
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Figure 2. Layout of pressure probe locations in the proposed aerometric assisted improvement
system.

3. Pitch channel stability, oscillatory motion, and controllability

Pitch motion is a main part of aircraft longitudinal dynamics and is mainly
controlled by the elevator or stabilizer. It directly affects angle of attack, flight path,
load factor, and stall margin. Under turbulence, gusts, or wake-vortex influence, the
pitch channel may experience increased oscillations and transient deviations [10,11].

The conventional pitch-rate damper is based on gyroscopic feedback. In this
structure, the pitch-rate gyro measures the developed pitch-rate response, and the
pitch-rate controller generates an elevator command through the elevator actuator to
damp the oscillatory motion [7,8,10,11].

As shown in Figure 3, the controller begins correction only after the pitch-rate
deviation has already appeared. Therefore, under turbulence, gusts, or wake-vortex
disturbance, the aircraft may first experience increased pitch oscillation before the
damping action becomes effective. This limitation motivates the use of additional
aerometric information for earlier disturbance detection and adaptive correction [10—15].

Since wake-vortex disturbance contains a vertical-gust component, it can directly
influence the longitudinal motion of the aircraft. In the pitch channel, such a
disturbance may change the angle of attack, flight-path angle, and altitude safety
margin. Therefore, before introducing the proposed aerometric-assisted correction, the
conventional pitch-control feedback structure should be considered.

6
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Figure 3. Simplified conventional pitch-rate damper architecture based on gyroscopic
feedback.

The pitch-angle control system can be represented as a feedback structure with two
control loops. The inner loop uses pitch-rate feedback to improve damping and suppress
short-period oscillations, while the outer loop uses attitude-angle feedback to maintain
the required pitch attitude. This structure improves longitudinal stability compared with
a single feedback loop; however, the correction begins after the pitch-rate or pitch-angle
deviation has already developed [1].

As shown in Figure 4, the pitch-control system uses both rate-gyro and
attitude-gyro feedback. The inner rate loop increases damping of pitch oscillations,
whereas the outer attitude loop reduces steady pitch-angle error and supports attitude
tracking. However, this architecture does not directly measure the incoming airflow
disturbance. Therefore, during a wake-vortex encounter, the aircraft may first
experience pitch deviation before the feedback system generates the corrective

elevator command.
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Figure 4. Simplified block diagram of the pitch-angle control system with inner pitch-rate
feedback and outer attitude-angle feedback.

The importance of pitch-channel stability becomes more evident when it is
connected with altitude control. In a basic altitude-control system, the elevator
command changes the aircraft’s longitudinal dynamics, which affects the altitude
response. Therefore, a wake-vortex-induced pitch disturbance can also produce an
altitude deviation, especially when the aircraft operates at low altitude during approach
or landing [1].

As shown in Figure 5, altitude control depends on the elevator servo, aircraft
longitudinal dynamics, and altimeter feedback. A disturbance in the pitch channel can
therefore propagate into the altitude-control loop. At low altitude, this is especially
critical because even a short nose-down transient response may reduce the available
altitude margin. This explains why pitch disturbance is considered more dangerous
than roll and yaw disturbances during low-altitude wake-vortex encounters. Roll and
yaw deviations may cause runway-centerline deviation or runway excursion, whereas

severe pitch deviation may directly increase the risk of ground impact [1,2,4].
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Figure 5. Simplified altitude-control system showing the relationship between elevator
deflection, longitudinal dynamics, and altitude feedback.

The pitch-motion dynamics can be represented by the following second-order
differential equation [2,4,11,18]:

0 + 2Cwnd + w20 = Ko (5)

Where,

0 is the pitch angle (rad),

0 is the pitch angular rate (rad/s),

¢ is the damping ratio,

wn, is the natural frequency,

0 is the elevator deflection angle,

Ky is the pitch-control effectiveness coefficient.

This mathematical representation shows that the conventional pitch-rate damper
is mainly based on the measured pitch response and elevator feedback. Although
this structure can damp pitch oscillations, its corrective action begins only after the
pitch-rate deviation has already developed. Under atmospheric disturbances, such as
turbulence, gusts, or wake-vortex encounters, this delay may increase the transient
pitch response and reduce the available stability margin. Therefore, an additional
information source is required to detect disturbance development earlier and support
faster pitch-channel correction. Based on this limitation, the following subsection
introduces the aerometric-assisted pitch-channel stability augmentation concept [10—15].

