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Abstract: The importance of gust detection and its impact on flight is a broad and critical
subject, particularly in the context of flight safety. When a gust is detected early through
appropriate methods, the pilot can adjust the aircraft’s flight state accordingly, thereby
reducing the risk associated with adverse atmospheric conditions. Without timely interven-
tion, such conditions may compromise safety margins. If early detection is not achieved,
the time available for an effective response is significantly reduced. This study investigates
state-of-the-art gust detection methods, with a particular focus on their relevance during
the final approach phase of flight. A theoretical framework is developed, leading to the
formulation of a novel gust detection method. The proposed approach was tested under
simulated conditions using an experimental setup comprising both software and hardware
components. The simulation environment modelled rapid changes in wind conditions
affecting an aircraft, enabling the validation of the method’s capability to estimate gust
characteristics. The final analysis evaluates the method's accuracy using simulation-derived
data and discusses its performance, including identified limitations. The findings con-
tribute to the development of more robust gust detection systems and support ongoing
efforts to enhance flight safety, particularly during critical flight phases.

Keywords: wind; gust; estimation; 3D); airplane; aircraft; complementary filtering

1. Introduction

According to the International Civil Aviation Organization (ICAQO), vertical windshear
is defined as a change in horizontal wind direction and /or speed with height, while hori-
zontal wind shear is defined as change in the horizontal wind direction and /or speed with
horizontal distance. These two types of wind shear may occur in combination. Further-
more, a change in headwind of 7.6 m/s (approximately 15 knots) or more at an altitude
below 500 m, within 5000 m radius from the runway threshold, is classified as significant
low-level windshear [1]. This phenomenon is often associated with the surrounding terrain
in the vicinity of an airport [2]. Mountainous areas, where airflow is disrupted, and islands,
where see breezes and temperature inversions commeon, present particularly hazardous
conditions when combined with gusty winds. These environments pose increased risk
during low speed, low altitude flight maneuvers, such as departures, approaches, and
go-arounds, due to the potential for sudden increases or reductions in airspeed or the
encounter of downdrafts. The most severe manifestation of this phenomenon is the mi-
croburst, which can cause rapid and extreme variations in velocity. The aircraft may stall
even at higher airspeeds after loss of control in flight, particularly if the critical angle of
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attack is exceeded [3-6]. A key contributor in such scenarios is the presence of swirling
or rotating air patterns associated with hazardous weather phenomena, including thun-
derstorms, frontal surfaces, squall lines, and convective clouds. While avoiding turbulent
conditions is ideal, it is not always possible. Between 2022 and 2025, civil aviation statistics
recorded 14 accidents, 19 incidents, and 3 reports attributed to gusty wind conditions [7].
Gust detection in the context of weather phenomena is supported by both ground-based
systems, such as the Low-Level Wind Shear Alert System (LLWAS), Terminal Doppler
Weather Radar (TDWR), and SOund Detection And Ranging (SODAR) [8], and on-board
avionics, including Wx weather radar, Predictive Wind Shear (PW5), Reactive Wind Shear
(KWS), or Light Detection and Ranging (LIDAR) systems [9,10]. Despite the advancements
in these technologies, some threats remain invisible to detection systems and pilots’ visual
observations. These include wake turbulence (which necessitates separation minima be-
tween airplanes during departure and approach) and clear air turbulence (CAT) [2,11,12].
CAT is primarily caused by disruptions in the airflow within region of strong vertical
wind shear, particularly around jet streams, where significant wind speed differences exist
between adjacent altitude layers [13]. This type of turbulence poses a serious threat to
airliners—especially at cruising flight levels, where aircraft operate within a narrow speed
margin known as the coffin corner—a flight regime in which the stall speed closely ap-
proaches the critical Mach number defining the upper limit of subsonic flight. Research
following the severe turbulence accident involving Singapore Airlines Flight 321—which
resulted in one fatality and 104 injuries [14]—highlights the growing concern surrounding
CAT. Studies have revealed a 50% increase in CAT occurrence [15] and a 55% rise over the
North Atlantic between 1979 and 2020 [16] attributed to climate change. Currently, pilots
rely solely on forecasts and mutual reporting through air traffic control for awareness of
CAT, as it remains undetectable by onboard sensors.

In analyzing gust components, the vertical wind component is the most significant
in terms of aerodynamic loading, as it directly influences the local angle of attack and,
consequently, the lift force. Meanwhile, lateral (crosswind) gusts present the greatest
challenge to piloting precision during the final approach. Sudden changes in headwind can
significantly alter the indicated air speed (LAS), a critical parameter for safe flight within
operational speed margins. Therefore, all three wind components in three-dimensional
space must be considered for ensuring safe aircraft operations. The most hazardous scenario
arises when multiple gust components occur simultaneously, such as near thunderstorm
cells, where microbursts and associated wind shear can occur. A microburst is characterized
by a strong initial headwind gust, which can cause a rapid increase in IAS (Figure 1). To
avoid exceeding the aircraft’s structural speed limits (e.g., maximum flap speed) pilots
may reduce engine thrust. However, due to the nature of microbursts, this headwind may
quickly transition to a tailwind, leading to sudden drop in airspeed. With reduced thrust,
this may induce a stall. Even a rapid throttle increase may not restore adequate speed in
time especially for jet engines, which have slower response times. In such cases, the only
viable option may be to reduce the pitch angle and descend, which is particularly dangerous
during take-off and landing, when altitude margins are minimal. Furthermore, microbursts
often involve a combination of vertical and lateral gusts, compounding the risk.

Side gusts pose a significant challenge during take-off and landing, making it difficult
to maintain horizontal stabilization on a specific radial or localizer. Deviations from the
intended horizontal flight path can interfere with approaches at airports that require
specific precise separation from obstacles or terrain restrictions (e.g., approach to runway
05 in Madeira LPMA). Loss of the required stabilization in the vertical plane requires a
gf}-amund; whereas terrain proximity warnings require the crew to perfnrm an escape
maneuver [17]. Sudden side gusts also pose a risk of aircraft components contacting the
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ground. Depending on the flap configuration and pitch angle, parts, such as the wingtip,
engine nacelle, or flap mechanism tip, may strike the runway. Another hazard associated
with side gusts is runway excursion. Commercial airliners have operational crosswind
limits for take-off and landing, defined by rudder compensation capabilities. Operator
specific regulations, along with the runway width and surface conditions, further influence
the allowable crosswind limits. In winter conditions or on contaminated runways, these
can be significantly lower than under ideal conditions (Runway Condition Code 6 (RCC).
The effects of side gusts may be exacerbated by yaw damper failure. In flight, they can
cause autopilot disengagement and exceed the maximum safe bank angle of 35 degrees for
commercial aircraft. As the bank angle increases, the maneuvering speed range narrows
due to the increased load factors.
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Figure 1. lllustration of a flight through the microburst phenomenon. (A)—increase in headwind

speed; indicated air speed increases, rate of descent decreases, tendency to go above the assumed
glide path. (B)—decrease in headwind speed; downdraft increases, indicated airspeed decreases, rate
of descent increases, tendency to descend below the assumed glide path. (C}—increase in tailwind
speed; the indicated air speed is constantly decreasing, the approach is interrupted at decision height,
success depends on altitude, current speed and power reserve.

Vertical gusts affect the angle of attack, altering lift and drag coefficients and directly
influencing the aircraft’s vertical speed. Significant vertical air movements often occur
near thunderstorm clouds and convective updrifts. Although vertical gusts less commonly
atfect the ability to meet required climb gradients during take-off, they significantly hin-
der vertical stabilization during approach. Sudden vertical speed changes require rapid
adjustments in thrust and pitch settings, which automatic control systems may struggle
to manage effectively. Additionally, with engines typically mounted beneath the wings,
power changes directly influence pitch angle due to the shifting thrust vector relative to the
aircraft’s center of gravity.

The gust components described above may occur simultaneously and in different
flight phases, contributing to turbulence. Changing gust directions complicate speed man-
agement and aircraft control. Consequently, situational awareness and crew response time
under strong gust conditions are critical to continuing standard procedures or executing
escape maneuvers correctly. Based on the above analysis, it can be concluded that the
situational awareness and reaction time of the aircraft crew in conditions of strong gusts
of wind and other atmospheric threats related to their occurrence are an essential factor
determining the safety of continuing normal procedures or the correct execution of escape
maneuvers. During critical flight phases—such as long final approaches in gusty conditions
or escape maneuvers—ilight crews have limited ability to rely on automation. Manual
flying skills and rapid pilot reactions remain essential and have not yet been fully replaced
by automation. Wind components (headwind, tailwind, and crosswind) also limit the
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feasibility of automatic landings, which are subject to strict ground and onboard system
requirements and operational procedures.

Wind estimation methods used onboard commonly analyze true airspeed (TAS) and
ground speed (GS) vectors. For example, in study [15], based on the measured ground
speed (GS), track angle, true airspeed (TAS), and geographic heading, the instantaneous
components of wind speed in the geographic reference frame (Uy and Ug) are calculated.
These components are then averaged using a recursive filter with a time constant Ty,
to obtain the estimated values Ung and Ugg. Additionally, the average drift angle is
computed. To minimize estimation delays and reduce control-induced disturbances, inertial
measurements and aircraft dynamics are also considered. In work [1Y], the disclosure
pertains to devices, systems, and techniques for estimating wind speed during the operation
of an unmanned aerial vehicle (UAV), based on a comparison between modeled and actual
in-flight acceleration. The method involves modeling the UAV’s acceleration based at least
on its measured ground speed, determining the actual acceleration using one or more
sensors, and estimating the wind speed by integrating the difference between the modeled
and actual acceleration. The solutions, presented in works [20,21], measures the ground
speed of the aircraft and estimates its airspeed based on the aircraft’s acceleration and
the controlled aerodynamic forces acting upon it. Using the ground speed and estimated
airspeed, the device determines the wind field affecting the aircraft. This estimated wind
field is then used to support aircraft navigation. In paper [22], an algorithm for estimating
wind direction using a small UAV was proposed. The selected UAV featured a relatively
large delta-shaped main wing, making it particularly susceptible to wind disturbances. The
algorithm was based on measuring angular velocities and accelerations relative to the body
frame, as well as roll and pitch angles relative to the inertial frame.

A gust of the same intensity affects small aircraft or UAVs [23-26] differently than
larger, heavier aircraft weighing several tons [27]. Larger airplanes exhibit slower and
more delayed responses to such disturbances. In our previous work [28], headwind gust
estimation was based on modelling the aircraft’s complex longitudinal response.

