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Abstract. This research work introduces a robust methodology for estimating three
components of wind speed by leveraging airspeed, angle of attack, and sideslip angle
measurements from both Satellite Navigation System (SNS) data and on-board
sensors. By integrating these diverse sources of information, the proposed algorithm
using parametric identification method achieves remarkable accuracy in determining
the crucial parameters, i.e. wind speed components, necessary for flight operations.
The research was conducted suggesting that the airflow has a constant direction and
speed. The estimation of wind speed components is performed for distinct flight
duration 20, 31 and 46 seconds in various types of flight maneuver. In order to
determine the shortest duration of processing time at which the accurate estimates
of three components of wind speed can be ensured, sliding window approach is
applied. Notably, this approach yields reliable estimations within an impressive
processing time interval of just 0.5 seconds. The findings have significant implications
across various domains such as aviation safety enhancement, meteorology applications,
and overall operational efficiency improvement of aircraft.

Keywords: parametric identification, flight maneuver, wind speed, angle of attack,
sideslip angle, airspeed
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3asiBjieHHe 0 KOH(UINKTE HHTEPECOB

ABTOpBI 3asBIISIOT 00 OTCYTCTBUH
KOH(JIMKTa HHTEPECOB.

Bxkaan aBTopoB

ABTOpBI BHECIT PaBHOIICHHBIN BKJIA]]
B cOOp M aHANU3 JaHHBIX.

AnHoranus. Hacrosmas uccnenosatensckas padora MOCBsIIEHa pas-
paboTKe HaJIS)KHOTO AJITOPUTMA OLIEHUBAHHS TPEX MPOEKLUH CKOPOCTH
BETpa Ha OCHOBE U3MEPEHHUI BO3LyIITHOW CKOPOCTH, yTJIa aTaKH U yria
OOKOBOTO CKOJIL)XKEHHS KaK I10 JJAHHBIM CITyTHUKOBOW HaBHT'allMOHHOM
cucrembl (CHC), Tak u mo 60pToBbIM naTyrkaM. [lyTem mHTErpanuu
9THX Pa3HOOOPA3HBIX MCTOYHUKOB MH(OpMANNH, NpeIoKEeHHBINA all-
TOPUTM, HUCTIONB3YIOMMI METOA IapaMeTpUYecKOd HICHTH(UKAIHH,
JIOCTUTAeT 3HAYUTENbHOM TOYHOCTH B ONpeAeTICHUH BaKHEHIIINX mapa-
METPOB, TO €CThb IPOCKIINHI CKOPOCTH BETPA, HEOOXOAUMBIX JUIS BBINOJI-
HeHus nojaeroB. MccnenoBanue NpoBOAKUIOCH B IPEANIONOKEHUH, YTO
HampaBJIeHHUE U CKOPOCTh BeTpa MOCTOSAHHBL OIleHMBaHUE MPOEKIMH
CKOPOCTH BETpa MPOU3BOJHIICS [UIS PA3IIMYHbIX AJIUTEILHOCTEH MosIeTa
20, 31 u 46 cekyH[ MpHU pa3IMYHbIX TUIAX MOJETHOTO MaHeBpa. Jis
OTIpe/IeTIeHNs] HAMMEHBIIIEro UHTEpBala BpeMeHH 00pabOTKH, MPH KO-
TOPOM MOTYT OBITH MOJTYy4EHBI TOUHBIC OLIEHKU TPEX MPOEKIHI CKOPO-
CTH BETpa, MPUMEHSETCS OAXOA CKOJB3sMIero okHa. [IpuMedarensHo,
4TO TOT NOJXOJ MO3BOJIAET NOIy4YaTh HAaJEKHBIE OLIEHKH 3 BIIEYATIISI-
IO MHTEpBaJ BpeMeHH 00paboTKH, cocTapistommid Beero 0,5 ce-
KyHIb!l. [lomydeHHbIE pe3ynbTaThl UIMEIOT BaXKHOE 3HAYCHUE VIS pas-
JMYHBIX 00acTed, TaKWX Kak MOBBINICHHE OE30MacHOCTH IOJIETOB,
MPUMEHEHNE B METEOPOJIOTHH M TIOBBIIIEHHE OOLIeH SKCIUTyaTalluoH-
HOU 3 (HEKTUBHOCTH BO3AYIIHBIX CYIOB.