3.1. Practical feasibility of aerometric sensing

The practical implementation of the proposed aerometric-assisted approach
depends on the dynamic characteristics of the smart aerometric probes. Modern
pressure-based smart probes typically offer response times in the range of a few
milliseconds to tens of milliseconds, which is significantly faster than the characteristic
time scales of aircraft rotational dynamics considered in this study. Pressure resolution
on the order of tens of pascals is achievable with current MEMS-based and pitot-static
sensor technology, sufficient to detect pressure variations from gusts and wake-vortex
encounters before they translate into significant angular motion. Installation on the
wingtips and tail section requires structural integration and periodic calibration against
reference pitot-static systems. A detailed sensor-level uncertainty and calibration
analysis is beyond the scope of this conceptual study and is identified as a step toward

flight-hardware implementation.
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3.1.1. Aerometric-assisted pitch-channel stability augmentation concept

The proposed approach is based on the use of aerometric smart-probe information
as an additional input to the conventional stability-augmentation system. In a classical
feedback structure, the control system reacts after angular motion has already appeared.
In the proposed structure, pressure-based aerometric signals provide earlier information
about airflow asymmetry and external disturbances [13—15].

To illustrate the proposed pitch-channel concept, the principle structure of the

aerometric-assisted pitch-stability control system is shown in Figure 6.

Disturbance

Aecrometric sensing
v
+ q 0

Pitch Controller —DQ—P Elevator servo P Controlled Object » l

®

Pitch Rate Gyro |<

| Pitch Angle Sensor I:

Figure 6. Principle structure of the aerometric-assisted pitch-stability control system.

As shown in Figure 6, the proposed pitch-stability system combines several
feedback and compensation paths. The pitch controller generates the basic elevator
command, while the elevator servo represents the actuator dynamics. The controlled
object describes the aircraft’s longitudinal pitch response. The pitch-rate gyro and
pitch-angle sensor provide conventional and modern feedback information, whereas the
aerometric sensing block detects airflow disturbance before the pitch deviation becomes
fully developed.

This architecture is important because pitch disturbances may develop rapidly
under wake-vortex, gust, or asymmetric airflow conditions. In a conventional feedback
loop, the controller reacts mainly after pitch motion has appeared. In the proposed
structure, the aecrometric channel provides additional disturbance-related information
and supports earlier corrective action. This can reduce pitch-angle deviation, suppress
oscillation amplitude, and improve transient damping under disturbed atmospheric
conditions.

The aerometric channel is not intended to replace gyroscopic or inertial
sensors [13—15]. Instead, it works as an additional feedback and preview-information
source. This allows the controller to adapt its response before large pitch, roll, or yaw
deviations develop.

In this study, the adaptive correction is implemented through modified controller
gains under disturbed atmospheric conditions. The objective is to increase phase and
gain margins, reduce oscillation amplitude, and shorten the transient response in aircraft
rotational motion.

The general structure of the proposed aerometric-assisted stability augmentation
system is shown in Figure 7.
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Figure 7. Proposed aerometric-assisted stability augmentation architecture.

As shown in Figure 7, the proposed architecture combines the conventional
angular-rate feedback loop with an additional aerometric channel. The aerometric
signal is used to detect airflow disturbance earlier and to support adaptive correction of
the control command. This structure allows the system to improve damping and reduce
transient rotational deviations under disturbed atmospheric conditions.

Compared with the conventional pitch-rate damper, the modified structure
includes an additional disturbance path. The pitch-rate controller still generates the
main elevator command based on gyroscopic feedback, while the disturbance input
represents an external acceleration or airflow perturbation acting on the pitch channel.
This configuration is used to evaluate how the controller responds when the aircraft is

exposed to disturbed atmospheric conditions.

Wy(s) = 0(8) "o

5p(s) 52+ 2(wns + w2’ ©

where W (s) is the pitch-angle transfer function, f(s) is the pitch-angle output, dz(s)

is the elevator deflection input, and s is the Laplace operator, Ky is the pitch-control

effectiveness coefficient, ¢ is the damping ratio, and wj, is the natural frequency.
Since the final response is evaluated in terms of pitch angle, the pitch angle is

obtained by integrating the pitch-rate response:

0(s) = —=. (7

In this study, the pitch-channel response is analyzed by comparing the
conventional feedback controller with the proposed aerometric-assisted adaptive
controller. The objective is to evaluate whether the additional aerometric information
can reduce pitch oscillation amplitude and shorten the transient response under

disturbed atmospheric conditions [10,11].
3.1.2. Pitch-angle response comparison

The pitch-angle response was compared for three stability-augmentation
approaches: the conventional controller, the modern controller, and the proposed
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aerometric-assisted controller. The comparison was performed under the same

disturbed atmospheric conditions in order to evaluate the influence of the control

architecture on pitch-angle deviation, oscillation amplitude, and transient damping.
The response curves shown in Figure 8 were obtained from the simulation models

developed based on the control architectures presented in Figures 3, 4, and 6.

h(t)

== Conventional
I’\\ Modern
5 ! \\ —— Aerometric assisted improvement
/ A

I \

I 1

1 )

14 J v
[} L \
b // \
c ¥ W
=3 / \ 7SN
v | L~ \ ~a =
3 07 ~—— 7 ——="
< \ ll
\
2 v
a N\
—14
—2)
0 1. 2 3 4 5 6 7 8

t(s)

Figure 8. Pitch-angle response comparison of the conventional, modern, and

aerometric-assisted stability augmentation approaches.

