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PaccmarpuBaercs mpobjeMa OlleHKM CKOPOCTH BeTpa B mosiere. [Ipenmaraemblii METOM AaeT OLIEHKU IS
TpeX MPOEKIUIi CKOPOCTU BETpa B HOPMAJIBHOM 3eMHOI CHCTEMe KOOPAMHAT C UCTIOJb30BAaHUEM JAHHBIX CITyT-
HUKOBBbIX HaBurauuoHHbIX cucteM (CHC), a Takke OOPTOBBIX OapOMETPUUYECKUX M3MEPEHUII CKOPOCTH I10Jie-
ta. [IpeamnoaraeTcs, 4To AJIs y4acTKa MOJIeTa IMPOIOJIKUTEIbHOCThIO 50—60 ¢ BeTep MMeeT IOCTOSIHHYIO CKO-
POCTb U HaIpaBJieHHe. DTO O3HAYAET, YTO IJIs1 JaHHOTO BPEMEHHOTO MHTEpBaIa 3HAUeHUs TIPOEKIIN CKOPOC-
T BETpa Ha OCM HOPMAJIbHOM 3eMHOI CHCTeMBbl KOOPAMHAT MOCTOSTHHBI. Jlasiee mpeacTaBiIeHbl MOIEIN 00beK-
Ta 1 HaOMIONEHUI, a TAaKKe XapaKTePUCTUKNA TOUHOCTU aJiropuTMa MIEeHTU(MUKAIIMU, TTOJydeHHbIe TIpU obpa-
0OTKe MAaHHBIX, TTOJYYEHHBIX Ha MUJIOTaXHOM cTeHae. OOcyknaeTcs BIUSHUE MOTPEIIHOCTH U3MEPEHUST CKO-
POCTH Ha OIIEHKY CKOpOCTU BeTpa. IIpuBeneHbI pe3yabTaThl, OKA3bIBAIOIIME TOUHOCTh OLIEHKM CKOPOCTH BET-
pa B 3aBUCUMOCTH OT TOTPEITHOCTEel U3MEepPEeHUSsT TIOCTOSTHHON CKOPOCTH.

AHanM3 ToKa3bIBaeT, YTO TOPU3OHTAJIbHBIC MTPOSKIIMU CKOPOCTU BeTpa OIIEHUBAIOTCS C BBICOKO TOYHOC-
ThIO (OTHOCUTEJIbHBIE MOrpelTHOCTH 1—3%), HO Ul MOJIydeHMs HaljiexXalleil cTereHU MACHTU(hULIMPYEMOC-
TH HEOOXOAUM OINpeNeeHHbIM BpeMeHHOM MHTepBal. Ilociae 3Toro TOUHOCTh OLIEHKU TOPU3OHTATbHBIX MPO-
eKIIUI1 CKOPOCTEl BETpa COXpaHSIETCS Ha XOPOIIeM YPOBHE M HEe CUJIBHO 3aBUCUT OT YBEJIUYEHUS IMOTPEIIHOC-
TH U3MEPEHUsT CKOPOCTH. [Ipr 9TOM TOYHOCTh OLIEHKM BEPTUKAILHOM MpoeKIK BeTpa coctasisier 30—40%
Jaxe TpU HyJEBOI OIIMOKE CKOPOCTH IMOJIeTa M 3HAUUTEIbHO YBEJIMUMBAETCS TIPU POCTE MOTPEITHOCTU U3Me-
peHust ckopocTu. Takum oOpa3oM, MpeUIoKEHHBINM MEeTOI 00eCTIeYrBaeT XOPOIITYI0 TOUHOCTb OLIEHKU TOPU30H-
TaJbHBIX MTPOEKIIUI CKOPOCTU BETpa U HE NMPUMEHUM JUISI OLICHKU BEPTUKAIBHOM COCTaBIISIONICH.

Karouesvie crosa: mapamerpudeckas MACHTU(GUKALSI, BO3AYIIHAS CKOPOCTh, OLIEHUBAHUE CKOPOCTH BETpa
B TI0JIETE, TMIOCTOSTHHAS TIOTPEIIHOCTh U3MEPEHNS BO3AYIITHONM CKOPOCTH.
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Abstract

The method suggested in this paper provides
estimates for the three projections of wind velocity in
earth’s normal coordinate system using satellite
navigation systems (SNS) data, as well as on-board
barometric airspeed measurements. The wind speed and
its direction are assumed constant for a flight leg of 50-

60 s duration. This means, that for the given time
interval projections of the wind velocity values on the
axis of the normal earth coordinate system are constant.
Further, the object and observation models are
presented, as well as the identification algorithm
accuracy characteristics, obtained from the simulation
data processing. The airspeed measuring error effect on
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the wind velocity estimation is also under discussion. The
results, showing the accuracy of wind velocity estimation
depending on the constant velocity measurement errors,
are presented.

