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Abstract—It is shown that in the practice of designing Flight Control and Guidance System it is
necessary to solve not only single-objective optimization problems related to the field of deterministic
processes, but also to optimize random variables and functions. It is to such tasks that the analysis of the
criterion of accuracy of the designed Flight Control and Guidance System belongs. In the paper,
considering the navigation process as a stationary random process, a probabilistic criterion for the
quality of aircraft navigation is formulated in the form of a quantitative assessment of the accuracy of the
Flight Control and Guidance System that ensures that the aircraft does not leave the specified corridor
for a specified time. Formulas are obtained for calculating the accuracy criterion of Flight Control and
Guidance System in across track separation. It is shown that in order to calculate the accuracy criterion
of the Flight Control and Guidance System, it is sufficient to know the correlation function of the lateral
deviation errors, which can be obtained either by the calculation method, or by modeling, or by a flight
experiment.

Index Terms—Accuracy; efficiency; navigation task; flight along the route; corridor; separation;

probability; relative number of aircraft.

I. INTRODUCTION

The design of a Flight Control and Guidance
System (FMGS) is a complex task that is part of the
overall task of designing aircraft. Due to the
complexity of such design objects, as well as the
impossibility of a mathematical description of a
number of processes of their functioning, there is
currently no single formalized methodology for their
synthesis. Therefore, in the synthesis process,
informal methods are used in combination with the
solution of a number of separate formalized
problems and a comparison of competing options.

One of these tasks is the development of certain
criteria for evaluating the effectiveness of FMGS
[2], among which the accuracy criteria can
significantly affect the structure of FMGS and
information processing methods.

II. PROBLEM STATEMENT

The correct formulation of the FMGS accuracy
criterion can be obtained by considering the
navigation process as a stationary random process.
Appeal to the theory of stationary random processes
is based on the processing of a significant number of
flights performed by a large number of aircraft.
Studies have confirmed the stationary nature of the
piloting process. However, the dead reckoning
process (the main method of determining the

position of an aircraft in modern FMGS) is a non-
stationary process, which is characterized by an
increase in the dispersion of errors in determining
the position in the dead reckoning segment.

If we formulate the requirement for the
navigation process as ensuring flight within a given
corridor, then the crew, fulfilling this requirement,
must perform aircraft position correction at those
moments of time when possible dead reckoning
errors do not exceed the width of the corridor [1],
[3]. Such a correction, performed at random times,
leads to the fact that the root-mean-square errors in
determining the position of the aircraft along the
route will be close to each other in magnitude. The
non-stationary process of dead reckoning will be
transformed into a stationary process of aircraft
navigation.

Thus, the formulation of the problem is reduced
to the formulation of the accuracy efficiency of the
FMGS.

III. PROBLEM SOLUTION

When formulating the accuracy efficiency
criterion, the following factors should be taken into
account:

e accuracy efficiency is a conditional

probability of fulfilling the main navigation
task, determined by the FMGS errors;

© National Aviation University, 2021
http://jrnl.nau.edu.va/index.php/ESU, http://ecs.in.ua



72 ISSN 1990-5548 Electronics and Control Systems 2021. N 4(70): 71-76

e accuracy efficiency characterizes to what
extent the FMGS accuracy satisfies the needs
of lateral and vertical separation and depends
on the value of the given boundaries;

e the navigation process is a differentiated
normal random process, so its description can
be quite correctly performed using the
correlation theory of random functions;

e in the process of navigation, the airway is a
separate section of the reckoning of
coordinates and their correction;

e counting sections are characterized by the
accumulation of errors, which causes the non-
stationary nature of this process.

When determining the accuracy efficiency,
changes in the errors in the calculation of coordinates
are considered as a non-stationary normal random
process, characterized by an increase in time of the
dispersion of coordinate errors. This approach to the
navigation process is confirmed by the results of
flight tests of a number of navigation systems.

Since the measurement errors of the main
navigation parameters are independent, a correct
description of the random navigation process can be
performed within the framework of the correlation
theory of random processes, in particular, its
emission theory [5].

The theory of outliers of random processes,
suitable for differentiated random processes, makes
it possible to obtain a solution to this problem by
determining the average number of outliers of a
random function over a given time interval. Given
the significantly rare and independent nature of
outliers (crossings of given boundaries), we can
accept the distribution of the number of outliers as
subject to the Poisson law.

The simplest Markov process described by a
differential equation of the form

i+ ox = ov20E(1),

where & is white noise.

The correlation function of the stationary solution
of this equation has the form:

ke(t)= ole T,

When evaluating the efficiency of complexes for
several given boundaries, for example, a corridor,
half an echelon and an adjacent corridor, it is
necessary to determine the accuracy's efficiency for
the same boundaries for the entire working subset of
FMGS states.