KuiroueBble ciioBa: napamerpryeckas HACHTU(PHUKALNS, MAHEBD TOJIETa,
CKOPOCTh BETPA, YrOJl ATAKH, YIOJl CKOJIBKEHHUS, BO3/YIIIHAS CKOPOCTh

Baaropapnoctu

ABTOpBI BbIpaKaroT FJ'Iy6OKyIO MPU3HATCIBbHOCTDb KOJJICTAM 110 KOMAaH/C 3a IIOCHIIbHBIN BKJ1aJ1, o0ecreYnBIINi 3aBEPIIIC-
HUE UCCIIE0BATENbCKON pa6OTbI. ABTOpLI TaKK€ BbIPpAXKAIOT NPU3HATCIIbHOCTDb PELICH3CHTAM 3a I0JIE3HbIC KOMMCHTapHuu
U IPEAJIOKECHUS, KOTOPBIE IMOBBICUIIN KAYE€CTBO HCCHeHOBaTeHBCKOﬁ pa6OTBI.

JJist uuTupoBaHust
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Introduction

high angle of attack aerodynamics [4; 5], develop-
ment of a control law for supersonic transport air-

The measurement of atmospheric and aircraft
motion parameters is of paramount importance
during flight tests [1], flight dynamics [2], and
airship design [3]. Wind is also important for
numerous specific problems in aerospace, such as
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planes in the landing phase [6], and engine thrust
estimation from flight data [7-9]. Wind velocity
should be considered in the detection of dynamic
errors in aircraft flight data [10], aircraft flight
simulation [11; 12], and cockpit man-machine inter-
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face design [13]. To estimate the wind speed com-
ponents, this study uses system identification
methods [14-19]. System identification methods
were also applied in [20, 21] for aerodynamic para-
meter identification. Satellite navigation systems
are also used to determine aerodynamic errors in air
parameter measurements during flight tests [22].

Generally, the aerodynamic sensors of on-board
measurements estimate the so-called local angles
of the angle of attack and sideslip angle because of
the limitations of sensors in measuring the true
angle of attack and sideslip angle. The local angles
depend significantly on the characteristics of the
aerodynamic flow of the aircraft at the sensor sites.
This is the main reason why the angle of attack and
the sideslip angle can be obtained from onboard
measurements with significant systematic errors.
Therefore, information about the true values of the
angle of attack and sideslip angle is required to
accurately identify the systematic errors of on-
board sensors during flight tests.

The estimation of wind speed components can
enhance flight safety by providing pilots with up-
to-date information to make timely adjustments
and enhance overall flight safety, particularly
during critical phases such as takeoff and landing.
Airlines can also improve operational efficiency
by quickly adapting to changing wind conditions,
and they can optimize flight paths, reduce delays,
and improve operational efficiency. Moreover,
in emergencies or adverse weather conditions,
real-time wind speed estimation can help pilots
navigate safely and make swift decisions to ensure
the well-being of passengers and crew. Therefore,
the present scientific research work in this paper on
the development of an algorithm for the estimation
of wind speed components in a short period of
flight interval is relevant.

The proposed algorithm provides estimates of
the three components of wind speed in a normal
earth-fixed axis system, integrating data from
a satellite navigation system (SNS) and barometric
air measurements. Parametric identification methods
were used to estimate the three components of
wind speed, and the sliding window approach was
applied to determine the shortest processing time

interval. The effect of the airspeed systematic
measurement error on the wind speed estimation
process was also discussed.

1. Classical method for the estimation
of wind speeds during flight test

The determination of the wind speed method
has been improved because of the simplicity of
determining the actual values of airspeed from
ground speed measurements in the modes of
horizontal level flight of an aircraft with opposite
courses. In addition to the enhancement of a new
generation of on-board equipment and satellite
technologies, the use of full ratios for calculating
airspeed and wind speed was implemented based
on measurements of parameters obtained from
satellite (SNS) and inertial (INS) navigation systems
and air data systems.