This work aims to generalize gust estimation in a three-dimensional context. Drawing
from prior research, relationships were derived to estimate headwind, lateral, and vertical
gusts, incorporating the aircraft’'s dynamics model. However, these estimations are signifi-
cantly influenced by control system inputs (e.g., thrust change, control surfaces deflections)
and the sensitivity of the mathematical model to varying flight parameters (dependents on
flight states). The original contribution of this paper is the integration of wind estimation
methods based on the three-dimensional navigation triangle, combined with a simplified
flight dynamics model. This paper proposes a complementary approach: analyzing mea-
surements in three reference frames and their interdependencies can yield accurate results
for slowly varying signals, while dynamics-based models are more effective for estimating
rapidly changing components. Based on prior findings [25], a complementary filter was
chosen for data fusion.

The study assumes that all signals necessary for estimation were practically available.
An algorithm was developed using data from existing onboard systems, like Air Data
Inertial Reference Unit (ADIRU) and the Global Positioning System (GPS). A unique aspect
of this study is the use of a simulation environment that allows for both the generation and
evaluation of ideal wind gust parameters. Simulations were conducted using a complex
nonlinear aircraft dynamics model in the X-Plane 11 environment, while the 3D gust esti-
mation algorithms were built on mathematical models suitable for efficient computations.
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2. Theoretical Background
2.1. Analysis of the Possibilities of Wind Gusts Estimation (3D Problem)

The airplane’s mathematical model may take the form of equations describing its
longitudinal and lateral motion [29,30]. Typically, these are two sets of linearized ordinary
differential Equations (1) and (2).

d

:ﬁ.x!ﬂﬂ = A!mr'}{fun T Bn’mr'umn + Cn’mr‘zfm {1}
d
Exmr = A Xipgt + Brap-Upg + Crap Zpay (2)

The state variables are specified as follows for longitudinal and lateral motion, respectively:

xlnn T (Ll, W, fi: ﬂ}T Klat == {v-r P: I, il:'}T {3}

The control (U) and disturbance vectors (Z) are defined as:

T

) ) . T
Ulpn = I:":'I-I: ":'T}T Zion = {Wg: Ug} Ut = {*’-"‘a- ":'f}T Ziat = [:vgj (4)

The mathematical model of the aircraft presented here is built upon the principles
of flight mechanics. The coefficient matrices (5)—(7) in the longitudinal motion, described
by Equation (1), and lateral motion, described by Equation (2), include the respective
aerodynamic derivatives.

X” x“:l D —S{EIE Hﬂ- ‘Y-T_;l YF'.- };;r' e U{] g'ﬂﬂﬁ g[]-
Zu ZHJ U{] _R‘Smﬂﬂ LJF Lj}_] Li_r ﬂ
Alon = : A = (5)
MM, My M, 0 “TIN, N, N, 0
| 0 0 1 0 ] Bl 1 tan -
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0 0 | 0 0
B |
_Zu.‘ _Z“ LFE
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The variation in gust values along the airplane’s longitudinal axis (ug) and vertical
axis (wg) is reflected in the longitudinal motion, as shown in Equation (1), while changes
in gust values along the lateral axis (vg) appear in the lateral motion in Equation (2). The
gust parameters (u;, wg, Vg) are included in the disturbance vectors Zy,, and 2, (4),
respectively.

By substituting the matrices Ay, Bion, and Cyn and the vectors Xy, Ujgn, and Zy,,
into Equation (1), we obtain four equations. The first, second, and third of these can be
directly expressed as dependences (8)-(10). State variable &, represented by the fourth of
the equations, is the integral of the pitch angular velocity q. As a result, the described
process is shifted in phase by 90 degrees, and consequently, there is an additional delay.
For this reason, this equation will not be very useful for gust estimation tasks.

U= X, (4—tg) + Xy (w —wg) — g-0-cos + Xsp-0p + Xsr-01 (8)
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w =2y (u—ug)+2Zy (w—wg) +Uy-q—g0sinb + Z;y-dyy + Zsr-dr (9)
§ =M, (u—ug) + My (w—wg) + My-q + M-8 + Myr-dr (10)

It is important to note that g, u, Ug, W, Wy, ¢, by, and b7 represent changes in values,
not absolute values. This is due to the fact that Equations (1) and (2) describe an incre-
mental model. This characteristic was considered during the modelling of the estimation
system. By assuming constant thrust (81 = 0), we reduce dependencies (8)-(10) to the
forms (11)—(13):

u= Xy (u—ug) + Xy (w0 —wy) — g-0-cost + X0y (11)

W= Zy-(u—ug) + Zo (w—wg) + Uy-q — g-0-sinf + Zzp-dy (12)

— —

g = M'—_”{u = H;.:J — My (w — wg} -} E-q + Msp-dg (13)

By transforming the dependencies (11) and (12) with respect to ug and wg, we obtain
Equations (14) and (15):

1 . g Xs5H X
=Y — = — 2 cosd 5 g+ — (1w — W 14
. X[-! X” X“ = X” { S} ( }
1 .. £ - L5 . 2y
Wy = W — — i — = F:5in + Oy + — (U —Uu 15
d Zo  Za 7 ATz )

The tirst two expressions on the right-hand side of Equations (14) and (15) indicate
that the gust can be determined by knowing the changes in velocities u and w, as well
as their first derivatives. Considering the effect of the change in the aircraft’s pitch angle
and the deflection of the elevator is necessary to account for transient processes (larger
time constants characterize the effect of gusts on the aircraft’s pitch angle change and the
interaction of the pilot or autopilot in the longitudinal channel). The last terms in the sum of
Equations (14) and (15) are related to the mutual (cross) interaction of head-on and vertical
gusts in the longitudinal motion model of the aircraft.

Equation (13) holds great potential for developing an algorithm for estimating head-on
and vertical gusts, as it relates their values to the pitch angular velocity q. This parame-
ter is characterized by relatively small time constants in response to the occurring gusts.
Equation (13) also includes the first derivative of q with respect to time, which is addition-
ally characterized by a phase shift of —90 degrees. The only slow-varying parameter in
this equation is the relationship linking the gust estimate with the aircraft’s response to the
elevator deflection. After transformation with respect to Ug and Wi, Equation (13) takes
the form of Equations (16) and (17). The results obtained in this work [25] suggest that
Equation (16) can be used for estimating the fast-varying component of the head-on gust.

1 : MJI M.-JH - M{u
g =l — =4 +=—+ g+ = |w—uw 16)
SR PRAS TR L T (
1 - Mq MI:T‘H M”
We = W — -q + “f + by + |u—u 17)
8 My | My | Ma A, ) (

In this approach to the problem, the vertical and headwind gust estimation algorithms
are mutually dependent. When attempting to determine gust values along only one of
these axes, it can be simplified by assuming a one-dimensional gust. For example, in
work [28], a dominant headwind gust was assumed. In this case, we can assume wg =10
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(no vertical gust) and W = const (the model is incremental; so, we can also assume w = ().
By introducing gain factors, Equation (16) transforms into Equation (18).

g = U . km*ﬁ' - kg;yti‘ + k3, -0 (18)

Similarly, assuming the absence of headwind gusts, the value of the fast-varying
components of the vertical gust can be estimated using Equation (19).

We = W+ k1w g + ko g + K301 (19)

Estimations of Ug and Wy will correspond to the high-frequency estimation of head-
wind (ug_h]-} and vertical gust {wg,]ﬁ}. This has been extensively discussed in the authors’
previous work [28].

Using the state Equation (2) for lateral motion, relationships (20)—(22) can be derived,
linking the lateral gust vy to the linear velocity v and the angular velocities p and r in the
aircraft’s body-fixed coordinate system. In these linearized state equations, the rudder
deflection ép and aileron deflection &4 are also variables.

0= Yo (v —0g) + Yp-p+ Yrr+ Ysa:84 + Ysr-6g + g-cos 6y (20)
p=Lo(v—vg) +Lpp+Lyr+ L4640+ L s 0r (21)
r=Nyp(v— I.Fg} + NFP'P + N'r + N's4:84 + N'sp-6r (22)

Equation (21) describes the aperiodic rolling motion, where the influence of the lateral
gust is significantly smaller compared to its effect on the yaw rate r and the linear velocity v.
For this reason, the analysis of Equation (21) was omitted, focusing instead on relationships
(20) and (22). By transforming Equations (20) and (22) with respect to the lateral gust vg,
we obtain Equations (23) and (24), respectively.

i) Yp Yr Y&A Y&R e g
OO L W O Bl e W ) <O WL 00 S - M - 23
L 8 .i"'T_:- er P T Y:r o YII % YI’ ! ( }
o Ny N', N'sa ., N'sr .
'LI‘ — E_;' = + e _l_ _.-a —|— —.-.-.-.—.-.-.l r"j'- 24
& N’Ir Nlrl_r Nj:r N;I-' A MJU : ( }

By introducing gain coefficients in place of constant expressions in Equations (23) and

(24), we obtain Equations (25) and (26). Preliminary research has shown that relationship
(25) is particularly useful for estimating the fast-varying component of lateral gusts f‘n’g-hi}-

Ug =0+ kip' 0+ Ko p + k3ot + Kapd4 + Kspdp + Ko (25)

Ug =0+ k1ot +k oo p+kapr +Kapda+ks5pdr (26)

An advantage of estimating wind gust velocities using state equations is the ability
to directly utilize measurement results obtained in the aircraft’s body-fixed coordinate
system (Fg). However, a drawback of this approach is the difficulty in estimating gust
values in a three-dimensional framework (due to interdependencies in the algorithms) and
its limitation to selected, identified flight states of the specific aircraft. These algorithms are
also highly sensitive to the dynamic characteristics and errors of individual sensors [31,32],
and the high-frequency signals Ug.ni, Vg-hi, and wg.pi, provided as high-pass input to the
complementary filter, require corrections that are challenging to determine analytically [28].
For these reasons, estimating wind gusts in a 3D framework is very difficult and problematic
to achieve using only state equations.
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This paper proposes a complementary approach to the problem of gust estimation. It is
assumed that analyzing measurements performed in three reference frames and correlating
them can yield significantly better results, particularly for slow-varying signals. The chosen
reference frames are the Earth-fixed frame (F,), the airflow-fixed frame (F,,), and the
aircraft-fixed frame (Fp). Integrated measurement and navigation systems installed on
commercial aircraft enable direct data acquisition in these reference frames (of course not
globally, but specific variables only in selected reference systems). For example, the ADIRS
system allows the determination of the aircraft’s velocity relative to both the Earth and the
air mass. Additionally, using data from ADIRS accelerometers enables the measurement
of accelerations and, subsequently, the calculation of velocity values (or changes) in the
aircraft-fixed frame,

The complementary approach to the problem of three-dimensional gust estimation
proposed in this paper does not require detailed modelling of the dynamic properties
of the aircraft or as many simplifying assumptions as when using only state equations.
However, state equations allow for a relatively accurate determination of the fast-varying
gust components. The airflow movement along each axis was analyzed individually,
enabling the development of methods for estimating both the slow-varying component
(steady wind) and the fast-varying component (gusts). The specific methods are detailed in
Sections 2.2-2.4,

2.2. Proposed Methods for Estimating Head-On Gusts

The wind gust velocity component along the airplane’s longitudinal axis (Ug) can be
determined by calculating the vector difference between the measured TAS and the ground
speed component G5, along the airplane’s x-axis (27). A positive value of Ug indicates a
headwind, where the wind is blowing directly toward the nose of the aircraft (Figure 2).