The analysis shows that horizontal projections of
wind velocities are estimated with high accuracy (relative
errors of 1—3%), but a certain time interval to obtain
the proper degree of identifiability is necessary. After
this, the accuracy of estimating the horizontal projections
of wind velocities remains at a decent level, and does
not depend heavily on the increase of the speed
measurement error. The wind vertical projection
estimation herewith leaves something to be desired. It
makes 30—40% even at zero flight speed error, and
increases considerably with an increase of speed
measuring error. Thus, we may conclude that the
suggested method can ensure the good accuracy for
estimating the wind velocities along the horizontal
coordinate axes, and it is not applicable for estimating
the vertical component of wind velocity.

Keywords: parametric identification, air speed, wind
speed estimation in flight, constant error of air speed
measuring.

Introduction

In flight tests practice of aeronautical engineering,
atmospheric parameters and the aircraft motion
parameters monitoring is of great importance [1]. The
system identification approach may be employed to
estimate the measurement errors [2—5]. Recently, the
parameter identification algorithms have been proposed
to deal with systematic measurement errors of aircraft
angle of attack and slide [6], orientation angles [7] and
airspeed [8]. At the same time, the issues of determining
the actual values of wind velocity are problematic while
performing flight test modes. With satellite navigation
systems application in flight tests, the possibilities for
developing methods for the wind velocity estimation
increased considerably, especially if compared with
conventional technologies of optical flight path
measuring [9]. The precise estimates of the wind velocity
are necessary for numerous tasks while aircraft flight tests
[1, 10—14]. More detailed information on the wind
velocity estimation problem can be found in [15—20].

The method suggested in this paper provides
estimates for the three projections of wind velocity in
earth’s normal coordinate system using satellite
navigation systems (SNS) data, as well as on-board
barometric airspeed measurements. Further, the
algorithm is presented, as well as its accuracy
characteristics, obtained from the simulation data
processing. The effect of airspeed measurement error on
the wind velocity estimation is also discussed.

The problem formulation

The wind speed and its direction are assumed
constant for a short flight leg of 50—60 s duration. This
means, that the values of the wind velocity projections
on the axis of the normal earth coordinate system are
constant for this time interval. To define the sequence
of operations to generate estimates of components of
wind speed, it is necessary to develop the object model.
The equations for the aircraft airspeed projection on the
normal earth coordinate system are defined as follows:

ng_a(ti) = Vx _SNS(ti) +ng_W

Vyg_a(ti) = Vy _SNS(ti) + Vyg_W

(1)
Vg at) =V sns@)+Vy
where ¢, = 1, 2, ..., N — discrete time moments,
ng_SNS(ti)’Vyg_SNS(ti)’Vzg_SNS(ti) — projections

of the aircraft earth related velocity on the axes of the
normal earth coordinate system, measured by satellite
navigation system,

ngiW’VygiW , Vzg?W — projections of wind velocity

on the axes of the earth coordinate system, which have
to be estimated.

It is assumed that they are constant on the processed
section of the flight. The airspeed projections in the
associated coordinate system, are obtained by
multiplying the values of airspeed (1) by known
transition matrix from the normal earth coordinate
system to the associated coordinate system:
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In equation (2) the matrix includes the aircraft
orientation angles, i.e. pitch , roll and yaw .

The aircraft airspeed value, i.e. the speed relative to
the air, is defined as follows
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V)=V )V @)V, ()

So, the equations (1)-(3) form the object model. The
parameter V (¢,) may be called the airspeed value

predicted from the object model. This predicted value
depends on the value of wind velocity. The observation
model in this case is scalar:

Z](ti)z Va(tl-)+ﬁy(f,~) 4

where z,(t,),i=12,...,N — onboard aircraft airspeed
barometric measurements,
&, (t;) — random measurement errors.

The vector of estimated parameters is presented as
follow:

O(T:B/xg,W Vie_w Vzg,WH ©)

Thus, estimation of three components of wind
velocity is realized as a parameter identification problem
[2—5].

Identification Algorithm

The problem of wind velocity estimation may be
solved by the maximum likelihood estimation (MLE)
algorithm [2, 4, 6]. In the general vector form, the object
and observation models are presented as follows:

y(t,) = f(y(),a,u(t;)) (6)

1) = h(y(t,),a,u(t;)) + n(t;) (7

where

y(t),u(t) — vectors of the object output and input
signals with respective dimensions of » and m,

z(t;) — vector of observation with dimension of r,

a — vector of the unknown parameters which have
to be estimated,

n(#;) — noise of observations, i.e. a vector of a
normal discrete random sequence with zero mean and
known variance matrix R(7,).