The problem for the general case in the hori-
zontal-level flight mode with distinct heading angles
was solved in a previous study [23]. It was supposed
that in an orthogonal, centering relative to the
earth, coordinate system OXYZ, the axis of which
is normal to the horizon plane, the movement of
the aircraft includes the sequential execution of
modes of horizontal level flight without sliding with
maintaining heading angles, and the corresponding
values of airspeed. In this case, the OX axis
corresponds to the north in the coordinate system
WGS-84. The designations of velocity components
on the OX and OZ axes are introduced respectively,
with the indices “N”” and “E”. Under this assumption,
the considered motion, the state of the atmosphere
in the area of aircraft flight, is characterized by the
constancy of the wind speed vector U =(U,,U, ),

which lies in the plane of the horizon, and the
motion itself is characterized by low vertical

V!

velocities 7, : %z <<1. Moreover, the airspeed

direction angles /., \/,,, do not differ from those

of the heading angle Y, \/, . Then, assuming that

in the considered horizontal level flight modes, the
ground speed vector takes on  values

W, =Wy W), Wy =(W,,,W,,) accordingly, and

429



Korsun O.N., Om M.H. RUDN Journal of Engineering Research. 2024;25(4):427-440

the parameters are measured at the same point in
space, the relations are valid for the components of
ground speed, air speed and wind speed:

Vising, +Up =Wpy;

Vysing, +Up =Wy,;

Vicosy, +Uy =W,,;

Vycosy, +Uy =Wy,;

v, =y, tAY;

V=V, +AV, ()

where AY =\, —, is the change in the heading

angle when the modes are applied.

When the values of the parameters W,

Wes Wyys Wesy, Ay, AV are known, the
system of equations determines the heading angles
V,,V,, the wind speed components U ,,,U . and

the airspeedsV,,V, :

V, =V, cos AY)AW, — AW, V, sin Ay

siny, = ;
Vi (AW, )+ (A,)?

V, =V, cos AY)AW,, + AW, V,sin Ay
(AW, +(AW,)’ ’

2
V1=V2+AV=%+,/a+A: , (2)

where AW, =W, —W,

cosy, =

29

2 2 A12
AW =W, qe I +@W,) =AY

2(1—cosAvy)
Uy =Wy =V cosy;
U,=W, -V, siny,. 3)
Otherwise,
U = Wy + Wy, AW sin(Ay)
N 2 2(1—-cosAy)
AV, VAW
2((AW,) +(AW,))
(AV)’ AW, sin(Ay)

2(1—cos AW)(AW, ) + (AW, )Y’
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U — WEl + WE2 _
: 2
AW sin(Ay)  AV(V, + VAW,
2(1—cosAy) 2((AW,)* +(AW,)?)

. (AV)’ AW, sin(Ay)
2(1—cos AW)((AW,))* +(AW,)*)’

The determination of wind speed in this
method is only an intermediate element in the
calculation of airspeed, aerodynamic angles, and
other parameters. As in the case of the method
described above, the solution to the problem is
based on the relationship among the vectors of

wind speedﬁ , ground speeds W and airspeeds y :

UN WN VN
U=|U, |=|W, |-V, | 4)
Uy VVJ Vy

To solve Equation (4), measurements of the
projection of the ground speed obtained from SNS,
the air parameters obtained from the air data
system, and the parameters of the angular position
of the aircraft in the space obtained from the INS
are used. The velocity projections were considered
in the WGS-84 coordinate system. Based on
Equation (4), when flying without roll and sideslip
angles, the components of the wind speed vector
are determined by the following expressions:

U, =W, =V _cosvy;
Up =W, =V siny;
U, =W, =V, (%)

The wind velocity module in the horizontal
plane can be expressed as

U, = W2+ W2 +V2 =2V, (W, cosy +W,siny), (6)

where V.,V are horizontal and vertical compo-
nents of the airspeed; Y — heading angle.

The method described in this section is
fundamental for determining the actual values of
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the air parameters using the SNS. The results
obtained demonstrate the possibility of reducing
the errors in determining the atmospheric and flight
parameters in flight tests of aircraft and on-board
equipment. Despite the current use of the proposed
methods in flight tests [23], this method can only
be applied when the aircraft maintains its horizontal-
level flight without sideslip angles. In addition,
it uses airspeed and groundspeed measurements
only, and does not use the measurements of the
angles of attack and sideslip.