U, = GSy — TAS (27)

LY

Figure 2. [llustration of relations from Equation (27).
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Using the dependencies presented in Figure 2 and knowing the true heading (HGD )
and track (TRK) angles, it is also possible to estimate not only the Ug component but also
the direction and total speed of the wind, as well as lateral component of wind gust. This
estimation is effective for gradual changes in wind speed and direction. Equation (27) can
be easily derived from the general form presented in references [33-36]. TAS is measured
on board the transport aircraft using systems such as the ADC (Air Data Computer) or
ADIRU /ADIRS (Air Data Inertial Reference System). To determine the component GSy, it
is necessary to measure the GS and true track (TRK), as well as the aircraft’s true heading
(HDGypye). These data can be obtained through the satellite navigation system (GNS5)
and/or the ADIRU / ADIRS system. TAS and GS, measurements exhibit significant inertia
and time constants, which can last several seconds, depending on the system structure,
sensors, and algorithms. Consequently, the estimation of Uy can be associated with the
low-frequency component of headwind estimation {Ug_]n], as indicated by identity (28).

U,_1, = U, (28)

Dangerous wind gusts are typically marked by rapid changes, and to estimate them,
it is essential to consider the fast-changing state variables. The research hypothesis of
this study posits that the proposed method for estimating the headwind component, as
described by Equation (27), along with the transient changes in its value (gusts) outlined in
Equation (18), can be effectively used in a complementary manner. Equation (27) serves to
determine the overall value of the wind speed in the form of the headwind component.

The measurement characteristics of G5 and TAS, particularly their significant delays,
impose strict limitations on the rapid and precise detection of gusts. While Equation (18)
can estimate short-term variations in the headwind component, it cannot provide its
absolute value. A practical solution to address this challenge is the implementation of
a complementary filtering system. The complementary filter (CF) is a cost-effective and
efficient data fusion technique that integrates a low-pass filter with a high-pass filter [37].
The general structure of the CF (Figure 3) incorporates low- and high-frequency inputs
from the composite signal.

(i)

Tc-s ‘
Figure 3. Diagram of complementary filter.

Tc-s5+1

The transfer function of the complementary filter is expressed by Equation (29). Across
the entire frequency spectrum, the linear CF maintains a unity amplitude (0 dB magnitude).
Additionally, the phase shift remains linear and is equal to 0 degrees (Figure 4).

LIS

EST = .
T--s+1 T--s+4+1

.HF (29)

LF—low-frequency signal,
HF—high-frequency signal,
E5T—output of CE
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Figure 4. Bode diagram (amplitude and phase) for linear CE.

On the basis of dependencies (18) and (27), the complete law of headwind estimation
(including temporary gusts), can be formulated as (30) and, finally, as Equation (31).
U 1 Teu-s

o —“"—'—""u —_ —_— . 3{]
et CF T a1 AT T g1 (30)

UR—E'SEL—.F — ﬂ#'(GSI e TAS]—':—
oS (10 + Ky + kouq + k3u-Op)

ci s

(31)

After assuming u = %-HI and neglecting the model parameters that depend on the
flight state, this can be expressed by approximation (32). Omitting several quantities related
to the aircraft’s response to a gust may seem radical and unjustified; however, as established
in [28] based on a quantitative analysis of the obtained results, a complementary filter
time constant of approximately 1 s yields the best results for this estimation. The fastest
response to a gust is achieved through the direct measurement of longitudinal acceleration
dy (a primary-type response). The other omitted quantities, such as g, g, and Jy, exhibit a
secondary nature.

1 Tr:u "y

—est_oF & 7 (G8x — TAS) + 8 (32)

U
8 Tous+1

The methodology for selecting complementary filter parameters and evaluating the
obtained results was described in detail in our previous work [28], which concerned the
estimation of gusts in the longitudinal axis only.

2.3. Proposed Methods for Estimating Side Gusts

Assuming a coordinated flight without sideslip, the crosswind component along the
aircraft’s lateral axis can be estimated based on the ground speed component measured
along the yg-axis of the aircraft’s body-fixed coordinate system (GSy, Figure 2). A positive
'i.-’g value indicates wind blowing from the left side of the aircraft (opposite to the direction
of the yg-axis).

Ve_1o = G5y = G5-sin (TRK — HDGTgryg) (33)

In the case of analyzing the lateral gust component, the sideslip angle can play a
significant role. Figure 5 illustrates the relationships between the TAS vector measured
in the aircraft-fixed coordinate system (Fg), the AIRSPEED vector representing the actual
velocity of the aircraft in the air-mass-fixed coordinate system (reference frame F,;) [35]
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and the GS velocity relative to the ground (reference frame F, ). By considering the angle of
sideslip (AOS), the sideslip airspeed (SAS) can be determined:

SAS = TAS-sin(AOS) (34)

/_SAS

Figure 5. [llustration of relations from Equation (27).

By incorporating relationships (33) and (34), the value of the gust V,, can be calculated
using the following equation:
Vg_,ﬂ = GSy — 5AS5 = G5-5in(TRK — HDGrgryg) — TAS- sin( AOS) (35)
Determining the GSy component requires measuring G5, track angle (TRK), and the
aircraft’s heading (PSI), as in the case of longitudinal gust estimation. To calculate the
lateral velocity in a sideslip, it is necessary to measure the angle of sideslip (AOS) and true
airspeed (TAS). Similar to the previously discussed estimation methods, to enhance the
accuracy of estimations during sudden and turbulent gusts, the use of a high-frequency
signal was also adopted. For this purpose, the lateral acceleration component provided by
accelerometers integrated into the ADIRU systems, which are part of the aircraft’s onboard
systems, was utilized. While this signal is not suitable for estimating the total value of the
crosswind, integrating the lateral acceleration enables relatively precise determination of
the component for sudden and short-lived lateral gusts.
In the continuation of work on developing a three-dimensional gust estimation algo-
rithm, including lateral gusts, it was decided to retain the use of complementary filtering,
which yielded the most favorable results during the studies on headwind gust estima-
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tion [25]. Based on dependencies (25) and (35), the complete law of sidewind estimation
(including temporary gusts) can be formulated as Equations (36) and (37).

1 TET_J 5

.—..V_ e — ) 36
T e L TR R (36)

]'{-.{ —est CF —

Vi —ester = 7277 (GS-sin(TRK — HDGrrug) — TAS- sin(AOS))+ (37)
2 (0 4 kgD + kg P+ k3T + kap 6 4 + ks5p-0R + ke )

I.'T'.‘5+

After assuming v = %-a:::'.u, neglecting constant values on the input of hi-pass filter,
as well as the model parameters that depend on the flight state, this can be expressed by
approximation (38).

vg}mw ~ 7—=77(GS-sin(TRK — HDGrgyg) — TASsin(AOS))+ 38)
oo il
T ]cv'S'iI

2.4. Proposed Methods for Estimating Vertical Gusts

The vertical wind gust component along the aircraft’s vertical axis can be estimated
based on the difference between the aircraft’s vertical velocity W, resulting from its flight
path angle relative to the vertical motion of the air mass, and the vertical velocity VV
(ground relative velocity measured by the variometer along the zy-axis; Figure 6). A
positive Wg value indicates upward wind (opposite to the direction of the zv). Equation (39)
defines the slowly varying (quasi-steady state) component of the vertical gust, assuming
the simultaneous occurrence of a headwind gust.

W1y = VV—W = VV — TAS-sin(I') =VV — TAS-sin(© — AOA) (39)
1o 1
= H
| o
g
. , \I > X
S
—

LA A 2

-

Z.
Figure 6. lllustration of relations from Equation (39).

In commercial aircraft, the measurement of the flight path angle is performed using
indirect methods. For the purpose of vertical gust estimation, an ideal measurement of the
flight path angle from a simulation environment was used as input data in this study. In
practice, the flight path angle can be determined in various ways, as presented in numerous
studies [39,40].

On the basis of dependencies (19) and (39), the complete law of vertical wind estima-
tion (including temporary gusts), can be formulated as (40) and (41).

1 TS

W 4

—m = eeeeee—— T '“‘"'_'—""FUT_ . 4{]
LHLEE Tcw‘5+1 g—lo T Tcw'5+1 Tghi { }
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Wiy = T—L_I_ﬂ_lsﬂ {VV = TAS-sin(© — AOA) )+

+TT-H;-I-L1 '{'El.i' -+ km.‘f-? 0 & kli[?"’]‘ -+ kH“’rﬁH}

(41)

1,
s

flight state, this can be expressed by approximation (42).

After assuming w = :-a. and neglecting the model parameters that depend on the

L YV TASER(® —AOA)) 4 (42)

W
T.5+1

—estep ~
g e TL'II?"S g i

3. Research Environment and Plan of Experiment
3.1. Flight Simulation Environment and Data Acquisition

A simulator station (Figure 7) was used to evaluate the potential of estimating gust
values using the algorithms described in Section 2. The external components of the simu-
lator and their connection are presented on the block diagram (Figure 8). A professional
and certified version of the X-Plane 11 Pro software was utilized, enabling enhanced use of
the environment'’s features for research purposes. The weather configuration tool within
X-Plane allowed for the generation of wind layers from selected directions. It was possible
to define both a constant wind speed and the intensity of gusts generated by the simulator
environment. Experimental simulator flights were conducted using a realistic model of the
widely used medium-range narrow-body aircraft the B737-800 (Figure 9). This advanced
model accurately reflects the aircraft’s dynamic characteristics and operational behavior.
A major advantage of the selected software is its ability to record all flight parameters
required by the estimation methods under consideration. Table 1 presents a comprehen-
sive overview of the recorded flight parameters, encompassing all potentially accessible
physical data sources.

Figure 7. Stationary simulator stand with cockpit view of a jet airliner—Boeing 737-800.

The developed estimation algorithms required the recording of both weather parame-
ters and data from various on-board aircraft’s systems, including the: ADIRU, GPS, FCC
(Flight Control Computer). More advanced data were not accessible via X-Plane’s built-in
user interface and instead required referencing X-Flane internal data structures (Datarefs).
To accomplish this, the X-Plane Communication Toolbox (XPC) [41] was used to record all
flight parameters. XPC was initialized and configured in the Matlab /Simulink environment.
This setup enabled the recording and retrieval of internal variables using the UDP protocol
(Figure 8).
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%-Plane 11 Pro — flight simulation

ubP Side stick

LUDR

¥-Plane Communication Monitor
Toolbox

Matlab/Simulink — data acquisition et St

Figure 9. External view of a Boeing 737-800 during simulation (X-Plane v11 Pro, B737-800
ZIBO model).

