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The principles of formation of the vector of distance D from unmanned aerial vehicle UAV to transponder-
beacon, and its velocity \7k , Which are necessary for on board calculation of the UAV motion parameters.

Introduction

A controlled descent (flight) to the specified area
of earth surface (circumterrestrial space) of un-
manned aerial vehicle (UAV) with a large lift-drag
ratio (K > 1) is considered. Such vehicles can signif-
icantly change their descent (flight) trajectory as a
result of an aerodynamic maneuver in the atmos-
phere and landing (hovering) in unexpected distance
from the specified point of space can happen.

The task of the control is guidance of the vehicle
to the point with specified geographical coordinates
in presence of random disturbances acting on the
UAV during the descent (flight).

Termination control of UAV, based on prediction
of coordinates of a point of landing (flight) is pro-
posed for this reason [1]. Because of absence of
radio connection on a sizeable part of the starting
trajectory the control of UAV is autonomous. Pre-
diction is realized by integration of system of diffe-
rential equations of motion with initial conditions,
determined by autonomous navigation system. Ac-
cumulated, as a result of control synthesis during
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landing (flight), navigation errors lead to appearance
of not excluded by control system dispersion of
landing (flight) points [2; 3].

To increase accuracy of UAV guidance after ra-
dio contact at the final part of landing (flight) a non-
autonomous control is reasonable, using information
about relative position and motion of aircraft and
destination point [1].

In this paper the method of synthesis of the non-
autonomous termination dual-channel control of
UAV U = f(y,,K) by a roll angle y,(t) and lift-
drag ratio K(t) under guidance to omnidirectional

beacon located in specified point of space. To pro-
vide guidance of the vehicle with sufficiently high
accuracy method of non-autonomous multistep
adaptive termination control in a zone of close-range
guidance, starting at the moment of grabbing of a
beacon signal by radio equipment of the vehicle [1].

At the moment of grabbing on a board of the

UAV an inertial reference frame OXx;Y,z, is formed,
an origin of the system matches with centre of gravi-
ty of the vehicle, Oy, axis is directed by radius-

vector F, and vertical plane OXz, is superposed
with radio beacon at a landing point C(¢,,A.) with

geographic latitude ¢, and longitude . Processing

of a data for control synthesis is carried out in this
system.
Direction vector of sight line to the beacon

D°(t) and distance to it along the sight line D(t)

are external information. Internal information is a
vector of current phase coordinates of the vehicle

X" = (V0" " b, ¢t A7)
which is determined in autonomous navigation sys-
tem and includes a ground speed V., a slope angle
of the trajectory 0", a track angle ¢", an altitude
h*, geocentric latitude ¢, and longitude A" [4; 5].

For supply of realization of the data processing

in the inertial reference frame for the synthesis of
the termination control of the UAV trajectory it is
necessary to determine the magnitudes of the dis-

tance from UAV to the responder beacon D and its
speed V, vectors [6].

Formation of the distance D and velocity V,
vectors of the UAV

The vector of the termination parameters of mo-
tion [5] is formed as a result of determination of the

final time of the descent [4] t; =t; +T,and the
motion parameters V,;, h, ©,, D, ¢, n;, o; in

the discrete points t;, i=1G of the interval T,

y(tkj):(VKT!th®TuDT,ST.T]T,OLT) .
where V, is ground speed, ® is an angle of the

trajectory slope, an altitude — h, a distance — D,
an angle of sight — ¢, a relative course angle — n,

a slope angle of the sight line — a.



Taking into account an approximate character of
these parameters the predicted point of landing K
with phase coordinates of the vehicle at it (1) may be
situated either in front of the plane of guidance

(InT |< gj or behind it UnT > gj .

In the first case a point of intersection of the
plane of guidance and the vector of the final speed
and the phase of coordinates of this point R and @
are determined (fig. 1).

For this purpose after introduction of the desig-
nations of the segments CF, PF, PB and EF respec-

tively as a,,b,,l,,,c, and determination of their
magnitudes
a, =Dy cosa, sin|n, |,
b, =D, cosa, cosn, ,
l, = (h; —h, )otgO®; ,
by =MDy by 2 i, <D
¢,=|(,-b)tg|®;|, mpm h >=h il >b;
_(bn +|In|)tg|®T|' pu hT < hKa

predicted values of distance R and angle @ are found
from the fig. 1.