The following publications confirm this con-
clusion. In [24], wind speed components were
estimated using the ground speed derived from
GPS position measurements, true airspeed or
calibrated airspeed, and pressure altitude. In [25],
an interactive procedure was proposed to extract
the wind from trajectory data. In this procedure,
a human operator selects appropriate subsets of
radar data, performs automatic and/or manual curve
fitting to extract the wind data, and validates the
resulting wind estimates. Wind speed estimation
can also be performed using trajectory parameters
such as airspeed, initial heading, turn rate, and
flight path angle, as aircraft motion depends on
these parameters [26] and flight path data [27].
In these studies, wind estimation was based on
trajectory parameters, and only two horizontal com-
ponents were estimated. Kalman filter estimation
can also be applied for the estimation of wind
speed using airspeed and ground speed [28; 29].

In all the above-reviewed cases, the data from
the angles of attack and sideslip angle considered
in this present scientific research work were not
used for the estimation of wind speed. Normally,
the sensors installed in the aircraft are used to
collect atmospheric information such as latitude,
longitude, and air pressure, and wind estimations,
that is, wind speed and wind direction, are drawn
from trajectory parameters.

Therefore, a method for the estimation of three
components of wind speed using the angle of
attack, sideslip angle, and airspeed is proposed in
this paper, whereas a method that uses more
information can naturally ensure more accurate
estimates of wind speed components. To conduct

research on the possibility of determining the three
components of wind speed in various flight ma-
neuvers in real time, the parametric identification
method was used where the SNS data and aero-
metric measurement data were integrated, and the
results demonstrated significant accurate estimates
of the three components of wind speed in both
steady and unsteady flight modes.

2. Problem statement
and algorithm description

The research was conducted suggesting that
the airflow has a constant direction and speed. The
duration of flight for estimating the three compo-
nents of wind speed is 20, 31, and 46 s for different
types of flight maneuvers, such as barrel, stepwise,
snake and snake with a vertical component. This
means that for this time interval, the values of the
components of the wind speed on the normal earth-
fixed axis system are constant. Traditionally, the
object model was first formulated to determine the
processing sequence to generate estimates of the
three components of wind speed. The three
components of the airspeed of an aircraft on a
normal earth-fixed axis system are defined by the
following mathematical equations:

ng,a(ti) = ngﬁCHC(Zi) - VVXg;
Vyg,a(ti) = VyngHC(R‘) - Wyg;
Vzgfa(ti):Vzg7CHC(ti)_VVzg> (7)

where Vx&CHC (), Vyg7CHC (), Vzgchc (¢,) are

the values of the components of the aircraft
velocity on the normal earth-fixed axis system
measured by SNS; W ,W W, are the unknown

xg?'' yg?
values of the components of the wind speed on the
normal earth-fixed axis system to be identified.
The magnitude of the airspeed vector is
defined as

V)=V )+ )+2 ). @®)

For the transformation from normal earth-
fixed axes to body-fixed axes, the corresponding
directional cosine matrix is written as follows:
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V., cosycos® sin —sinycos Y Vi

N . . . . . B 9)
V, o |=| sinysiny —cosysintcosy coscosy cosysiny+sinysindcosy x|V, ,
V. . sinycosy+cosysingdsiny —cosUsiny cosycosy—sinysindsiny 14

During the calculations, the orientation angles
were taken according to the output signal of the
attitude and heading reference system included
in the navigation system. The constant yaw error
\J/, which can be considered constant in a section

with a duration of 30-50 s, should be included in
the vector of identifiable parameters.

The multiplicative error of the measuring
channels is taken into account by the steepness
coefficients of the acrodynamic angle sensors K

andKﬁ.

In the presence of nonlinearity, an additional
approximation is introduced, which is not funda-
mentally difficult but increases the dimension of
the problem.

By using the components of the airspeed (7)
on the body-fixed axes, it is possible to write the
formulae for the values of the angles of attack and
sideslip:

Vy a(ti)
au(ti>=—arctg{V— (t})],

(10)

B,()= —arcsin[l/z—“(ti)j,

V()

where @ (t,),B, (¢) are the output signals of the

measuring channels of angles of attack and
sideslip, respectively.