The X-Plane 11 Pro software employs a sophisticated nonlinear model to simulate
aircraft dynamics [42]. This model utilizes blade element theory, which divide the aircraft
into numerous small elements and calculates the aerodynamic forces acting on each element
at frequencies ranging from several to dozens of hertz [43,44]. It accounts for complex
environmental factors, including various wind phenomena, such as gusts. Wind parameters
(direction, speed, and gust intensity) can be configured independently for each atmospheric
layer via the instructor’s station module (shown on the right in Figure 8). During data
recording, the wind output parameters are stored in the OpenGL coordinate system, which
is Earth referenced (illustrated by the red arrows in Figure 10). For the purposes of this
study, these parameters were converted into the aircraft’s body-fixed coordinate system.
As a result, the Ug, Wg; and ‘-.fg wind components were determined (represented by blue
arrows in Figure 10).

Figure 10. Coordinate systems: OpenGL—related to the Earth (red), fixed to the center of gravity of
the aircraft (green), related to the plane (blue).
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In the conducted research, the X-Plane 11 Pro simulator provided three categories of
data to the Matlab /Simulink environment:
Indications from flight instruments (cockpit indicators),

e  Data from simulated avionics systems (flight model controls and flight model position),
e  Real-time gust parameters generated by predefined wind layers (simulation weather).

Table 1. Parameters recorded in the X-I'lane environment for the purposes of testing gust estimation

algorithms.
Parameter Source Symbol—Unit FS;I:;E;::i
Time Simulation time t[s] 12.5 Hz
Altitude Cockpit indicator ALT [m] 12.5 Hz
Indicated Air Speed Cockpit indicator IAS [m/s 125 H=z
True Air Speed Cockpit indicator TAS [m/s] 125 Hz
Ground Speed Flight model position G5_x [m/s] 125 Hz
Vertical Sp;eed ':i'l:.'lePit indicator VVI [m/s] 125 Hz
Wind speed x (OGL) Simulation weather Wind_x [m/s] 12.5 Hz
Wind speed v (OGL) Simulation weather Wind_y [m/s] 125 Hz
Wind speed z (OGL) Simulation weather Wind_z [m/s] 12.5 Hz
Pitch rate Flight model position Q [deg/s] 125 Hz
Pitch angular acceleration Flight model position Q_dot [deg /s*] 12.5 Hz
i?;;iig:ﬂi;ﬁ:f;r Flight model controls HS_elev [deg] 125 H=
Side acceleration Flight model position G_side [m/s?] 125 Hz
Magnetic Heading Flight model position HDG [deg] 125 H=
Magnetic Track Flight model position TRK [deg] 125 Hz
Theta angle Flight model position Theta [deg] 125 Hz
Angle of attack Flight model position Alpha [deg] 125 Hz
Flight path angle Flight model position Flightpath [deg] 125 H=

3.2. Simulation Assumptions
The simulations were conducted under the fﬂﬂﬂwing assumptions:

Aircraft weight: 65,000 kg,

Automatic flight with a layer of atmospheric gusts
Three flight phases: descent, level flight and climb

Simulation performed by a pilot holding a current type rating for the B737.

Automatic simulated ﬂighta were carried out using the fﬂ]lﬂwing autnpilnt and au-
tothrottle modes:

o LVL CHG (Level Change). This mode coordinates pitch and thrust commands to
perform automatic climbs and descents to preselected altitudes at specified airspeeds.
During descent, the autothrottle mode annunciates RETARD, followed by ARM, and
then maintains the idle thrust. During the climb, the autothrottle mode annunciates
N1 for climb and holds limit thrust for CLB from FMC. In both cases, the Autopilot
Flight Director System (AFDS) holds the selected airspeed [45]. The rate of climb is a
resulting parameter. This mode allows for the assumption of approximately constant
thrust during simulation (the V5—Vertical Speed mode maintains a constant vertical
speed, adjusting thrust and pitch to hold the selected IAS and vertical speed VVI).
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¢ ALT HLD (Altitude Hold). In this mode, the autopilot commands pitch to hold the
uncorrected barometric altitude at which the switch was pressed or MCP (Mode
Control Panel) selected altitude after climb or descent. The autothrottle system holds
the selected speed indicated in the IAS/MACH display on the MCP by adjusting the
throttle control and thrust accordingly.

o HDG SEL (Heading Select). This mode commands roll to turn to and maintain the
heading set on the MCP HEADING display. The maximum bank angle limit is limited
by the bank angle selector [45].

The amplitudes of simulated gusts used in the tests were determined (taking into
account the limitations of the simulation environment) based on empirical data and doc-
umented reports [46,47]. Peak values of headwind changes or downdrafts may slightly
exceed the design gust envelopes defined in CS5-25 and FAR 25 [48,49], but they remain
valid for simulating extreme transient events. The gust amplitudes used in the simulations
are considered physically plausible and appropriate for modeling extreme yet credible
scenarios—particularly those associated with terrain-induced gusts, thunderstorms, or
microburst conditions.

3.3. Flight Plan and Its Realisation for Estimating Head-on Gusts

During the simulation, the aircraft descended from an altitude (ALT) of 14,000 ft
(4267.2 m) to 6000 ft (1828.2 m). The flight was fully automated with the pilot operating
the autopilot and autothrottle systems in LVL CHG and HDG SEL modes. A constant IAS
250 kt (128.6 m/s) was set on the MCP. Basic flight parameters are presented in Figure 11.
Significant IAS fluctuations occurred between 50 s and 340 s of the recording (Figure 12B),
caused by variable atmospheric gusts. These gusts also had a substantial impact on the
aircraft’s vertical speed (VVI), which varied from a stabilized 6 m/s at the start of descent
to values ranging between 3 and 12 m/s.
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Figure 11. (A) Altitude, (B) IA5, and (C) VVI recorded during simulated flight—descent phase.

The wind conditions were calm above 14,000 ft (4267.2 m) and below 6000 ft (1828.2 m).
As the airplane descended below 4000 m, the headwind speed Ug began to increase, as
shown in Figure 12A,B. When wind speeds exceeding 3 m/s, sudden gusts with peak
velocities up to 22 m/s were observed. These occurred between the 50th and 320th seconds
of the simulation. From 320 to 350 s, both headwind and gust intensity gradually decreased,
eventually returning to calm conditions below 1828.2 m.
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Figure 12. Registered ideal gust measurements from simulation weather section—descent phase;
(A)—wind speed as a function of time, (B)—wind speed as a function of altitude.

A subsequently simulated level flight was conducted within a wind layer containing
head-on gusts at a constant altitude of 10,000 ft (Figures 13 and 14). Due to limited
simulator environment capabilities there were no possibilities to set the wind layer at a
specific location in the horizontal plane. As a result, the recording does not include calm
wind conditions at the beginning or the end of the flight segment. The level flight was
executed automatically using the autopilot ALT HLD mode with MCP selected speed of
250 kt (128.6 m/s). Due to the presence of strong head-on gusts ranging from 5 to 22 m/s,
significant variations in IAS were observed. Despite this, the altitude stabilized within
20 m, while the vertical speed fluctuated between —2 and 2 m/s.
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Figure 13. (A) Altitude, (B) IAS, and (C) VVI recorded during simulated level flight.
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Figure 14. Registered ideal gust measurements from simulation weather section—level flight; wind

speed as a function of time.
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The next simulation was conducted for an aircraft climbing through a layer of head-on
gusts, from 6000 ft (609.6 m) to 14,000 ft (4267.2 m) (Figures 15 and 16). Wind conditions
were calm below 6000 ft (1828.2 m) and above 14,000 ft (4267.2 m). During the climb the
speed of head-on wind increased with maximum gusts up to 19 m/s. After passing 3750 m,
the wind speed decreased until reaching windless conditions and the end of climb.
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Figure 15. (A) Altitude, (B) [AS5, and (C) VVI recorded during simulated flight—climb phase.
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Figure 16. Registered ideal gusts measurements from the simulation weather section—climb phase;

(A}—wind speed as a function of time, (B)—wind speed as a function of altitude.

The climb was performed using the autopilot LVL CHG mode with a constant IAS
250 kt (128.6 m/s) set on MCF. At the start of the climb, the vertical speed stabilized at about
25 m/s, then it started to fluctuate due to atmospheric gusts. The total simulation time was
approximately 50% shorter compared to the descent scenario, owing to the significantly higher
vertical speed enabled by the high thrust setting,

3.4. Flight Plan and Its Realisation for Estimating Side Gusts

To continue the development of the lateral gust estimation algorithm, a similar simu-
lation methodology was employed. The aircraft was flown through a programmatically
generated layer of gusts with a constant direction set at 90 degrees to the flight path.
This configuration allowed for the simulation of ideal side gusts (with minimal frontal
components and no vertical components). The minimally increasing frontal components
resulted from the autopilot maintaining a given constant heading in the HDG SEL mode.
As the drift angle was formed due to the increasing crosswind and increasingly stronger
atmospheric gusts, small head-on gust components appeared.

During the simulation, the aircraft descended from an altitude (ALT) of 12,000 ft
(3660 m) to 6000 ft (1829 m) (6000 ft). The flight was fully automated using the autopilot in
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LVL CHG mode. Basic flight parameters are shown in Figure 17, IAS fluctuations at the
beginning and at the end of simulation in relation to the set speed of 250 kt (128.6 m/s)
were caused by changes in flight phases: during the first 30 s of simulation—the transition
from level flight to descent and from 280 s to 300 s—the transition from descent to level
flight. The vertical speed during descent was the result of the MCP setting and logic of LVL
CHG mode and was approximately 1380 ft/min (7 m/s). Minor fluctuations in the vertical
speed were also caused by variable atmospheric side gusts and by changes in flight phases.
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Figure 17. (A) Altitude, (B) IAS5, and (C) VVI recorded during simulated flight—descent phase.

At an altitude of 3660 m (12,000 ft), wind conditions were calm. After the descent
commenced from this altitude, the crosswind (V) began to increase. Between the 75th and
240th seconds of the recording, once the crosswind exceeded the speed of 4 m/s, sudden
lateral gusts occurred reaching peak velocities of up to 23.5 m/s (Figure 18A,B). After
passing 2600 m, side gusts started to decrease. From 2200 m to 1828.2 m (6000 ft), the
crosswind gradually diminished until wind conditions became calm again.
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Figure 18. Registered ideal gusts measurements from the simulation weather section—descent phase;

(A)}—wind speed as a function of time, (B)—wind speed as a function of altitude.

Subsequently, the test pilot performed simulated level flight through a crosswind layer
containing lateral gusts. The autopilot and autothrottle systems were engaged in ALT HLD
and HDG SEL modes with a constant altitude of 10,000 ft (3048 m) selected on the MCP.
During simulation, only small fluctuations in the altitude, IAS, and vertical speed were
recorded (Figure 19). On this basis, it can be concluded that side gusts had no significant
impact on these three basic flight parameters.
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Figure 19. (A) Altitude, (B) IAS, and (C) VVI recorded during simulated level flight.