R=(a’ +c;)*, &= (g —arctg c—”JsignnT .
a
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Fig. 1. Determination of the objective function

In the second case the distance R and angle @ are
determined at the time instant ©;,i=1,G atthe

achieving of g by the course angle |n;]

R=(a’>+c’)’, @ =[g —arctg C—“Jsignnr.
a

n

In such way by known phase coordinates of the
vehicle x" (t;), direction of the sight line ﬁo(tj)
and distance to the beacon D(t;) for the moment of

correction t; the termination parameters of motion
y(t,;) at the final moment of descent na t,; are

predicted and the objective function R on the
plane of guidance is determined.
Current phase coordinates of the vehicle

X" (1) = (V' (0,0 (1), w" (1), h" (), " (1), 2" (1)) (2)
are determined by the navigation system as a result
of integration of the system of differential equations

of motion in the path reference frame OX, Y, Z, .
Its origin matches with the centre of gravity of
the vehicle, Ox, axis coincides with the direction of

the actual speed vector \7K , Oy, axis lies in a ver-

tical plane and Oz, axis complements the system to

a right-hand one (fig. 2). The angle of trajectory
slope is counted from the plane of a local horizon,

which is determined by OXx,z  plane of the earth
parallel reference frame OX,y,z, with the origin

matched with centre of gravity of the vehicle,
Oyg axis directed along local vertical, Oxg axis in

local vertical plane, passing through the radius-
vector T and velocity vector V, and Oz, axis

complementing the system to the right-hand one
(fig. 2).
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Fig. 2. Reference frames

Parameters of relative position of the vehicle and
beacon D°(t) and D(t) are determined by the re-

sults of the measurements by radio system of the
vehicle and is formed in the inertial reference frame

Ox,Y,z,, which is built at the moment of grabbing
of the beacon radio signal.

The moment of grabbing t, is registered at get-
ting in direct radio sight of the beacon by the ve-
hicle, located in the landing point C(p_,A,) (fig. 3).
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Fig. 3. Radio contact with the beacon
The origin of the reference frame OXx,z; is
matched with the centre of gravity of the vehicle,
Oy. axis is directed along with radius-vector of the

centre of gravity F(t;), Ox. axis lies in a vertical
plane, passing through the radius vector r(t,) and

the beacon C(o,,2,), Oz axis complements the

system to a right-hand one.

When executing a mathematic simulation to reg-
ister the moment of grabbing of the beacon t, ompe-
nemsiercs relative position of the vehicle and the
beacon is determined in the Greenwich moving

coordinates OgX;Ys;Zs . Its origin coincides with

the centre of gravity of the vehicle, Oz, axis is
directed along with a vector of angular rate of Earth
rotation, OgX; axis lies in the plane of Greenwich

meridian, Og Y, axis complements the system to the

right-hand one.

To determine the relative position at each step of
integration of motion equations of the vehicle after
descent lower than the radio contact altitude h<h,

a radius vector of the centre of gravity of the vehicle

f and the distance vector D by known phase coor-
dinates of the vehicle (2) are determined.

F = (rxz ’ rye ' rzz)
I, =rcos@,cosA”

_ H_: H
I, =rcose,sink

r,. = rsine; 3)
D=(D,.,D,.,D,.)=F, T
D, =r, -,
D, =r, — T,
DZr = rCZr - rZr

The radius-vector of the landing point r_ is de-

termined by predefined values of its geographical
coordinates ¢, , A

c

FC = (rcxe ' rcyz ' rczz) ' rcxr = rCCOS(pucCOS}\‘C !
My = I.cose, Sink,, I, =rsing, . 4)

Geocentric latitude ¢, and values of radii r,

and r are related to geographical latitude ¢, as
follows

¢, =arctan [(1— 20— )tan (pc] ,
r, =R, (1-asin’, )+h,,
r=R, (l—asinchu)+h“, (5)
where o is Earth oblateness, R, is Earth equator
radius.

The moment of grabbing t, is defined using

condition that an angle of vehicle elevation above
the plane of the beacon horizon equals to

B(t)=arcsin |I3((tt)) b= (FSC)— I,

to predefined value of slope B,

O I(t
t,=arc arcsmﬂ—[xzo ,
D(t)
at which a stable radio connection is established in
conditions of sight of the beacon by vehicle.
To realize the prediction of the temination para-

meters of motion y(t,;) and objective function R,

it’s necessary to determine values of parameters D,
€;, M;, a; atthe moment of correction t; .
The distance to the beacon by the sight line D;

is determined by radio equipment of the vehicle, and
when mathematical simulation is computed using
the relations (3)—(5)

0,5
D, =(D§rj +D2, + Dfrj) ,

D,.=r,—r

Xrj CXr Xrj !

D,=r,—r

yrj cyr yrj

D.=r_-r

wj — czr zrj !

_ H H
Faj = rjcoscpujcosk i

I, =I;CosQsink}, I,
The sight angle &; is an angle between the dis-
tance vector to the landing point along the sight line
D; =D, -Df and speed vector V,; (fig. 2).

It is determined using the expression of the mod-
ulus of vector product of D; and V,; vectors

_ H H
=r;sing,; .



N
Sj =arcsin| —— |,
15[

where N; =D, xV, is a normal vector to a plane
of self-guidance, formed by vectors D; and V.

The vectors D, V,; and N should be defined

in the inertial reference frame Ox,y,z, for calcula-
tion of the angle of sight

Dj Z(Dxuj’Dyuj’Dzuj)’

\7kj = kxuj’vkyuj7vkzuj)’

KIi :(quj’ Nyuj’Nzuj)-
Conclusions

By the results of onboard measurements the

distance vector D is formed in the inertial reference
frame, and for mathematical simulation in

Greenwich reference frame. The velocity vector V,

is formed in the path reference frame by the
navigation system.
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