Therefore, the object model is determined
using Equations (7)—(10). The observation model
takes the following form:

)=V, () +C +&,@);
2,(t) = K,0,(t)+C, +&,(t);
z,(t) = Ky B, () + G+, (1), (11

where G ,C,,C, are the additive errors of the

aerodynamic measurement channels; K K, are
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zg_a

the multiplicative error coefficients; &V(l‘l.),
&, (%), Ey(t) are the random errors of the

aerodynamic measurements.

Thus, parameter identification is performed to
obtain the estimates of the following values, that is
three components of wind speed that are the

elements of the VectoraT .

aT:[Vng va VVzg :'

3. Maximum likelihood estimation (MLE)
for parametric identification

The problem of wind speed estimation can be
solved using the maximum-likelihood estimation
algorithm [15]. In general, the vector model of the
object and the observation model are presented as
follows:

y(t) =1 (), a, ult)) (12)
2(t,)=h(y(t,),a, u(t))+n(t,), (13)

where y(¢), u(t) are the vectors of the output and
input signals of the object, whose dimensions are

r and m, respectively; Z(t,-) is the observation

vector of dimension; @ 1is the vector of unknown

parameters that must be estimated; M(f,) are

random errors, with respect to which assumptions
of Gaussian, centering, lack of correlation and
availability of information about the covariance
matrix R(¢) are accepted.

We also assumed that the control #(¢)and

initial conditions for the state vector y(f,)are
given.

Owing to the errors caused by the lack of cor-
relation, the joint probability distribution density
is determined by simply multiplying the product of
the probability distribution density at each time.
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Under these conditions, the maximum like-
lihood criterion provides estimates with statistical
properties of efficiency and non-bias. The minimized
objective function of the maximum likelihood
method is expressed as follows:

J@=3 (cl0)-

_h(y(ti)ﬂ a, u(ti )))T X
XR7(t,) (2(t,) = h(y(t,), a, u(t,))) . (14)

Equation (14) is a functional least-squares
method with a weight matrix. To minimize this
objective function, the modified Newton method
was used in this study.

To find the estimates,Z(¢;,a),i=1,2,...,N,

the models (12)—(13) should be numerically in-
tegrated, setting the noise entering it equal to zero.
The identification ends with the condition

, where 0=0.005.

The initial data were obtained by modeling
a semi-natural stand equipped with controls. This
option has an advantage over purely mathematical
modeling because the presence of a human operator
gives the simulated flight data a greater likelihood
degree. A hypothetical training aircraft was simu-
lated in a bench experiment.

‘akﬂ — ak‘ < S‘ak

4. Estimation of three components of wind
speed in distinct types of flight maneuvers

The capabilities of this algorithm were investi-
gated based on bench modeling data. In this case,
random errors were simulated in a traditional
manner that was similar to a sequence of normal
uncorrelated random values. Here, the main focus
was on estimating the influence of the type of
maneuver and duration of the sliding interval.
Maneuvers such as “barrel,” “stepwise,” “snake”
and “snake with a vertical component,” that is, with
additional movement in the pitch channel, were
considered. The northern, eastern, and vertical
components of wind velocity were assumed as
—7m/s, 5, and 2 m/s, respectively, while the

simulated flight airspeed was 65—105 m/s. In this
version of the algorithm, it was possible to signi-
ficantly reduce the duration of the sliding interval.
In this study, the investigation was conducted at
intervals of 0.5 and 1.0 seconds. To determine the
effects of the motion parameters, the beginning of
the sliding interval was shifted sequentially over
the entire processing area in increments of 1 s.

4. 1. The «barrel» maneuver

The results of the three components of the
wind speed estimation conducted for the “barrel”
maneuver are shown in Figures 1 and 2. The
estimation was performed on one section of the
“barrel” maneuver, which lasted for 31s. The
sliding window method was used to determine the
shortest processing time at which accurate estimates
of the wind speed could be obtained. Figure 1
shows the relative errors of the wind speed estimate
performed with a sliding window interval of
0.5 seconds, and Figure 2 shows the results obtained
using a sliding window interval of 1.0 seconds.