As shown in Figure 20, side gusts generated by the simulator environment were highly
dynamic, with gusts velocities increasing sharply from 6 m/s to 21 m/s over a short time
interval. Similar to the level flight simulations involving head-on gusts, this flight was
performed in crosswind layer without initial or final calm wind conditions. Minor frontal
headwind components (below 2 m/s) occurred because of maintaining a constant heading
in autopilot HDG SEL lateral mode. No vertical gusts components Wy were observed
during the simulation.
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Figure 20. Registered ideal gusts measurements from the simulation weather section—level flight;

wind speed as a function of time.

The next simulation was conducted to evaluate the proposed method for estimating
side gusts during the climb phase (Figures 21 and 22). The Boeing 737-800 was climbing
from 6000 ft (1828.2 m) to 14,000 ft (4267.2 m). At these specified altitudes, the wind was
calm. Above an altitude of 2250 m, the crosswind exceeded 3 m/s, and side gusts with a
maximum speed up to 21 m/s started to appear (Figure 22A B). After passing 4000 m, the
gusts ceased, and the crosswind speed gradually decreased until windless conditions were
reached at the end of the climb. No vertical gusts W were observed throughout the climb.
Minor frontal headwind components (below 2 m/s) occurred because of maintaining a
constant heading in autopilot HDG SEL lateral mode. Figure 20 presents the selected flight
parameters during the climb phase. The initial increase in IAS speed after 20 s of recording
was caused by the autothrottle system transitioning from MCP SP’D mode to N1 mode
during the start of climb in LVL CHG mode. Analyses in Figure 21 reveal that side gusts
had only a minor influence on IAS and vertical speed. The vertical speed during the climb
was approximately constant (about 20 m/s) compared to the significant changes that could
be observed while passing through the head-on gust layer.
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Figure 21. (A) Altitude, (B) [AS, and (C) VVI recorded during simulated flight—climb phase.
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Figure 22. Registered ideal gusts measurements from the simulation weather section—climb phase;
(A)}—wind speed as a function of time, (B)—wind speed as a function of altitude.

3.5. Flight Plan and Its Realization for Estimating Vertical Gusts

The simulator environment lacked the capability for the selection of vertical gust
parameters. This highlights the constraints of flight simulator assumptions in this context
and emphasizes the necessity for more in-depth research into this phenomenon. However,
a vertical gust component was present in the microburst simulation model, which included
both frontal and lateral wind components. Microbursts could be introduced during any
flight phase selected via the instructor station module.

The simulations were conducted under the following additional assumptions:

¢  Constant thrust was maintained during level flight prior to the occurrence of a microburst,

e  Variable thrust as the autothrottle control system responds to a microburst,

¢ Simultaneous occurrence of side and frontal wind components in the available mi-
croburst model.

The first microburst simulation was conducted during descent, which was also per-
formed using LVL CHG mode (Figures 23 and 24). During the descent from an altitude
of 12,000 ft (3658 m) to an altitude of 58000 ft (2439 m), 104 s after the start of the simula-
tion, at an altitude of 10,000 ft (3048 m), a microburst was generated. Figure 24 shows
the microburst parameters in the aircraft-related coordinate system and the vertical gust
profile as a function of altitude. Analyzing both the flight parameters and the values of
the microburst components, it can be noticed that the strongest frontal gusts of all the
recordings (reaching 30 m/s) did not cause such a large decrease in the IAS speed as in
the later microburst simulation during the descent (IAS speed decrease by 27 m/s for I_}'g
max = 28.9 m/s vs. IAS speed decrease by 42 m/s for UE max = 25 m/s). The crosswind
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components in the presented microburst model were minor, with a maximum speed of
2.4 m/s. The peak vertical gust reached 5.35 m/s. Under windless conditions, the vertical
speed was 6.6 m/s, increasing to 10.8 m/s during the microburst.
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Figure 23. (A) Altitude, (B) IAS, and (C) VVI recorded during simulated flight—descent phase.
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Figure 24. Registered ideal gusts measurements from the simulation weather section—descent phase;
(A}—wind speed as a function of time, (B)—wind speed as a function of altitude.

This may indicate the reduced inertia of the aircraft during descent, making it easier
for the automatic control systems to counteract the loss of speed. However, it is associated
with a risk resulting from a visible increase in descent (120 s of simulation). In such
circumstances, the risk of accident increases as the altitude above the terrain decreases. A
sudden increase in vertical speed combined with a drop in IAS speed leads to a greater
descent gradient and, consequently, a steeper angle of descent. This can trigger EGPWS
warnings, necessitate a terrain escape maneuver, or even result in a catastrophic outcome.

During the next simulation (Figures 25 and 26), the aircraft was flying at a constant
altitude of 10,000 ft (3048 m). The flight was performed fully automatically using the
autopilot mode—ALT HLD with a selected constant IAS speed of 250 kt (128.6 m/s).

During the first stage of the flight, at an altitude of 10,000 ft, there was no wind. Fitfty
seconds into the simulation, after the flight parameters were stabilized, a sudden microburst
was triggered from the instructor station. Wind began increasing simultaneously in three
axes (Figure 26). The headwind speed {Ug} increased, peaking at 22 m /s, then it started
to decrease, shifting to a tailwind at the 55th second of the simulation. The tailwind at
the extreme also reached a speed of 22 m/s, decreasing to zero 20 s after the microburst
occurred. At the same time, a much weaker lateral gust was observed, with a peak value of
only 1.8 m/s and changing direction throughout the event. A highly hazardous downdraft
developed, with the vertical gust speed increasing to 9.6 m/s (1890 ft/min}, then decreasing
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to zero by the 70th second of the simulation. The speed of vertical gust increased until
it reached 9.6 m/s—(1890 ft/min) and then decreased to zero in the 7(ith second of the
simulation. The microburst phenomenon poses a significant threat to flight safety due to the
combination of a downdraft and the shift from a headwind to a tailwind. The occurrence of
such sudden and varied atmospheric gusts caused significant changes in flight parameters
(Figure 25). Returning to the pre-microburst condition required a significant amount of
time. The automatic control systems restored the flight parameters to the values set before

the microburst occurred, 30 s after the gusts had ceased.

E
@ ] S— —_— R — e, T
(A) S 3040 e — S i
E 3020
10 20 30 40 50 B0 70 8O 80 100
Relative time [s]
w150
- IS
190 L ————— S PR |B == .
(B) 2 110
0 10 20 30 40 50 &0 70 B0 80 100
— Relative time [s]
_=5
E 'E' W
= T [
o B
(€) > 85
D g 10 20 30 40 50 60 70 BO a0 100

Relative time [s]

Figure 25. (A) Altitude, (B) IAS, and (C) VVI recorded during simulated level flight.
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Figure 26. Registered ideal gusts measurements from the simulation weather section—level flight;
wind speed as a function of time.

The third microsquall simulation with flight parameter recording, was conducted
during a climb in LVL CHG autopilot mode. After initiating a climb from an altitude
of 8000 ft (2439 m) and stabilizing flight parameters, a microburst was generated from
the instructor station at an altitude of 10,000 ft (3048 m), 68 s after the simulation began
(Figure 27). In this case, the downdraft reached a maximum of 6.1 m/s (1200 ft/min), while
the frontal and then rear gusts reached 25 m/s. The observed lateral gust was minor, with
a maximum value of 2 m/s, and shifted direction during its occurrence (Figure 28). The
microsquall occurred between 68 and 96 s of the simulation; during this time, the aircraft
was climbing from 3048 m to 3400 m. Once the wind subsided, the aircraft completed its
climb to an altitude of 3658 m (12,000 ft) and stabilized in level flight.
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Figure 27. (A) Altitude, (B) [AS5, and (C) VVI recorded during simulated flight—climb phase.
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Figure 28. Registered ideal gusts measurements from the simulation weather section—climb phase;
(A)}—wind speed as a function of time, (B)—wind speed as a function of altitude.

Given the steady increase in altitude and climb rate, it may seem that a microsquall
does not pose a significant threat during this phase of flight. However, it is important
to highlight the substantial decrease in IAS speed—drop of 42 m/s from 128.6 m/s to
86.6 m/s. By comparison, in level flight, the IAS decreased by nearly 20 m/s to 108.7 m/s,
despite the slightly weaker frontal gust (Ug = 22 m /s versus 25 m/s during climb). This
sharp drop in IAS during climb, especially when occurring shortly after takeoff at lower
airspeeds, can be critical. A loss of this magnitude may lead to an aerodynamic stall, posing
a serious risk to flight safety.

4. Results and Discussion

4.1. Estimation Accuracy—Head-on Gusts

The graphs in this section compare the ideal measurement scenario with the obtained
low-frequency signal ( Ug_;ﬂ} and the complete estimation (Ug.st). The latter combines
low-frequency and high-frequency signals using a complementary filter (CF) across three
analyzed flight phases.

The first flight phase examined was descent. Three data ranges were selected for
graphical analysis: the entire simulation (0-330 s), a series of selected gusts (200-255 s),
and a single gust event (220-238 s). The CF results illustrate the effect of varying the time
constant T, on the estimation outcome. For comparison with the recorded gusts, four
selected values of time constant—{0.5 s, 0.8 s, 1 s, 1.5 s}—were taken into account.

Based on Figures 29-31, it can be concluded that the most accurate estimation results
compared to the reference measurement, were obtained with time constants of 0.8 s and
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1.0 s. Increasing the time constant from 0.5 s to 0.8 s improved the alignment between
the estimation and the ideal headwind gust measurements. Taking a closer look on the
arrows annotated with numerical data for the selected increasing gust in Figure 30, a
computational comparison could be made. For the time constant of 0.5 s, the peak gust
value is 0.64 m/s lower than the reference measurement for complete estimation (for low-
frequency estimation this diffrence is more significant and amounts to 2.03 m/s). The
delay of the full estimation in relation to the reference measurement is relatively small
and is equal to 0.39 s, which is a better value in relation to the delay of the low-frequency
estimation, which equaled 0.5 s. Increasing the time constant to 0.8 s allowed for an almost
perfect match (0.02 m/s diffrence between the reference measurement) of the peak gust
value considered while maintaining the full estimation delay of (.39 s. Analysis of the
numerical annotations of the arrows in Figure 31 allows for an accurate comparison of the
minimum numerical values for the selected weakening gust case. Starting from a time
constant of 0.5 s, the differences in the minimum value are 0.37 m/s for the full estimation
and (.84 m/s for the low-frequency estimation. The delays with respect to the reference
measurement are (.95 s for the full estimation and 1.39 s for the low-frequency estimation.
When comparing the changes in the full estimated values for this selected case, the closest
value to the reference measurement was achieved for a time constant of (1.8 s (only 0.04 m/s
difference), while maintaining the delay at the level of 0.95 s. A time constant of 1.0 s
already underestimates the minimum value by 0.2 m/s, while a time constant of 1.5 s
underestimates it by 0.34 m/s, also increasing the estimation delay to 1.05 s.
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Figure 29. Comparison of the gust value with the estimation results—descent crossing a gust area;
entire simulation (complementary filter, (A) T,, =055, (B) T,, =085, (C) T, =105, (D) T, = 1.5 5).