As shown in Figure 8, the conventional approach exhibits the largest pitch-angle
oscillation amplitude and the slowest damping response. The modern approach
improves the transient behavior by reducing both the maximum pitch deviation and the
oscillation amplitude. However, the proposed acrometric-assisted approach appears to
provide a more favorable transient response, with visibly lower pitch-angle deviation
and reduced oscillation amplitude compared with the other two architectures under
the disturbance condition considered. These qualitative observations suggest that the
additional aerometric disturbance information may improve pitch-channel damping.
A quantitative case study confirms this trend: under the design gust considered (see
Section 7), the aecrometric-assisted architecture reduces peak pitch-angle deviation by
94.9% relative to the conventional approach and by 92.2% relative to the modern

approach, using gains selected under identical stability-margin and control-effort
constraints for all three architectures.

4. Roll channel stability and controllability

Roll motion is a main part of aircraft lateral dynamics and is mainly controlled
by ailerons or spoilers. It directly affects bank angle, maneuvering capability, lateral
stability, and flight-path control. Under turbulence, gusts, or wake-vortex encounters,
the roll channel may experience rapid angular deviations because external airflow
disturbances can generate additional rolling moments [19-21].

The conventional roll-rate damper is based on gyroscopic feedback. In this
structure, the roll-rate gyro measures the developed roll-rate response, and the roll-rate

controller generates an aileron command through the aileron actuator to damp lateral
oscillatory motion [19-21].

11
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As shown in Figure 9, the conventional roll-rate damper operates as a feedback
system. The controller begins correction only after the roll-rate deviation has already
appeared. Therefore, under turbulence, gusts, or wake-vortex disturbance, the aircraft
may first experience increased roll deviation before the damping action becomes
effective [7,12,19,21].

¢=0 Roll Rate Aileron %4
—>

Controller Actuator 0a(s)

Roll Rate Gyro |«

Figure 9. Simplified conventional roll-rate damper architecture based on gyroscopic feedback.

o(s) Ko

W (s) = = :
0A(s) 8%+ 2pwons +wh,

3(s)

®)

where W (s) is the roll-rate transfer function, (s) is the roll-rate output, § 4(s) is the
aileron deflection input, s is the Laplace operator, Ky is the roll-control effectiveness
coefficient, (4 is the roll-channel damping ratio, and wg,, is the roll-channel natural

frequency.

¢(s) = : )

Since the final response is evaluated in terms of roll angle, the roll angle is obtained
by integrating the roll-rate response.

This conventional structure provides the baseline roll-channel model. However,
it does not use direct airflow-disturbance information. Therefore, the roll channel
was further analyzed using an aerometric-assisted roll-stability architecture, where an
additional acrometric sensing path is introduced to support earlier detection of lateral
airflow asymmetry [13-15,19].

This section extends the previous roll-angle response comparison by showing the
internal control-loop structure, the corresponding MATLAB/Simulink implementation,
and the time-domain behavior of the main system signals [20,21].

Roll stability is affected not only by the roll angle itself, but also by roll rate,
sideslip-related lateral motion, actuator delay, sensor dynamics, and external airflow
disturbances. Therefore, the proposed roll-stability architecture includes a conventional
roll controller, an aileron servo, the controlled aircraft roll dynamics, roll-rate feedback,
sideslip-angle feedback, and an additional aecrometric sensing channel [19-21].

In addition to the conventional roll-rate damper, the roll channel can be represented
by a two-loop roll-angle control structure. In this architecture, the inner loop uses
roll-rate feedback to improve damping, while the outer loop uses roll-angle feedback
to maintain the required bank angle and improve attitude tracking [1].

As shown in Figure 10, the modern roll-control structure provides better damping
and bank-angle regulation than the conventional roll-rate damper. However, a
corrective aileron command is generated only after a speed or bank angle deviation
has already occurred. Therefore, an additional aerometric measurement channel is

introduced into the proposed roll stabilization architecture.
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Figure 10. Simplified block diagram of the roll-angle control system with inner roll-rate
feedback and outer roll-angle feedback.

The principal structure of the aerometric-assisted roll-stability control system is
shown in Figure 11.
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Aerometric sensing
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Roll Controller [— Aileron servo | Controlled Object
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Roll Rate Gyro I

A
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Figure 11. Principle structure of the aerometric-assisted roll-stability control system.

As shown in Figure 11, the proposed roll-stability system combines several
feedback and compensation paths. The roll controller generates the basic aileron
command, while the aileron servo represents the actuator dynamics. The controlled
object describes the aircraft’s roll response. The roll-rate gyro and roll-angle sensor
provide additional lateral-directional feedback, and the aerometric sensing block
detects airflow disturbance before the roll deviation becomes fully developed.