Relative errors (Sliding interval 0.5 s)
%
40
20

S,

0 guve- 00 00 0o 5 e
2OO 2/ 4 698 10 12914 16 18 20722 24/ 26928 30

-40

—— W x —o—W_ W_y

Figure 1. The relative errors of the estimation
of three components of wind speed
Source: created by O.N. Korsun in Microsoft Excel

Relative errors (Sliding interval 1.0s)

0 epe-roe oo R )
0 2 4 66N/8 10 2914 16 18 20W22 24 26928 30
20
40
{ 2§
—— \V_x —.—\V_z A\Y 'y

Figure 2. The relative errors of the estimation
of three components of wind speed
Source: created by O.N. Korsun in Microsoft Excel
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It can be observed that the errors in estimating
the horizontal components of the wind speed
generally do not exceed 5% in the entire section of
the maneuver, and the errors in estimating the
vertical component are = 10%. A comparison of
the graphs that present the relative errors with
Figure 3, which shows the change in signals during
the maneuver, demonstrates that some increase in
errors occurs at moments of vibrant maneuvering, at
high speeds of flight parameters change.

Finally, a comparison of the graphs for the
values of the sliding window duration of 0.5s
and 1.0 s shows insignificant differences of the
order of 2-3%. This means that the algorithm
can measure three components of wind speed within
0.5 seconds, which distinguishes it from other
options when the required duration of the obser-
vation interval was tens of seconds. The short
duration of the sliding interval also allows rapid
tracking of wind changes during flight.

Figure 3. The values of the main flight parameters for the «barrel» maneuver within first 24 seconds
Source:created by O.N. Korsun

4.2. The “stepwise” mode in the pitch channel

The results of the three components of the
wind speed estimation conducted for the “stepwise”
maneuver are shown in Figures 4 and 5 and tabular
data are excluded for brevity. The estimation
was performed on one section of the “stepwise”
maneuver, which lasted for 20 s. Figure 4 shows
the relative errors of the wind speed estimate
performed with a sliding window interval of 0.5 s,
and Figure 5 shows the results obtained using a
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sliding window interval of 1.0 s. The changes in
the flight parameters in this section are shown in
Figure 6.

According to the graphs, it can be observed
that the errors in estimating the horizontal com-
ponents generally do not exceed 5% in the entire
section of the maneuver, and the errors in
estimating the vertical component are + 10%. As
in the previous case, a comparison of the graphs
for the values of the duration of the sliding window
of 0.5 and 1.0 s shows insignificant differences of
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the order of 2-3%. A comparison of the graphs of
relative errors in Figures4 and 5 with that in
Figure 6, which demonstrates the change in signals
during the maneuver, shows that an increase in

Relative errors (Sliding interval 0.5 s)

-o-W_x—o—W_z+ Wy

Figure 4. The relative errors of the estimation
of three components of wind speed
Source:created by O.N. Korsun in Microsoft Excel

errors in the vertical component occurs at the
moments of vigorous maneuvering, as in the
previous case. Therefore, the favorable flight modes
are close to straight lines with small disturbances.

Relative errors (Sliding interval 1.0s)

t,
W Xp Wz Wy :

Figure 5. The relative errors of the estimation
of three components of wind speed
Source:created by O.N. Korsun in Microsoft Excel

0 2 4 6 &8 10 12 W ¥ ¥ W 2 N X B N N K X B N Q «

Figure 6. The values of the main flight parameters for the “pitch stepwise” maneuver within first 31 s
Source: created by O.N. Korsun
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4.3. The “snake” maneuver

The results of the three components of the
wind speed estimation conducted for the «snake»
maneuver are shown in Figures 7 and 8; tabular
data are excluded for brevity. The estimation was
performed on one section of the “snake” maneuver,

Relative errors (Sliding interval 0.5 s)
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Figure 7. The relative errors of the estimation
of three components of wind speed
Source:created by O.N. Korsun in Microsoft Excel

which lasted 46 s. Figure 7 shows the relative errors
of the wind speed estimate performed with a sliding
window interval of 0.5 s, and Figure 8 shows the
results obtained using a sliding window interval of
1.0 s. The changes in the flight parameters in this
section are shown in Figure 9.