For the considered cases of a gust with increasing velocity and a gust with decreasing
velocity, the best results were obtained for a time constant of 0.8 s. However, the overall fit
should also be taken into account for the final evaluation and conclusions. In this respect,
the results for a time constant of 1.0 s are also satisfactory. On the other hand, an increase in
the time constant to 1.5 s led to an overestimation of the peak gust values both in assessment
and computational comparison of charts.
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Figure 30. Comparison of the gust value with the estimation results—descent crossing a gust
area; series of selected gusts (complementary filter, (A) Tey =055, (B) Ty =085, (C) Tew = 1.0 5,
{U} T{_'u =05 5}.
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Figure 31. Comparison of the gust value with the estimation results—descent crossing a gust area; single
selected gust (complementary filter, (A) T, =055, (B) Tow =085, (C) Toy = 1.0 5, (D) Ty = 1.5 5).

Subsequently, the estimation results for the simulation performed during level tlight
were analyzed. Three data ranges were selected for graphical representation: the entire
simulation (0-143 s), a series of selected gusts (65-115 s), and a single gust (80-105 s). As in
the previous case, the complementary filter (CF) results reflect the influence of varying the
time constant T; on the estimation performance. The same four time constants—{0.5s, 0.8 s,
1s, and 1.5 s}—were used for comparative analysis.

The evaluation of charts presented in Figures 32-34 leads to the conclusion that the
best representation of the estimation results compared to the reference measurement was
obtained for the time constant of 0.8 s. By examining the arrows annotated with numerical
values for the selected rising gust speed in Figure 33, a computational comparison can
be made. When using a time constant of (0.5 s, the peak gust value is 0.2 m/s lower than
the reference measurement in the full estimation, with a more pronounced difference of
1.04 m/s in the low-frequency estimation. The full estimation shows a relatively small



Appl. Sci. 2025, 15, 5687

27 of 44

delay of 0.5 s compared to the reference, which is an improvement over the 0.7-s delay
observed in the low-frequency estimation. Increasing the time constant to 0.8 s leads to a
peak value that exceeds the reference by 0.46 m/s, while still maintaining the (.5-s delay
in the full estimation. However, further increases in the time constant to 1.0 and 1.5 s
resulted in progressively worse numerical performance. Reviewing the numerical labels
on the arrows in Figure 34 enables a precise comparison of the minimum values for the
selected decaying gust scenario. With a time constant of (1.5 s, the minimum value deviates
by 0.58 m/s in the full estimation and by 1.62 m/s in the low-frequency estimation. The
corresponding delays relative to the reference measurement are 0.3 s and (.31 s, respectively.
Among the full estimation results, the closest match to the reference is observed at a time
constant of 0.8 s, differing by just 0.03 m/s and keeping the delay at 0.3 s. Increasing the
time constant to 1.0 s results in an underestimation of 0.39 m /s, while a time constant of
1.5 s leads to a larger underestimation of 1.2 m/s and a slight delay increase to 0.32 s.
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Figure 32. Comparison of the gust value with the estimation results—level flight through a gust area;
entire simulation (complementary filter, (A) Tey =055, (B) Ty =085, (C) Tew = 1.0 s, (D) Tew = 1.5 5).
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Figure 33. Comparison of the gust value with the estimation results—level flight through a gust

area; series of selected gusts (complementary filter, (A) Tey =055, (B) Toy =085, (C) Ty =105,
'[:D'} T;:u =15 5}.
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Figure 34. Comparison of the gust value with the estimation results—level flight through a gust area;
single selected gust (complementary filter, (A) Tey =055, (B) Ty =085, (C) Tew = 1.0 5, (D) Tew = 1.5 5).

For both the increasing and decreasing gust scenarios, the most accurate results were
achieved with a time constant of (0.8 5. Nonetheless, the overall match between the estimated
and reference data should also be considered in drawing final conclusions. Conversely,
raising the time constant to 1.5 s resulted in an overestimation of peak gust values, as seen
in charts as well as in numerical analysis.

The third case analyzed for evaluating the headwind estimation algorithm using
complementary filtering was climbing through a layer of head-on gusts. Three data ranges
were chosen for graphical presentation: the entire simulation (0-190 s), a series of selected
gusts (55-120 s), and a single gust (55-80 s).

Figures 35-37 indicate that time constants of (.8 s and 1.0 s provided the most accurate
estimation results relative to the reference measurement. Analyzing the arrows labeled with
numerical values for the selected rising gust speed in Figure 37 enables a computational
comparison. With a time constant of 0.5 s, the peak gust value in the full estimation falls
3.94 m/s below the reference, while the low-frequency estimation shows an even larger
discrepancy of 5.69 m/s. Both estimation methods exhibit a delay of (.71 s relative to the ref-
erence. Increasing the time constant to 0.8 s decreases the peak value difference to 3.02 m/s,
without affecting the delay in the full estimation. A further increase to 1.0 s reduces the
discrepancy to 2.47 m/s, again with the same delay. Although a time constant of 1.5 s yields
the smallest difference in the peak value, it also significantly inflates the minimum values,
which is discussed below. Examining the numerical annotations on the arrows in Figure 36
allows for an accurate comparison of the minimum values in the selected weakening gust
scenario. At a time constant of (.5 s, the full estimation shows a minimal deviation of
0.05 m/s, while the low-frequency estimation differs by (.41 m/s. The respective delays
compared to the reference measurement are 0.25 s and 0.41 s. Increasing the time constant
to (.8 s results in a greater underestimation of .46 m/s, with a nearly unchanged delay of
0.26 s. Further increases to 1.0 and 1.5 s lead to increasingly larger underestimations.
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Figure 35. Comparison of the gust value with the estimation results—climb crossing a gust area;
entire simulation (complementary filter, (A) Tey =055, (B) Tew =085, (C) Tew = 1.0 s, (D) Tew = 1.5 5).
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Figure 36. Comparison of the gust value with the estimation results—climb crossing a gust area; series
of selected gusts (complementary filter, (A) T, =0.5s, (B) T, =085, (C) T, =105, (D} T, = 1.5s).

In contrast to the previously analyzed flight states for the case of climb, there are
differences in the most favorable results for the gust with increasing velocity (T, = 1.5 s)
and the gust with decreasing velocity (T, = 0.5 s). It would be necessary to develop
criteria and a methodology for accurately identifying the optimal time constant for this
flight phase.

The headwind estimation results were evaluated by comparing them to the low-
frequency signal derived from the recorded ideal gusts measurements. Analyzing the
above graphs, it can be concluded that the applied estimation method allows for a more
accurate representation of the gusts shape, and therefore their velocity, particularly in their
extreme values, which pose the greatest threat to the aircraft. The estimation enables a more
precise and faster representation of violent gusts (where considerable gusts speed increase
and decrease in a short period of time). Both the low-frequency signal and the estimation
are delayed relative to the recorded headwind gusts, but the complete estimation responses
slightly precede the information derived from the low-frequency signal. Table 2 summarizes
the computational comparisons of the selected cases discussed above (the most favorable
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results are in bold). Negative values in the difference columns mean underestimation, and
positive values mean overestimation.
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Figure 37. Comparison of the gust value with the estimation results—climb crossing a gust area; single
selected gust (complementary filter, (A) Tey =055, (B) Ty =085, (C) Tew = 1.0 s, (D) Tew = 1.5 8).

Table 2. Computational comparison of the selected peak gusts values for complete headwind
estimation with reference measurements for different time constants and flight phases (D—descent,
L—level flight, C—<climb).

Weakening Gust

F. Phase Rising Gust Speed Average Values

Speed

Teu Difference Delay Difference Delay Difference Delay
D/T.,,=05s 064 m/s (0.39s 0.37 m/s (.95 s ~0.135m/s (.67 s
D/Ty=08s 0.02 m/s 0.39s —0.04 m/s 195 —0.01 m/s 0.67 s
D/Tay=10s 034 m/s 0.39s ~0.20m/s 095 s 0.07 m/s 0.67 s
DfTq;=15s 0.79m/s 0.39s ~0.34 m/s 1.05s 0.225m/s 0.72 s
L/ Ty =05% —0.20 m/s 0.5 s .58 m/s .30 s 0.19 m/s 0.40 s
L/T4,=08s .46 m/s 0.50 s —0.03 m/s .30 5 0.215m/s 0.40 s
L/ Tey =10% .84 m/,/s 0.50s —0.39m/s (.32 s 0.225m/s 0.41 s
L/T,=15s 1.61 m/s (.50 s ~1.20m/s 0.32 s 0.205 m/s (.42 s
o Ly =00 ~394 m/s 071s —0.05 m/s (.25 s ~1.995 m/s (.48 s
C/Ty=08s ~3.02 m/s 0.71s ~046m/s 0.26s —~1.74d m/s 0.485 s
ChfTen=10% -247 m/s 0.71s ~0.78m/s 0.26s ~1.625m/s 0.485 s
Cf gy =158 —1.33m/s 0.71s ~1.60m/s .26 s —1.465 m/s 0.4585 s

4.2. Estimation Accuracy—Side Gusts

The graphs in this section depict ideal side gusts measurement (obtained from the
simulator’s weather section module) with the low-frequency signal Vg_]n (derived from
speed and drift angle measurements) and the complete estimation Vgest (a fusion of
low-frequency signal Vg, and high frequency signal v,.pj—based on side acceleration
measurement, using a CF). These comparisons were made for three considered phases
of flight.

The first analyzed flight phase was descent (Figures 38—40). Three data ranges were
chosen for graphical presentation: the entire descent part of simulation (50-320 s), a series of
selected gusts (120-195 s), and a single gust (146-168 s). The graphs illustrate the influence
of varying the complementary filter time constant T, on the estimation results. Four
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selected time constant values {0.5 s, 0.8 5, 1 5, 1.5 5} were used for graphical comparison of

the estimation against the recorded gusts.
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Figure 38. Comparison of the gust value with the estimation results—descent crossing a gust area;
entire descent part of simulation (complementary filter, (A) T, =0.5s, (B) T, =085, (C) T, = 1.0 s,
{U} T.m..l =15 5}.
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Figure 39. Comparison of the gust value with the estimation results—descent crossing a gust
area; series of selected gusts (complementary filter, (A) Tey =055, (B) Tey =085, (C) Ty =105,
{U} T.r:q..' =15 5].

Based on the charts, it can be concluded that the estimation results best matched the
reference measurements for time constants of (.5 s and 0.8 s. The assessment also confirmed
that increasing the time constant from 0.8 s to 1.0 and 1.5 s led to an underestimation
of the maximum gust values—mostly opposite to the trend observed in the head-on
gusts estimation.
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Figure 40. Comparison of the gust value with the estimation results—descent crossing a gust area;
single selected gust (complementary filter, (A) Ty, =0.55, (B) Ty =085, (C) T =105, (D) Tey = 1.5 5).