It is assumed, that the input signal u(7) is a known
function of time. The initial conditions y(f,) are also

assumed to be known.

Noise observations are normal and independent
random vector variable. It is well known, that the
maximum likelihood method under the specified
assumptions on the properties of noise leads to unbiased
and efficient estimates [2]. The minimized functional of

the maximum likelihood method is expressed in the
following form:

N
J(a) = Z((Z(ti) —h(y(t),a,u(t)" R (1) x

x((z(t,) = h(¥(t,),a,u(t,))) )

It is easy to see that (8) is a functional of the least
squares method with the matrix of weight coefficients

R(t)™.

For minimization of (8), it is suggested to use
modification of the classical Newton method

DD di(ay)

Qv =G

daz dak
where
dl(a) _ Y d"(t.a,)
:—2 ! kR f. t)—z(t

dak ; dak ( l)(Z( 1) z( ,aak)) 9)
2 N 4,7

d J(;zk):z dz (tl.,ak)R_l(t[)dz(t,.,ak) (10)
a’ak £ dak dak

The derivative estimates are determined numerically

for the discrete time 7, i=1,N according to the

equations:

dz(t,, a) _0z(t;, a) oz(t,, a)  0z(t,, @)U
da = da da " da = (11)
B ! 2 P Ei(r><p)

0z(t,,a) _ 2(t;,a+¢ee;)=z(t;,a)
aaj €

(12)

where

e, — vector of dimension p, which all elements are
equal to zero except j element, and j element is equal
to 1,

€ — a small number, usually specified at the level
0f 0.001...0.1% from the nominal parameter values.

Estimates  z(7,,a), i=1,N are determined by
numerical solution of equations of the object and
observations in N(#)=0. Identification is completed
when the condition |ak+l —ak|<6|ak| is met, where

6 =0,005.
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Results and Error Analysis

To study the features of the suggested algorithm, it
was applied to the simulation data. The detailed
description of the wind and aircraft models is given in
[8]. A turn at constant altitude of 2000 m with the roll
angle of 30 degrees was simulated. The aircraft earth
related velocity was 100 m/s, the wind velocity
horizontal projections were 5 m/s and 7 m/s, and the
vertical projection was 2 m/s. The aircraft airspeed
constant measurement errors (CV) were simulated as 0.0
m/s, 0.1 m/s, 0.2 m/s, 0.4 m/s, 0.7 m/s, and 1.0 m/s.

The estimation process was performed for each of
airspeed measurement value constant error CV. The
length of the processing interval was also variable. The
starting point was always at zero time, and the set of
values for the processing interval length was 1, 2, 3, 4,
5, 8,10, 12, 16, 18, 28, 38, 58, 68 s. The estimates of

wind velocity would change, and its changing was
expressed in results and errors’ analysis.

To monitor the wind velocity estimates changes, the
relative estimation errors were introduced. The following
equation was used for calculation:

a—a,,

atme

Relative Error = a00%

(13)
where
a = Parameter estimate; a,,, = Parameter true value

The obtained relative errors for different airspeed
measurement constant errors are shown in figures 1—6.
On these graphs, the abscissa axis presents the length of
processing interval in seconds.

On these graphs, the notion Wind_x relates to the
wind velocity over the x coordinate, Wind_z relates to

Relative Error (Cv = 0.0 m/s)
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Fig. 1. Relative errors of wind velocities for constant airspeed error CV = 0.0 m/s
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Fig. 2. Relative errors of wind velocities for constant airspeed

error CV = 0.1 m/s
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Relative Error (Cv =0.2 m/s)
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Fig. 3. Relative errors of wind velocities for constant airspeed error CV = 0.2 m/s
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Relative Error (Cv=1.0 m/s)
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Fig. 6. Relative errors of wind velocities for constant airspeed error CV = 1.0 m/s

the wind velocity over z coordinate, and Wind _y relates
to the wind velocity over the y coordinate (vertical),
while the notation CV stands for constant errors of
airspeed and it is measured in meter per second.

Discussion and Conclusion

The analysis revealed that the wind velocities
horizontal projections were estimated with high accuracy
(relative errors of 1-5%) only after the processing time
interval exeeds 12 s, since a certain amount of yaw angle
variation is required to obtain the proper degree of
identifiability [2]. After this, the accuracy of estimating
the horizontal projections of wind velocities remains at
a decent level, and does not depend heavily on the
increase of the speed measurement error. At the same
time, the estimation of wind vertical projection is poor.
It makes 30-40% even at zero airspeed error, and
increases drastically up to 300% at airspeed measurement
error of 1 m/s. Thus, we may conclude that the proposed
method can ensure the good accuracy for estimating the
wind velocities along the horizontal coordinate axes and
is not applicable to the wind velocity vertical component
estimation.
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