Considering that the lateral, longitudinal and
vertical separation norms are independent, the
criteria of the accuracy's efficiency for the lateral
and longitudinal channels are also evaluated
independently.

The quality of the solution of the main navigation
task, which is to ensure flight along a given route,
will be characterized by the probability that the
aircraft will never leave the corridor in a given area.

e during (0, 7);

o during At=1t,—1,.

This probability, in turn, can be represented as
the ratio of the number of aircraft that have never
left the given corridor to the total number of aircraft
flying along the given route.

Consider a sufficiently large flow of aircraft N,
equipped with the same FMGS and flying at the
same speed along the same desired track (DT). All
aircraft at the beginning of the DT (¢ = 0) completed
the correction.

Of the total number N of aircraft, only »n; aircraft
after the correction ended up inside the corridor, and
N —n aircraft outside the corridor.

During the flight during the time ¢ (0, 7) out of
this number of planes (n1) some number of planes
(n3) left the corridor. During the same time, out of
the number of planes N — nj, a certain number of
planes n4 entered the corridor.

Thus, by the time T, there were ny planes inside
the corridor, and N — ny outside the corridor. It is
clear that n1+ nq = n3+ ny.

The navigation accuracy for a stream of aircraft
N can be characterized by the number of aircraft that

never left the given corridor during the time #0, 7).
The relative number of such aircraft will be equal to

%{1—”—3) The probability of such a process can
m

be represented as a criterion for the accuracy of the
FMGS efficiency:

q):PT.E:Pl_P3’

where P, = n/N and B = ns/N.

As a consequence, the criterion Prg, characterizes
the probability of the navigation process, in which
the aircraft will never leave the specified corridor in
the specified flight segment.

The use of the criterion P, = n/N gives
overestimated values of the accuracy's efficiency of
the FMGS:

B =Prg 5
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The use of criterion 1 — P; (probability of not
crossing the corridor level from the inside) also
gives an overestimation of the accuracy of the
efficiency of the FMGS:

1-P =P +(1-P).

Thus, as a criterion for exactly the same
efficiency when flying along the route, we will take
the ratio of the number of aircraft that have never
left the given corridor to the total number of aircraft
flying along the given section of the route. Let us
give this relation the meaning of the probability of
completing the navigation task [4].

The probability is determined by two ratios n;/N
and n3/N. Their physical meaning is clear:

e P, = m/N is the relative number of aircraft
inside the corridor by the start of a given route
segment;

e P;=pn3/N is the relative number of aircraft that
left the corridor on a given section of the
route.

Considering the navigation process as a random
process, we accept P; in accordance with the theory
of random process outliers as the average number of
random function outliers in the time interval under
study.

It should be noted that the criterion ® = Prg
satisfies the basic requirements for the efficiency's
criteria of large systems, the most important of
which is the ability to measure the quantitative
assessment of efficiency.

The criterion of accuracy's efficiency also
satisfies other requirements for efficiency criteria. It
is characterized by efficiency in the statistical sense,
small dispersion and, as a result, sufficient accuracy,
completeness of the assessment, simplicity, the
presence of a physical meaning, the possibility of
normalizing values from zero (the worst quality) to
one (the case of an ideal characteristic).

wW(Z /1) =

o N27

To derive accuracy's efficiency equations, we
consider a sufficiently large flow of aircraft flying
independently of each other and following along the
DT with the same speed W. All aircraft, the number
N of which is sufficiently large, are equipped with
the same FMGS.

Let us determine the probabilistic characteristics
of the aircraft being inside the corridor (- ¢, + ¢).
Let us denote: n; is the number of aircraft that
passed the section inside the corridor + ¢; n, is the
number of aircraft remaining inside the corridor =+ ¢;
n3 is the number of aircraft that flew out of the
corridor +c between sections; 74 is the number of
aircraft that flew into the corridor + ¢ between

sections; n3+ and n4+ are the number of aircraft that
crossed the border +c; n;, ns are the number of
aircraft that crossed the border —c.

Naturally, with the same number of aircraft, the
following equalities are correct:

n, +n,=n,+n,,
+ - _ + -
n+n, +n, =n,+n; +n;.

Dividing these equalities by the total flow of
aircraft N, we obtain expressions for the
probabilities:

B+P,=P+P,
P+P +P =P +P +P.

where the probabilities of the flight the intersections
indicated above for n are expressed through P with
the same indices.