A detailed examination of the arrows marked with numerical values for the selected
increasing gust in Figure 39 allows for a computational comparison. With a time constant
of 0.5 s, the peak gust value in the full estimation is 1.01 m/s lower than the reference,
while the low-frequency estimation shows a larger deviation of 1.83 m/s. The delay in the
full estimation is 0.79 s, which is a deterioration over the (.35-s delay observed in the low-
frequency estimation. Increasing the time constant to 0.8 s allowed for an almost perfect
match (0.11 m/s diffrence between the reference measurement) of the peak gust value
considered while the full estimation delay increased to 0.93 s. Computational evaluation
confirmed that increasing the time constant to 1.0 and 1.5 s resulted in an underestimation
of the maximum gust values and increase in the delay to 1.1 s for Ty = 1.5. Examining the
numerical labels on the arrows in Figure 40 enables a precise comparison of the minimum
values for the selected weakening gust scenario. With a time constant of 0.5 5, the minimum
value differs by 0.68 m /s in the full estimation and by 1 m /s in the low-frequency estimation.
The delay with respect to the reference measurement is only 0.03 s for the full estimation,
and the low-frequency estimation is ahead of the baseline measurement by 0.35 s. When
comparing the changes in the full estimated values for this selected case, the closest value
of underestimation was achieved for a time constant of 1.0 s (0.2 m/s difference), with a
relative small delay at the level of 0.33 s. A time constant of 1.5 5 already overestimates the
minimum value by (.12 m/s, also increasing the estimation delay to 0.43 s.

For the considered cases, the best results were obtained for a time constant of (0.8 s for
a gust with increasing velocity and for a time constant of 1.0 s for a gust with decreasing
velocity. However, every increase in time constant in this algorithm for the level flight
phase is associated with an increase in the delay of complete estimation, which is presented
in detail in Table 3.

Afterward, the estimation results for the simulation conducted in level flight were
presented. Three data ranges were selected for graphical analysis: the entire simulation
(0-180 s), a series of selected gusts (50-85 s), and a single gust (60-74 s). The CF results
reflect the impact of variations in the time constant Ts on the estimation result. For analysis,
the same time constants were selected for comparison.
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Table 3. Computational comparison of the selected peak gusts values for complete sidewind estima-
tion with reference measurements for different time constants and flight phases (D—descent, L—level

flight, C—climb).

Weakening Gust

F. Phase Rising Gust Speed Average Values

Speed

Teu Difference Delay Difference Delay Difference Delay
D/T.,=05s 1.01 m/s 0.79 s ~0.68Bm/s 0.03s 0.165 m/s 0.41s
DTy =08s 0.11 m/s (.93 s —~0.37 m/s (.20 s —0.13 m/s (.565s
D/Tey=10s —~0.41 m/s (.99 5 —0.20m/s .33 s ~0.305m/s (.66 s
D/Teu=158 ~1.42m/s 1.10 s 0.12 m/s 043 s —0.65m/s (.76h s
L/ T =105 254 m/s 0.38s —2.85m/s 0.50 s —(0.155 m/s 0.44 s
L/ T4,=08s 1.20m/s .56 s ~1.61 m/s .60 s —~0.205 m/s (.58 s
L/Tai=10% 0.45 m/s .64 s —~0.92m/s GLES 0.235m/s (.65h s
L/Toy=15s —091 m/s (.64 s 0.34 m/s .76 s ~0.285 m/s 0.70 s
L/ Teis=05s ~1.15m/s 0.43 s 0.92m/s 0.49 s ~0.115m/s 0.46 s
C/Ten=08s —~0.44 m/s 058 s 0.14 m/s (.6l s —0.15 m/s (.595 5
L/ Ten=1.08 0.03 m/s O.6hs —~0.33 m/s (168 s —0.15m/s (.B6hA s
Cf T =158 093 m/s 0.77 s ~1.39m/s .78 5 —0.23m/s 0.775s

The evaluation based on charts presented in Figures 41-43 leads to the conclusion that
the best representation of the estimation results compared to the reference measurement was
obtained for the time constant of 1.0 s. By examining the arrows annotated with numerical
values for the selected rising gust speed in Figure 42, a computational comparison can
be made. When using a time constant of (.5 s, the differences between peak gust values
are 2.54 m/s for complete estimation and 3.65 m/s for the low-frequency estimation with
reference wind measurements. The full estimation shows a relatively small delay of 0.38 s
compared to the reference, but no delay is observed in the low-frequency estimation.
Raising the time constant to (.8 s reduces the peak value of the overall estimation; however,
the maximum value still surpasses the reference by 1.20 m/s. The delay also increases, going
from 0.38 s to 0.56 s. When the time constant is further increased to 1.0 s, the estimation
aligns most closely with the baseline in terms of the gust peak value, though the delay grows
to 0.64 s. A final increase to a time constant of 1.5 s results in poorer numerical accuracy,
leading to an underestimation. Reviewing the numerical labels on the arrows in Figure 43
enables a precise comparison of the minimum values for the selected decaying gust scenario.
With a time constant of 0.5 s, the minimum value deviates by 2.85 m/s in the full estimation
and by 3.93 m/s in the low-frequency estimation. The corresponding delays relative to the
reference measurement are 0.5 s and 0.16 s, respectively. In this scenario, increasing the
time constant results in progressively more accurate adjustments to the minimum value.
The closest match to the reference measurement is observed at a time constant of 1.5 s,
with a deviation of only 0.34 m/s. However, when considering the remaining gusts, their
values are underestimated, indicating a general trend of underestimation. Thus, for both
rising and falling gust conditions, the time constant of 1.0 s offers the most accurate velocity
values. Nonetheless, this comes with an expected increase in delay, reaching approximately
(.65 s compared to shorter time constants.

The third case analyzed to evaluate the side gust estimation algorithm using comple-
mentary filtering involved climbing through a layer of head-on gusts. Three data ranges
were selected for graphical presentation: the entire simulation (0-180 s), a series of selected
gusts (55-95 s), and a single gust (65-80 s).
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Figure 41. Comparison of the gust value with the estimation results—level flight through a gust area;
entire simulation (complementary filter, (A) Ty =055, (B) Tey =085, (C) Tey = 1.0s, (D) Ty = 1.55).
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Figure 42. Comparison of the gust value with the estimation results—level flight through a gust
area; series of selected gusts (complementary filter, (A) Tey =055, (B) Tey =085, (C) Tey =10 s,

(D) Toy = 158).

Data analysis (Figures 44-46) shows that a time constant of 1.0 s provides the most ac-
curate estimation results compared to the reference measurement. A numerical comparison,
based on the arrows annotated with values for selected gusts in Figures 45 and 46, supports
this observation. Similar to the two earlier flight conditions, the optimal estimation for
lateral gusts is achieved with a time constant of 1.0 s during rising gusts and 0.8 s during
falling gusts. Increasing the time constant to 1.5 s leads to underestimation. Detailed

computational results are provided in Table 3.
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Figure 43. Comparison of the gust value with the estimation results—level flight through a gust
area; single selected gust (complementary filter, (A) T,, =055, (B) T,, =085, (C) T,, = 1.0 s,

(D) Tew =1.55).
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Figure 44. Comparison of the gust value with the estimation results—climb crossing a gust area;
entire simulation {complementary filter, (A) Tey =055, (B) Ty = 085, (C) Ty =1.0s, (D) Ty = 1.5 5).

The side gust estimation results were evaluated by comparing them to the low-
frequency signal in reference to the recorded ideal gusts measurements. Analysis of
the graphs in the subection 4.2 indicates, that the applied estimation method allows for a
more accurate representation of the gusts’ shape, and therefore their velocity, particularly
in their extreme values, which pose the greatest threat to the aircraft. The estimation
provides a more precise depiction of violent gusts where significant increases and decreases
in gust speed occur over a short period of time, whereas the low-frequency signal tends to
overestimate their magnitude. The undoubted advantage of the algorithm is its consistent
performance across all evaluated flight conditions. Both the low-frequency signal and the
estimation are delayed relative to the recorded side gusts. The best estimation is delayed

by an average of (.65 s. This delay is approximately (1.1 s longer than that observed in the
estimation of head-on gusts. The low-frequency signal, although less accurate, reacted
faster to the side gust—the delay in relation to the reference gusts was within 0.4-0.5 s.
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This is a faster response of the low-frequency signal compared to the estimation of head-on
gusts. Furthermore, a higher value of the complementary filter time constant leads to a
larger increase in the estimation delay in contrast to the head-on gust estimation algorithm.
It would be necessary to define criteria for situations in which a shorter algorithm response
time is preferable, even at the cost of underestimated peak values.
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Figure 45. Comparison of the gust value with the estimation results—climb crossing a gust area; series
of selected gusts (complementary filter, (A) Ty =055, (B) Ty =085, (C) Tey = 1.0 5, (D) Ty = 1.5 5).
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Figure 46. Comparison of the gust value with the estimation results—climb crossing a gust area; single
selected gust (complementary filter, (A) Ty =055, (B) Tey =085, (C) Tew = 1.0 s, (D) Tev = 1.5 5).

Table 3 summarizes the computational comparisons of the selected cases discussed
above (the most favorable results are in bold). Negative values in the difference columns
mean underestimation, and positive values mean overestimation.

4.3. Estimation Accuracy—Vertical Gusts

The graphs in this section compare the ideal vertical gust measurements to the obtained
low-frequency signal {Wg,mj and the complete estimation (Wg-est), which combines the low-
frequency signal (Wg,]n] and the high-frequency {wg,hi} signals using a CF across the three
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phases of flight. Based on the literature review, no direct method for determining vertical
gusts using onboard systems in commercial aircraft has been identified. The developed low-
frequency signals do not accurately represent the vertical gust value. Values comparable
to the reference measurement can only be obtained after the fusion of the signals through
additional filtering.

For the first analyzed flight phase—descent, two data ranges were selected for graph-
ical presentation: the entire simulation (0-230 s) and a narrowed range during vertical
gust occurrence (simulation time 100-140 s). The CF results illustrate the influence of
varying the time constant T, on the estimation accuracy. Four time constant values
{0.5s,1.0s, 1.2 5, 1.5 s} were selected to account for the comparison of the estimation against
the recorded gust.

Based on Figures 47 and 48, it can be concluded that the estimation results most closely
matched to the reference measurements for time constant of 1.2 s. In Figure 47, it is clearly
shown that combining low- and high-frequency signals through complementary filtering
ereatly enhances the shape of the gust, specifically its velocity profile over time.
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Figure 47. Comparison of the gust value with the estimation results—descent crossing a microburst;
entire simulation (complementary filter, (A) Tewy =055, (B) Tew =105, (C) Tew = 1.25, (D) Tew = 1.5 5).