This architecture is important because roll disturbances may develop rapidly
under wake-vortex, gust, or asymmetric airflow conditions. In a conventional and
modern architecture, the controller reacts mainly after the roll motion has appeared. In
the proposed structure, the aerometric channel provides additional disturbance-related
information and supports earlier corrective action [15,19-21].

The main dynamic blocks used in the MATLAB Simulink model are represented
by first-order transfer functions:

Gals) = Tas+1 (19)
K

Gy(s) = Tsil (a1
— Kg

Gr(s) = Tys+ 1 (12)
K,

Gol9) = 747 (13)

Here, Gs(s) represents the aileron servo dynamics, G, (s)represents the controlled

13
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roll-dynamic object, G, (s)represents the roll-rate gyro dynamics, and G'4(s) represents
the roll-angle sensor dynamics. These transfer functions describe the main delays and
gains inside the roll-stability control loop [7,8].

The corresponding MATLAB/Simulink implementation of the acrometric-assisted
roll-stability system is presented in Figure 12.

Aerometric Sensing Element Disturbance Input
Disturbance to controlled object m
Aerometric sensing output
Roll-angle reference Roll angle error ~ Rate-damped roll error Roll controller output
Roll Angle Roll Rate
Error Sum Damping Sum
0 > ) NG
Roll Angle Roll Controller Controller Plus
Reference Aerometric
Corrected aileron command
Aileron servo output Roll rate phi dot
Controlled object input Roll angle phi
Y | 73 1
0.09s + 1 ") | 028s+1 s '@
Aileron Servo PIar;t Input Controlled Object Roll Roll Angle
i Integrator Output
Roll-rate gyro feedback X
]
0.09s + 1
Roll Rate Gyro
N
Roll-angle sensor output —>|
| —1
0.1s+1 —
Roll Angle Sensor T
N>
| out.roll_rate_gyro_feedback
log_roll_rate_gyro Roll Motion Six
Signals Scope
I out.roll_angle_sensor_output
—>| out.phi_angle I
log_roll_angle_sensor
I log_phi

| out.aerometric_sensing_output |

log_aerometric_sensing

> out.phi_dot

log_phi_dot

Figure 12. MATLAB/Simulink model of the aerometric-assisted roll-stability control system.

As shown in Figure 12, the Simulink model includes the reference roll-angle input,
roll controller, aileron servo, controlled object, roll-rate gyro, roll-angle sensor, sideslip
feedback path, and aerometric sensing output. This model allows the internal signals
of the roll-stability system to be observed simultaneously. Therefore, the behavior of
the controller can be evaluated not only by the final roll-angle output, but also by the
response of the sensor and feedback channels [19-21].

Roll stability is especially important during atmospheric disturbance encounters
because lateral airflow asymmetry can rapidly create rolling moments. In wake-vortex
or gust conditions, the aircraft may experience sudden bank-angle changes, which
require fast and well-damped control action. Therefore, the roll-channel simulation
is used to evaluate how the proposed aerometric-assisted controller affects lateral
response and transient roll behavior [19-21].

The roll-angle response was compared for three control approaches: the

conventional feedback controller, the modern controller, and the proposed
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aerometric-assisted controller. The comparison was performed under the same
aerometric disturbance condition in order to evaluate the influence of each control
structure on bank-angle deviation, oscillation amplitude, and transient damping.

The roll-angle response curves shown in Figure 13 were obtained from
simulation models developed based on the classical, modern, and proposed roll-control

architectures presented in Figures 9—11, respectively.
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Figure 13. Roll-angle response comparison of the conventional, modern, and proposed
aerometric-assisted stability augmentation approaches.

As shown in Figure 13, the conventional controller produces the largest
bank-angle deviation and the slowest damping response. The modern controller
reduces the roll-angle amplitude and improves the transient behavior compared with
the conventional approach. However, the proposed aerometric-assisted controller
appears to provide a more favorable response, with visibly smaller bank-angle
deviation compared with the other two architectures under the disturbance condition
considered. This observation suggests that the additional aerometric information may
improve roll-channel damping and lateral controllability. A quantitative case study
confirms this trend: peak roll-angle deviation is reduced by 95.4% relative to the

conventional approach and by 91.0% relative to the modern approach (see Section 7).

5. Yaw channel stability and aerometric disturbance detection

Yaw motion is a key part of aircraft directional stability and is mainly controlled by
the rudder. It affects sideslip angle, coordinated flight, and lateral-directional stability.
Under turbulence, crosswind, wake-vortex influence, or asymmetric airflow conditions,
the yaw channel may experience unwanted directional deviations [19-21].

The yaw channel was additionally analyzed through the yaw-damper architecture
because directional stability is strongly affected by lateral airflow asymmetry, sideslip,
crosswind, and wake-vortex influence. The classical and modern yaw damper to
prevent Dutch-roll mainly uses the yaw rate feedback from the gyroscopic sensor and
generates a rudder command after the yaw motion has already occurred [19-21].