For a normal random navigation process, the one-
dimensional and two-dimensional probability
densities for the moment ¢ are [4]:

(Z-m,)?
253
€ 5

1

. 1 1
WZ,Z/t)= ———xexps—
2n6_c.N1-r* 2(1-r%)
Herewith
m, =m ()= 20,
dt

ol =G (1) =k.(t.1,)],

=t,=t

|

(Z-m) _ (Z-m)Z=m) (Z-m)

2 2

I

Gz GZGZ' Gz'
0%k_(t,,1,)
2 2 1°72
ol =c.(t) =k.(t,1,)]|, = —122
z z() (l 2) t=t,=t 8t18t2 t=t,=t
kot t) e 1 Ok.(1,1,)
r=r(t)= = fi=ty=t>
6.0, 6.0, Ot

where o©,, m, are the standard deviation and the
mathematical expectation of the lateral deviation
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error at time #; o3, m; are the standard deviation
and the mathematical expectation of the error in the
rate of change of the lateral deviation at time ¢; k. (¢,
t,) is the correlation function of lateral deviation
errors; k;(t,t,) is the correlation function of errors
in the rate of change of lateral deviation; k_.(¢,t,)
are the mutual correlation function of errors Z and
Z; r is the normalized cross-correlation function
between errors Z and Z at times .

First of all, let us determine the probabilities P,
and P, of being inside the corridor + ¢ at moments ¢
and ¢ + At:

@)

= (az [ wz,210)dZ = q{

—-C —00

where @ = \/zfezd‘t,
o

[ 2 _(em)’
O, 1—1"2 Tl
—e =

TG,

X {exp[—%Mz + \/%M@(M) + \EM]}

Pcln)=

]] _]2 :L_Fi
2p 2p

Substituting the value of [, — I, we get

(c—m. )2

/ 2 _\e—m,
G, 1-r 2067
—e =

2no,

x {exp(—%sz + \EM@(M) —~ \EM}

=0, then

Pclf)=

Since m. = 0 and m;

r C

\ll—rz G_Z‘

Let us now determine the time's density of
probability the level crossing — c:

P3(— C/t) and P4(— C/f).

Obviously, the probability P;(—c/t) can be
obtained from P,(c/f) by substituting — ¢ for ¢. The
relations between Py(—c/t) and Ps(c/f) will be
similar.

As a result, we get

M =

Let us define the temporal probability density
P(c/t)= —? w(c,Z /1) ZdZ
It's obvious that
j w(c,Z /) ZdZ = jw(c Z10)ZdZ
+ gw(c,Z /) ZdZ.
Then
P(c/t)= Iw(c,z' 10)72d7 — | w(e, 7 11)ZdZ
= P(c/t)— [ Wc,Z 1 1)ZdZ

or Py(c/ty=1~-

where the integral I, differs from I, only by the
lower integration limit.
It is known that
12: J‘xe px+2qxd

o ) 2
- xzi\/iexp£q—}
o pP\p p

then

SN BN

P3(—c/t) = P3(c/t),
Py(—c/t) = Py(c/h).

Using the relations for Pi(c/t), Pi(—c/t), Psy(c/t),
Py(—c/t) and integrating over time ¢, we obtain the
probabilities P3+ , P4+ B P

Note that the time densities of the level crossing

from bottom to top and from top to bottom P;(£c/¥)
and P4(£c/t) can be determined as follows:

Py(£ c/t) =2 Ps(c/t), Pa(x c/t) =2 Py(c/t).

And the probabilities P; and P, of crossing the
level from bottom to top and from top to bottom
during time 7 can be determined using the relations:

T T
P, =2P =2[P(c/t)dt, P,=2P =2[P/(c/t)dt.
0 0

Thus, the final formulas for calculating the

accuracy efficiency will have the form:
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O=Ph- P3, IV. CONCLUSIONS

; The technique for estimating the accuracy's
A :q{ - } Py =2] B(c/t)dt, efficiency of the FMGS, which is based on the
c.(0) 0 consideration of the navigation process as a

. stationary random process, makes it possible to

. - 5z estimate the conditional probability of completing the
—H . € main navigation task, which is determined by the

Rle/n= 21
errors of the FMGS. To calculate the FMGS

1 = = accuracy criterion for a given corridor with lateral
x{exp(——M 2j+\/:M +\/:MCD(M )}, separation, it is sufficient to know the correlation
2 2 2 function of lateral deviation errors, which can be

! obtained either by a calculation method, or by
¢

where M = —_" - k. (t.t)|, s modeling, or by a flight experiment.
\/1—]"2 Gz Gzcz' - b
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M. K. ®inamkin AHai3 KpUTepio TOYHOCTI MJIOTA’KHO-HABIraniiHMX KOMILIEKCIB