A closer examination of the arrows annotated with numerical data for the selected
increasing gust in Figure 48 allows for a computational comparison. With a time constant
of 0.5 s, there is a noticeable underestimation of the peak vertical gust velocity. Interestingly,
the low-frequency and complete estimation signals initially lead the response, accurately
capturing both the initial rise in gust velocity and the peak value. However, the accuracy
deteriorates as the gust velocity returns to zero. To quantify the delay in reverting to
pre-gust conditions, a reference point at a velocity of —0.5 m/s was chosen for each
signal analyzed. Despite initially leading the reference measurement, the signals exhibit a
substantial lag—exceeding 3 s—at this point. The increase in time constants to 1.0 s and
1.2 s brings the peak value of the estimated vertical gust closer to the reference value at the
cost of increasing the delay. However, there is an improvement due to the decrease in delay
for decreasing the gust speed. Detailed comparative data are presented in Table 4. Data
analysis allows a less precise return of the full estimate to zero after the gust has subsided.
This issue becomes more pronounced with a time constant of 1.5 s, where the peak is also
overestimated. Overall, it is important to note that the average delay is greater compared
to the other two algorithms, reaching around 1.5 s during the descent phase of flight.
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Figure 48. Comparison of the gust value with the estimation results—descent crossing a mi-
croburst; single vertical gust (complementary filter, (A) Tew =055, (B) Tow =105, (C) Tew = 1.2 5,
(D’j Tcw =1.5 5}.

Table 4. Computational comparison of the selected peak gusts values for complete vertical wind
estimation with reference measurements for different time constants and flight phases (D—descent,

L—Ilevel flight, C—climb).

Weakening Gust

F. Phase Rising Gust Speed Average Values

Speed

j Difference Delay Difference Delay Difference Delay
D/Teu=05s ~090m/s —0.50 s 0 307 s ~045m/s 1.285s
D/Tew =105 ~0.35m/s 1.09s 0 191s ~0.175 m/s 128
D/Teu=12s —0.11 m/s Laks 0 1.67 s —0.055 m/s 1.595s
D/T.=15s .19 m/s 1.59s 0 1.56 5 0.095 m/s 1.575s
L/Tey=05s —0.05 m/s 0.56 s 0 1l.74s —0.025 m/s 1.15s
L/Teu=10s 0.13m/s 0.90 s 0 1.05s 0.065 m,'s 0.975s
L/Tew=12s 0.17 m/s 091 s 0 0.91s 0.085m,'s 0.91s
LfTe =18 0.12m/s 0.90 s 0 1.05s 0.06 m/s 0.975s
C/Teu=055s 0.43m/s 0.92s 0 148 s 0.215m/s 1.2s
C/Teu=105 0.3l m/s 0.95s 0 0.07 s 0.155m/'s (.51 s
C/ Ten =125 0.28 m/s (0.95s 0 —0.18 s 0.14 m/s (.385 s
/T =153 0.25 m/s 0.97 s 0 —0.39 s 0.125 m/s 0.29 s

Subsequently, the estimation results for the simulation conducted in level flight were
presented. Two data ranges were selected for graphical analysis: the entire simulation
(0-100 s) and the narrowed range during vertical gust occurrence (simulation time 45-75 s).
The CF results reflect the influence of varying the time constant T, on the estimation
performance. For analysis, the same time constants were selected for comparison.

Data analysis based on Figures 49 and 50 indicates that time constants of 0.5s and 1.0 s
provided the closest match between the estimated results and the reference measurement.
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Figure 49. Comparison of the gust value with the estimation results—microburst during a level
flight; entire simulation (complementary filter, (A) Teww = 055, (B) Tew = 1.0 5, (C) Tew = 1.2 5,
(D) Tew = 15 5).
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Figure 50. Comparison of the gust value with the estimation results—microburst during a level
flight; single vertical gust (complementary filter, (A) Tew = 0.5 s, (B) Tew = 1.0 s, (C) Tew = 1.2 5,
(D) T, =1.5s).

A detailed look at the arrows annotated with numerical data for the selected increasing
gust in Figure 50 enables a computational comparison. With a time constant of (.5 s, the
estimated peak vertical gust differs from the reference by only 0.05 m/s, with a delay of
(.56 s. However, this time constant also results in a delay of 1.74 s for reaching a velocity of
0.5 m/s during the gust’s decline. Figure 50 indicates a notably accurate return to zero after
the vertical gust ends when using a time constant of 1.0 s, with an average overall delay of
0.975 s. In comparison, the other time constants analyzed perform less favorably in this
aspect. According to Table 4, increasing the time constant further to 1.2 s and 1.5 s does not
significantly affect the total delay, which remains approximately 0.5 s shorter than in the
previously examined descent flight phase.

The third scenario analyzed to evaluate the vertical gust estimation algorithm using
complementary filtering involved flying through a microburst during climb. Two data
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ranges were selected for graphical presentation: the entire simulation (0-170 s) and the
narrowed range of vertical gust occurrence (simulation time 60-110 s).

Figures 51 and 52 demonstrate that a time constant of 1.0 s vields the most accurate es-
timation results relative to the reference measurement. Significant differences are observed
in the return to zero values following the vertical gust, with the most favorable outcome
occurring at a time constant of 1.0 s.
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Figure 51. Comparison of the gust value with the estimation results—climb crossing a microburst;
entire simulation (complementary filter, (A) T, =055, (B) T, =105, (C) T., =125, (D) T, = 1.5 5).
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Figure 52. Comparison of the gust value with the estimation results—climb crossing a microburst; sin-
gle vertical gust (complementary filter, (A) Tew =055, (B) Tew =105, (C) Tew =125, (D) Tew = 1.5 8).

In contrast to the two previously analyzed flight conditions, the peak values of the
vertical gust are overestimated during the climb phase. Increasing the time constant reduces
the discrepancy between the estimated and reference values, although, as indicated in
Table 4, these differences remain relatively minor. For the weakening phase of the gust—
specifically at the —0.5 m/s velocity point—raising the time constant from 0.5 s to 1.0 s
significantly reduced the estimation delay from 1.48 s to just 0.07 s. For this criterion, further
increasing the time constants causes the estimation to be too far ahead of the reference



Appl. Sci. 2025, 15, 5687

41 of 44

measurement. However, further increases in the time constant lead to the estimation
anticipating the reference measurement, while at the same time causing problems with
stabilizing the zero values after the vertical gust has subsided.

The vertical gust estimation results were evaluated by comparing them to the low-
frequency signal and the recorded ideal gusts measurements. Analysis of the graphs
from Section 4.3, indicates that the applied estimation method provides a more accurate
representation of the gusts’ shape, and therefore their velocity, than the low-frequency
signal alone. The estimation more accurately captured the decrease in gust velocity, whereas
the low-frequency signal exceeded the reference signal during this phase. The whole
simulation graphs showed that, in the case of estimation, there was a quicker return to zero
after the gust subsided, compared to the low-frequency signal, especially for a time constant
equal to 1.0 s. The vertical gust estimation algorithm is less predictable compared to the
developed head-on and side gusts estimation algorithms. Interestingly, the low-frequency
signal slightly preceded the reference gust during its initial phase. The estimation is delayed
by an average of 1.0 s for the level flight and climb phases and by an average of 1.5 s for
the descent phase, relative to the recorded reference gust for the most accurate results in
terms of value. Furthermore, a higher value of the complementary filter time constant
leads to difficulties in maintaining stable zero values after the vertical gust has diminished.
In the analyzed vertical gust scenario, the potential impact of a simultaneously occurring
strong headwind gust and a minor crosswind component on the estimation results was
considered. In the contrast, for the previously analyzed separated head-on and side gusts
scenarios (Sections 4.1 and 4.2), the influence of other wind components was eliminated by
carefully selecting the simulation conditions.

Table 4 summarizes the computational comparisons of the selected cases discussed
above (the most favorable results are in bold). Negative values in the difference columns
mean underestimation, and positive values mean overestimation. When interpreting the
average deceleration values from Table 4, the negative values of the last two time constants
for the climb case must be taken into account, which lower these average results.

5. Conclusions

For C5-25 EASA category aircraft, most of which are characterized by a relatively
high mass, resistance to small gusts is generally high. However, in the presence of more
significant disturbances, such as those caused by wind shear, recovery—particularly during
the terminal phases of flight—can be challenging. In such scenarios, early gust detection
systems are crucial, as they support rapid decision-making and accurate identification of
the phenomena, thereby reducing susceptibility to human error.

When deriving the dependencies enabling gust estimation, dynamics models, includ-
ing control system interactions, were employed. However, the final results, expressed
in formulas (32), (38), and (42), are independent of specific flight states, and thus remain
unaffected by the particularities of the aircraft dynamics model. In our previous study [30],
we partially applied flight-state-sensitive estimation. In the present manuscript, we demon-
strate that this issue can be circumvented without any significant impact on the practical
results. We consider this to be one of the key advantages of the proposed solution.

The developed estimation algorithms enable relatively fast and accurate determination
of atmospheric gust parameters. The results obtained confirm their reliable performance
under various flight conditions. In summary, the average estimation delay ranged from
0.4 to 0.67 s for the head-on gust estimation algorithm, from 0.50 to 0.67 s for the side
gust estimation algorithm, and from 0.91 to 1.6 s for the vertical gust estimation algorithm,
depending on the selected time constant. The selection of time constants for evaluating
the accuracy of different gust types was guided by the following criteria: first, alignment
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of the estimation results with reference measurements in terms of gust waveform shape
and peak values; second, achieving the lowest possible estimation delay relative to the
reference data; and third, improvement in the representation of low-frequency signal
components. In further work on the developed algorithmes, it is essential to establish clear
criteria and a structured methodology for accurately determining the optimal time constant
for each algorithm and, ultimately, for each flight phase. Additionally, guidelines should
be defined for situations where a faster algorithm response is prioritized, even at the cost
of underestimating peak values.

It is important to note that the simulation environment may affect the accuracy of
the results when compared to real flight tests. The dynamic behavior of the aircraft in the
simulator may differ from that of the actual aircraft. However, the simulation environment
enables comparisons of algorithms with a reference measurements, which is challenging
to accomplish during real flight tests. It would be beneficial to validate the developed
algorithms using data from a certified Class D FFS simulator, although recording such data
remains difficult due to manufacturer restrictions.

A practical application of the discussed estimation algorithms could involve their
integration into a cockpit indication system for flight crews. Enhanced three-dimensional
gust data could be presented either via a dedicated visual display (e.g., an axonometric
projection), incorporated into the Primary Flight Display (PFD) or Multi-Function Display
(MFD). In addition to visual cues, the system could also incorporate audible alerts. Another
potential application is the transmission of complete or selected critical measurement data
between aircraft conducting similar operations in close succession, or to air traffic control

services—using systems such as the Aircraft Communications Addressing and Reporting
System (ACARS) or Controller Pilot Data Link Communications (CPDLC).
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