The basic yaw-damper control loop is shown in Figure 14.
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Figure 14. Classical gyroscope-based yaw-damper architecture.

As shown in Figure 14, the classical yaw damper is based on a feedback structure
in which the yaw-rate gyro measures the developed yaw motion and sends this signal
to the controller. The controller then generates a rudder command to damp the yaw
oscillation. This architecture is effective for Dutch-roll damping, but its corrective
action begins only after the yaw-rate response has already developed [19-21].

To reduce this delay, the proposed architecture adds an aerometric smart-probe
channel to the conventional yaw-rate feedback loop. The aerometric channel does not
replace the gyroscope. Instead, it provides additional pressure-based information about
lateral airflow asymmetry before the yaw deviation becomes fully developed [13—15].

Although the yaw channel can be studied separately through a classical yaw
damper, in practical flight-control systems it is commonly integrated into the
lateral-directional stability augmentation system (SAS), where roll and yaw motions
are controlled simultaneously through coupled feedback loops.

As shown in Figure 15, the conventional lateral-directional SAS includes both
roll and yaw feedback channels. The upper loop uses roll-rate feedback to support roll
stabilization, whereas the lower loop uses yaw-rate feedback to improve directional
stability and damp yaw oscillations. In the present study, the main focus is placed on
the yaw channel, because directional disturbances caused by crosswind, wake-vortex,

and airflow asymmetry can strongly affect aircraft yaw stability and controllability.

l\ [ Roll Rate Gyro

Pref= 0 - )
Aileron A P
Controller 1 Serea Alrcraft
- Lat-Dir
rref=0 Rudder | % Dynamics| 7

Servo

Controller 2

[ Yaw Rate Gyro

Figure 15. Conventional lateral-directional stability augmentation system (SAS) with roll-rate
and yaw-rate feedback loops.

The enhanced yaw-damper architecture is shown in Figure 16.

Aerometric Aerometric Disturbance

compensation

Y=0 Yaw Rudder On 9(s) v
4 Controller Servo Sr(s)
|
l Yaw Rate Gyro

Figure 16. Simplified acrometric smart-probe-assisted yaw-damper architecture.
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As shown in Figure 16, the enhanced yaw-damper system combines two
information sources: gyroscopic yaw-rate feedback and considering aerometric
disturbance pressure-based influence. The gyroscope measures the actual yaw motion,
while the aerometric smart probe detects lateral pressure differences caused by airflow
asymmetry. This allows the controller to receive earlier disturbance information and
generate a faster rudder correction [13-15,19-21].

The aerometric channel can be represented as a first-order pressure-based
element [15]:

Gaero(8) = 1/ (Taero - 8 + 1) (14)

where T,ero 1S the aerometric sensor time constant. Taking into account the atmospheric
disturbance factor with a shorter sensor time constant allows the aerometric channel
to provide information about disturbances earlier than the traditional inertial feedback
loop.

The combined yaw-damper control command can be expressed as:

u(t) = =Ky r(t) — Kq - Gaero(t) (15)

where r(t) is the yaw angular rate measured by the gyroscope, aaero () is the acrometric
signal, K, is the gyroscopic feedback gain, and K, is the aecrometric channel gain.

In conventional and modern yaw-damper systems, correction is mainly based on
yaw-rate or inertial feedback after the deviation has already appeared [19, 21]. In
the proposed approach, the aecrometric smart-probe signal provides earlier information
about lateral airflow asymmetry. This allows the controller to support faster correction
and reduce yaw oscillations [13—15].

The yaw-angle response comparison for the conventional, modern, and proposed

aerometric-assisted control approaches is presented in Figure 17.
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Figure 17. Yaw-angle response comparison of the conventional, modern, and proposed
aerometric-assisted stability augmentation approaches.

As shown in Figure 17, the conventional controller produces the largest yaw-angle
deviation and the most oscillatory response. The modern controller improves the
transient behavior by reducing both the oscillation amplitude and the peak yaw

deviation. However, the proposed aerometric-assisted controller appears to provide
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a more favorable overall response, with visibly smaller yaw-angle deviation and less
oscillatory behavior compared with the other two architectures under the disturbance
condition considered. These observations suggest that the additional aerometric
information may improve yaw-channel stability and directional controllability. A
quantitative case study confirms this trend: peak yaw-angle deviation is reduced by
95.9% relative to the conventional approach and by 91.7% relative to the modern

approach (see Section 7).

5.1. Proposed adaptive gain-scheduling law

Since aerodynamic control-surface effectiveness scales approximately with
dynamic pressure, the channel gain is proposed to be scheduled inversely with
the aerometrically measured dynamic pressure Ap, and increased with load factor to
reduce excess stability during maneuvering, consistent with standard dynamic-pressure

gain-scheduling practice in flight control design [8]:
K(M, n, Ap) = Ko (Aprer/Ap)-[1 + A(n — 1)] (16)

where K is the reference gain at the reference dynamic pressure Apr, and A > 0 is a
maneuvering-sensitivity coefficient. To ensure smooth, causal adaptation compatible
with the aerometric sensor dynamics of Equation (14), the gain increment AK (t) =
K(t) — Ky is governed by the first-order adaptation law

Tk (AAK/dt) + AK(t) = K(M, n, Ap) — K (17)

where 7x is the adaptation time constant. Equation (17) defines the adaptation
dynamics for K(t) = Ko + AK(t) explicitly, reducing to the scheduled value
K (M, n, Ap) once transients in M, n, and Ap have settled.