[okazaHo, M0 y NMpakTHIi NMPOSKTYBaHHs MioTaKHO-HaBiraniiHux kommwiekciB ([THK) noBoauTthes BupimryBaTH He
TBUIBKMA 3aBJIAHHS OJHOKPUTEPIaJbHOI ONTHUMI3allii, sSKi CTOCYIOThCA 007acTi JETEpPMIHOBAHHX IMPOIIECIB, aie U
ONTHMI3YyBaTl BHNAIKOBI BennunmHH 1 QyHkuii. Came N0 TakuxX 3aBAaHb BIJHOCUTHCS aHalli3 KPHUTEPIl0 TOYHOCTI
npoekroBanoro ITHK. V¥V poGori, po3rmsgaioun mpolec HaBiramii sK CTal[ilOHAPHWI BUIAIKOBUHA IIpOIEC,
c(opMyIbOBaHUN WMOBIPHICHUN KPUTEPiH SIKOCTI JIITAKOBOAIHHS Yy BHIJISAI KiibKicHOI ominku TouHocTi [THK, mo
3a0e3rneuye He BHXIJ JTaka 3a MEXi 3aJaHOro KOpUAOpPY MpOTAroM 3anaHoro 4vacy. Onepxano Qopmymn s
po3paxyHky kpurepito Tounocti [THK npu 6iunomy emrenonysanHi. [TokazaHo, 1o uist po3paxyHKy KPHTEPit0 TOYHOCTI
I[MHK nocraTHRO 3HATH KOpENALifHY (QYHKIIO I[OMWJIOK OIYHOrO BIIXWICHHS, SKy MOXHA OTpUMaTH abo
PO3paxyHKOBUM METOJIOM, 200 MOJIEIIIOBaHHSIM a00 JILOTHUM €KCIIEPHUMEHTOM.

Karwu4osi cioBa: TouHICTh; e()eKTHBHICTh; HaBiramiliHe 3aBJaHHS; IMOJIT 32 MapUIPyTOM; KOPUAOP; CUICIOHYBaHHS;
HWMOBIPHICTB; BIJIHOCHA KIIBKICTh JITaKIB.
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H. K. ®unsgmkuH. AHAJIU3 KPUTEPHs] TOYHOCTH MUJIOTAKHO-HABUTAMOHHBIX KOMILJIEKCOB

[Toxa3zaHo, 4TO B IPAKTHUKE MPOEKTUPOBAHUS MIJIOTAXKHO-HABUI'AIIMOHHBIX KOMIIJIEKCOB NMIPUXOJUTCS PEIIaTh HE TONBKO
3aaud  OJHOKPUTEPHUAIBGHONW ONTUMH3ALUH, OTHOCAIIMECS K OO0JIaCTH J€TePMHUHUPOBAHHBIX MPOLECCOB, HO
OINITUMU3UPOBATH CIydaiHbIe BENNYMHBI U (YHKIUH. VIMEHHO K TaKUM 3a/1a4aM OTHOCUTCS aHaJIM3 KPUTEPUsI TOUHOCTH
npoektupoBanHoro [THK. B pabore, paccMaTtpuBasi mpoliecc HaBUTallMM KakK CTAIMOHAPHBIA CIy4aiHBIA Tporecc,
c(OpMYIHPOBaH BEPOSTHOCTHBIA KPUTEPHUH KauecTBa CAMOJIETOBOXK/ICHHUS B BUE KOJMYECTBEHHON OIIEHKH TOYHOCTH
ITHK obecneunBaromuii He BBIXOA caMojeTa 3a NpEeAeNbl 3aJaHHOTO KOPUAOpPAa B TEUCHUE 3aJaHHOTO BPEMEHHU.
[Monyuensr Gopmyssl aast pacyera kputepus tounoctd [THK npu OokoBom smrenonupoBanuu. [lokazaHo 4uTo st
pacyera kpurepus Tounoctd [THK moctaroyHo 3HATh KOPPEISALUMOHHYIO (DYHKIHUIO OIIMOOK OOKOBOTO OTKIOHEHWUS,
KOTOPYIO MOYKHO TIOJIYYHUTH JINOO PacYeTHBIM METOJIOM, JTHOO MOJIETUPOBAHUEM JINOO JIETHBIM AKCIIEPUMEHTOM.
KnarwueBble caoBa: TOYHOCTh;, AS(GQPEKTUBHOCTh; HABUI'AllMOHHAs 3a/aya; IOJET MO MapuipyTy; KOPHIOD;
SILEIOHUPOBAHNE; BEPOSITHOCTh; OTHOCUTENBHOE YUCIIO CAMOJIETOB.
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