Relative errors (Sliding interval 1.0's)
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Figure 8. The relative errors of the estimation
of three components of wind speed
Source:created by O.N. Korsun in Microsoft Excel
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Figure 9. The values of the main flight parameters for the “snake” maneuver within first 46 s
Source: created by O.N. Korsun
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It can be observed in the graphs that the esti-
mation errors of both the horizontal and vertical
components generally do not exceed 5% in the
entire maneuver section, with the exception of
certain short sections, where the estimation errors
of the vertical component reach + 10%. As in the
previous case, a comparison of the graphs for the
values of the duration of the sliding window of
0.5 and 1.0 s shows insignificant differences of
the order of 2-3%. A comparison of the error
graphs in Figures 7 and 8 with Figure 9, which
shows the change in signals during the maneuver,
shows that the increase in errors in the vertical
component occurs at the moments of vigorous
maneuvering, as in the previous cases. Thus, the
previously formulated conclusion confirms that the
most favorable flight modes for evaluation are
horizontal flights with small disturbances.

4.4. The «snake with a vertical component»
maneuver

The results of the three components of the
wind speed estimation conducted for the «snake
with a vertical component» maneuver are shown in
Figures 10 and 11; tabular data are excluded for
brevity. The estimation was performed on one
section of the “snake with a vertical component”
maneuver that lasted 46 s. Figure 10 shows the
relative errors of the wind speed estimate performed
with a sliding window interval of 0.5s, and
Figure 11 shows the results obtained using a sliding
window interval of 1.0 s. The changes in the flight
parameters in this section are shown in Figure 12.

It can be observed in the graphs that the errors
in estimating the horizontal components generally
do not exceed 5% in the entire section of the
maneuver, and the errors in estimating the vertical
component are = 10%. As in the previous case,
a comparison of the graphs for the values of the
duration of the sliding window of 0.5 and 1.0 s
shows insignificant differences of the order of
2-3%. A comparison of the error graphs in Figures 4
and 5 with Figure 6, which shows the change in
signals during the maneuver, demonstrates that an
increase in errors in the vertical component occurs
at the moments of vigorous maneuvering, as in the

previous case. Thus, it was confirmed that favor-
able flight modes are close to straight lines with
small disturbances.

Relative errors (Sliding interval 0.5 s)
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Figure 10. The relative errors of the estimation
of three components of wind speed
Source: created by O.N. Korsun in Microsoft Excel
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Figure 11. The relative errors of the estimation
of three components of wind speed
Source: created by O.N. Korsun in Microsoft Excel

Therefore, with the full vector of aerometric
measurements and the level of non-excluded syste-
matic errors on the order of 3—-5% for maneuvers
such as straight horizontal flight, steady turn,
snake, pitch stepwise, the errors in estimating all
three components of wind speed do not exceed
5-7% for the duration of the measurement interval
of 0.5-1 s, which allows not only to estimate the
constant wind speed, but also to track its changes.

Figure 13 presents the results of fitting the
simulated flight data with the wind velocity using
the aircraft motion model, which ignores the wind.
The graph shows that the discrepancies are con-
siderable, especially for aerometric parameters,
such as angles of attack, slideslip, and airspeed.
This example illustrates the importance of con-
sidering the wind velocity.
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Figure 12. The values of the main flight parameters for the “snake with a vertical component” maneuver within first 46 s
Source: created by O.N. Korsun
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Figure 13. The values of the main flight parameters for the “snake with a vertical component” maneuver within first 72 s
Source: created by O.N. Korsun
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Conclusion

According to the simulation data from the flight
simulator, a study on the accuracy characteristics
of the algorithm for estimating the three compo-
nents of wind speed based on the data obtained
from the satellite navigation system was performed.

The influence of the duration of the sliding
window and types of flight maneuvers, such as pitch
stepwise, barrel, straight horizontal flight, steady
turn, snake and snake with a vertical component,
on the accuracy of identification of the three
components of wind speed was investigated.

According to the results given by the proposed
method for estimating three components of wind
speed using parametric identification where the
angle of attack, sideslip angle, and airspeed are
applied, it can be observed that more accurate esti-
mates of the three components of wind speed can
be ensured when the estimation method utilizes
more information about the aircraft’s motion.
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