5.2. General closed-loop stability analysis

Consider the representative case in which the channel actuator is modeled as
a first-order lag K,/(Tys + 1) (as already introduced in Equation (10) for the
aileron servo) and the adaptive gain K(t) is applied proportionally. Using the
frozen-time approximation standard in gain-scheduled control analysis, the closed-loop

characteristic equation is
Tos® + (2CwnTy +1)s* + (W2T, + 2Cwn)s + (W2 + KOK,K) = 0 (18)
Applying the Routh—Hurwitz criterion, closed-loop stability requires
K(t) < [2Cwn(T2W? + 2T,wa¢ + D]/(T,- K, - K) (19)

Equation (19) gives an explicit, analytically derived upper bound on the admissible
adaptive gain for guaranteed closed-loop stability, expressed in terms of the plant and
actuator parameters (¢, wn, Ty, K4, K). Once the actuator and sensor parameters for
a given channel are specified, this bound can be evaluated numerically to define the
admissible range for Ky and A in Equation (16).
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6. Comparative summary of pitch, roll, and yaw results

The pitch, roll, and yaw channel analyses show that the conventional
feedback-based control structures can damp angular deviations, but their correction
mainly begins after the disturbance has already affected the aircraft motion. Table
2 summarizes the main limitations of conventional feedback control and the

corresponding improvements obtained with the acrometric-assisted approach [7,21].

Table 2. Comparative summary of conventional and aerometric-assisted control effects in
pitch, roll, and yaw channels.

Channel Conventional/Modern limitations Aerometric-assisted improvement
Pitch Reactive damping after pitch-rate deviation Reduced pitch-angle oscillation
Roll Delayed response to lateral disturbance Lower roll-angle deviation

Yaw Correction after yaw-rate development Earlier directional correction
Overall stability Limited disturbance preview Improved transient damping

As shown in Table 2, the main advantage of the aerometric-assisted approach
is not the replacement of conventional gyroscopic feedback, but the addition of
earlier disturbance-related information. This additional information improves transient
damping and reduces angular deviations in all three rotational channels [10-12,19,21].

For a closed-loop system with equivalent damping ( and natural frequency wy,
standard second-order performance indices can be evaluated analytically as settling
time

ts ~ 4/(Cwr) (2% criterion), (20)

and percent overshoot
%08 = 100 - exp(—(m/ /(1 = ¢?)). (21)

These expressions define the quantitative methodology for evaluating settling time
and overshoot once channel-specific ¢ and w;, are available from validated simulation
data.

7. Representative numerical case study

The parameter values used below are representative/illustrative and serve to
demonstrate the analytical framework of Section 5; they are independent of the
three-channel simulation parameters reported later in this section.

The representative parameters used throughout this section are: ¢ = 0.7, w,, =
3 rad/s, plant gain K = 1, actuator time constant 7, = 0.1 s, actuator gain K, = 1,
and adaptive controller gain K(¢) = 10 (well within the stability bound of Equation
(19)). Table 3 summarizes the resulting closed-loop performance indices for this

representative case.

Table 3. Closed-loop performance indices.

Index Value
Settling time #, (2%) 2.66s
Peak time 0.92s
Percent overshoot 26.6 %
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Table 3. Cont.

Index Value

Rise time (10-90%) 0.37s

Integral square error/Absolute error (ISE/AE) 0.32/0.56 (integrated over 08 s)
Gain margin 16.0 dB

Phase margin 108.8°

Table 4 examines the robustness of this design under a + 20% joint perturbation

of the parameters (, wy,, and T},.

Table 4. Robustness under £20% joint parameter perturbation—(, w,,, T, perturbed as p =
po(1+6),10]<0.2.

o ¢ Wn, T, Stable? t (S) %O0S
-0.2 0.56 2.40 0.080 Yes 3.76 43.9%
-0.1 0.63 2.70 0.090 Yes 2.90 34.7%
0 0.70 3.00 0.100 Yes 2.66 26.6%
+0.1 0.77 3.30 0.110 Yes 2.06 19.7%
+0.2 0.84 3.60 0.120 Yes 1.89 14.0%

The system remains stable across the full £20% range. As an independent check,
the analytical stability bound of Equation (19) (K(¢) < 63.4) was verified numerically by
sweeping K(f): the closed-loop system is stable up to K(¢) = 63 and becomes unstable
at K(¢) = 64, confirming the analytical prediction to within 2%.

Table 5 validates the gain-scheduling law of Equation (16) across a set of

representative flight conditions.

Table 5. Validation across representative flight conditions using the gain-scheduling law of
Equation (16).

Condition M n K(M, n, Ap) ts () %O0S
Low-speed cruise 0.4 1.0 22.5 3.44 47.7%
Mid-speed cruise 0.6 1.0 10.0 2.66 26.6%
High-speed cruise 0.8 1.0 5.6 2.32 17.3%
Maneuvering, 2 g 0.6 2.0 13.0 2.63 32.3%
Maneuvering, 3 g 0.7 3.0 11.8 2.66 30.0%

The proposed gain-scheduling law maintains stable, bounded closed-loop
performance across the representative flight envelope, automatically compensating
controller gain for dynamic-pressure and load-factor variation.

Using representative sensor time constants (zaero = 20 ms; conventional rate-gyro
time constant 7, = 50 ms) and the aircraft’s own rotational response time to reach a
detectable (5%) deviation (=114 ms for the representative plant), the aerometric channel
is analytically predicted to detect a disturbance approximately 118 ms earlier than
conventional inertial feedback for this representative case.

For comparison, Table 6 benchmarks this design against a full-state-feedback

Linear Quadratic Regulator (LQR) for the same representative plant.
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Table 6. Comparison with a full-state-feedback LQR design (Q = diag(10,1), R = 1) for the
same representative plant.

Metric Proposed (K = 10) LQR

ts (s) 2.66 1.24
%0S 26.6% 0.0%
ISE/IAE (integral of absolute error) 0.32/0.56 0.24/0.40

Both designs use unity-direct current (DC)-gain precompensation so that ISE and
IAE are compared on a like-for-like basis.

For this representative single-channel model, a full-state-feedback LQR design
achieves tighter closed-loop tracking performance than the simple proportional
adaptive-gain structure of Equation (18). This is expected: LQR requires full
state (angle and rate) feedback, whereas the proposed architecture’s advantage is
earlier disturbance detection via the aerometric preview path rather than tighter pole
placement. Note: this LQR design does not include the actuator lag T, included in the
proposed structure’s model; a fully matched comparison is left for future work.

Applying a stochastic Dryden vertical-gust model (representative parameters:
turbulence intensity o, =2 m/s, scale length L,, =300 m, airspeed V' =150 m/s, per the
standard shaping-filter form in Stevens et al.’s study [8]), normalized so that the gust
RMS equals o, the closed-loop output RMS is 0.205 (normalized units). This value
is computed analytically from the H> norm of the closed-loop system and is therefore
independent of any random seed; a 300-run Monte-Carlo check gives 0.200 + 0.020,
confirming stable, bounded behavior under continuous stochastic turbulence in addition
to the discrete transient-gust case of Table 4.

To document the three-channel comparative simulation of Figures 8, 13, and 17.
Table 7 reports the plant/sensor parameters, Table 8 reports the resulting controller
gains, and Table 9 reports the disturbance model applied to all three channels. All gains
in Table 8 are obtained under an identical design rule: minimize disturbance-response
ISE subject to all closed-loop poles being stable, a minimum closed-loop damping ratio
0f 0.30 (this closed-loop value is distinct from the open-loop plant damping ratio of 0.70
listed in Table 7), phase margin > 45°, gain margin > 6 dB, attitude-loop crossover
frequency < 1/(31y), peak control-surface deflection < 15°, and peak deflection rate
< 60°/s—the same constraints for every channel and every architecture, so that no

architecture is favored by an inconsistent design standard.

Table 7. Actuator, sensor, and plant dynamics used in the three-channel simulation.

Element Transfer function Note

Control-surface servo 1/(0.09s + 1) Common to all channels

Rate gyro 0.85/(0.09s + 1) Common to all channels

Attitude sensor 1/(0.10s + 1) Common to all channels

Aerometric sensor 1/(0.020s + 1) Common to all channels

Roll plant G(s) 2.3/[5(0.28s + 1)] Measured (figure 12)

Pitch plant G(s) 13.5/(s> + 425+ 9) ¢ =0.70, wy, = 3.0 rad/s; representative [3,4]
Yaw plant G(s) 2.25/(s* +2.1s + 2.25) ¢ =0.70, wy, = 1.5 rad/s; representative [3,4]
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Table 8. Controller gains resulting from the design rule stated above.

Channel K. (conventional) K. (modern) K, (modern)
Pitch 0.689 0.653 0.50
Roll 0.854 2.013 0.50
Yaw 1.540 4.261 1.75

Table 9. Disturbance model applied to all three channels.

Parameter Value

Gust type discrete “1-cosine” (CS-25.341/MIL-HDBK-1797)
Design gust velocity, Uqgs 9.7 m/s

Gust length 14s

Gust-to-equivalent-deflection coupling, x 0.30 deg/(m/s)

Only the roll-channel plant parameters are measured values, taken directly from
the manuscript’s own Simulink implementation; the pitch and yaw plant parameters are
representative values selected from typical Level-1 handling-quality ranges, since no
measured parameters exist for these two channels.

The aerometric-assisted architecture uses the same K, and K, as the modern
architecture, plus a feed-forward path with approximate actuator-lag inversion, G(s)
= (Tys + D/[Kq(Tts + 1)], Tt = 20 ms, driven by the acrometric sensor output.

Code availability: The MATLAB script used to generate the representative
case study of Section 7 and the three-channel comparative simulation of Figures 8,
13, and 17 (including the constrained gain-search procedure and the feed-forward

mismatch/robustness study) is provided as Supplementary Material.

8. Discussion

The obtained results show that the aerometric-assisted control concept improves
the transient response in pitch, roll, and yaw channels. In all three channels, the
conventional and modern feedback structure reacts mainly after the angular deviation
has already appeared. This behavior can increase oscillation amplitude and prolong the
damping process under turbulence, gusts, or wake-vortex encounters.

Mach-dependent effects should also be considered when interpreting the
proposed aerometric-assisted concept. Recent studies on high-speed aircraft stability,
Mach-dependent control metrics, transonic dynamic stability derivatives, and
multidelta-wing configurations show that compressibility and flight-regime variation
can significantly affect stability and control behavior [22-25]. Therefore, the proposed
approach should be further evaluated under different Mach numbers, dynamic-pressure
levels, and flight configurations.

The pitch-channel response is also connected with longitudinal dynamic stability,
while wake-vortex encounters can introduce additional transient disturbances that affect
aircraft attitude and recovery behavior. This supports the need to evaluate the proposed
aerometric-assisted controller not only under nominal disturbance inputs, but also under
wake-vortex and flight-regime-dependent conditions.

The proposed aerometric-assisted structure introduces pressure-based disturbance
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information as an additional input to the conventional and modern inertial feedback
loop. This does not replace gyroscopic or inertial sensors, but supports earlier detection
of airflow asymmetry and disturbance development. As a result, the controller can
generate corrective action earlier and reduce the amplitude and the transient response
time.

The pitch-channel results show improved longitudinal damping and reduced
pitch-angle oscillation. The roll-channel results indicate lower roll-angle deviation
and better lateral controllability. The yaw-channel results show improved directional
stability due to earlier detection of lateral airflow asymmetry. Therefore, the proposed
approach can improve aircraft stability and controllability under disturbed atmospheric
conditions.

These results are based on the representative parameter set stated at the beginning
of Section 7. The separate three-channel comparative simulation of Figures 8, 13 and
17 uses the parameter set of Tables 7-9, in which the roll-channel parameters are
taken from the manuscript’s own Simulink implementation, while the pitch and yaw
parameters are representative values. Validation against measured flight data remains
an important direction for future work.

It is also worth noting that modern autopilot and flight-control-computer
designs already address disturbance-induced oscillations, typically treated as flexural
oscillations of the longitudinal axis, through optimal or model-based control strategies.
Two common approaches are (i) increasing the settling time and stiffness constant of
the PID controller gains, and (ii) applying a sinusoidal-variation input to counteract
periodic disturbance components. The aerometric-assisted architecture proposed
in this study is intended to complement such flight-computer-level strategies by
providing earlier disturbance information to the existing control loop, rather than
replacing it; integrating the proposed aerometric feedback path with a specific autopilot
implementation is left for future work.

Future extensions of this work may include the incorporation of data-driven
and intelligent control techniques—such as neural-network-based adaptive control,
fractional-order disturbance modeling, or symbolic/automated derivation of controller
gains—to complement the classical control-theoretic treatment adopted here, alongside
the stability, robustness, and multi-condition validation steps identified above [26—28].

9. Conclusion

This study proposed an aerometric-assisted stability augmentation concept
for improving aircraft controllability and stability under disturbed atmospheric
conditions. The main idea is to use smart aerometric information as an additional
disturbance-detection source together with conventional and modern gyroscopic and
inertial feedback.

The results show that the proposed approach reduces maneuvering amplitude
and transient oscillation time in pitch, roll, and yaw channels. In the pitch channel,
the aerometric-assisted controller reduces pitch-angle oscillation and improves
longitudinal damping. In the roll channel, it decreases roll-angle deviation and

improves lateral controllability. In the yaw channel, it supports earlier correction of
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directional motion by detecting lateral airflow asymmetry.

Overall, the proposed concept demonstrates, through comparative simulation, the
potential of aerometric information to support earlier disturbance detection and adaptive
correction of aircraft rotational motion. An explicit adaptive gain-scheduling law, a
closed-loop stability analysis with an analytically derived and numerically verified
stability bound, and a representative numerical case study including quantitative
performance indices and robustness analysis have been presented (Sections 5 and
7). Validation against measured flight-test data, together with multi-condition

flight-envelope validation, remains the focus of ongoing work.
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