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FLIGHT PATH CONTROL FOR UNMANNED AERIAL VEHICLE

IIpogedeno uccredosanie onMUMU3UPOBAHHO2O NO 3A0AHHOMY KPUMEPUIO 3AKOHA YNPasieHus 6ecnuiommuozo ie-
MamenbHO20 anNapama NPy HA8edeHuu e2o N0 MpPAaeKmopuu, 3a0aHHOLU ONOPHBIMU MOYKAMU 8 UHEPYUATLHOU cucmeme
Kkoopounam. IIpugooumcs npumep, uanioCmpupyowuii pabomocnocooHocms NPeOI0NCeHHbIX MeoPemu4ecKux noaio-

JHCeHull.

Studying the optimized control law specified criteria on UAV while hovering over a path defined by the reference
points in the inertial frame. An illustrative example is the theoretical efficiency of the proposed provisions.

Flight path of UAV

Planning UAV missions is a difficult problem
due a host of real-world complexities, including
the presence of vehicle constraints, poorly known
obstacle locations, and dynamic information up-
dates that require re-planning. In addition, these
sophisticated optimization problems must be sol-
ved efficiently for them to be of any use in real-ti-
me planning. Fig. 1 — illustrates a simple abstract
UAV mission. In this mission, we have 3 points
(A, B, C) which represent the flight path for UAV.

The flight path of the above mission is divided
into 3 sections: R,(Zy, t1), Rp(t), 1), Rc(tr, t.).

R, — The flight path of UAV into the zone of
the main tasks.

Rp — The flight path of UAV to implement
main purpose (monitoring the target).

R-— The end of the mission and trajectory of
the UAV to the place of landing.

As a rule, it is the return to the starting point,
(ty) and (¢,), respectively, the start time and the
time of ending mission.

Optimization control of flight path

There are a variety of analytical methods of
synthesis and optimization control of aircraft. Al-
though theoretically most of them allow an exact
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Fig. 1. Simple UAV mission

solution, in practice the final result depends on the
use of mathematical models which are generally
not adequate to the actual conditions.

For an analytical synthesis of control system
of UAV, we must have a mathematical model of
the flight path of the UAV. The desired flight path
can be approximated by different mathematical
relations. Convenient use of polynomials, in par-
ticular, sections of the path approximated by poly-
nomials of the form [1]

n
R(H)= Y Gyt (1
k=0

R(?) — the time variation of one of the coordi-
nates of the UAV, ¢ — current time of flight of
UAVs, Ck (k=1,n) — given coefficients. In the
projections for each of the axes of the coordinate
system starting trajectory of the UAV is a polyno-

mial [2]

A, () =Cy+Ct+Cyt* + G +Cyt* +Cs°. (2)

Differentiating (2) twice time we get the ex-
pression for the given projections of the speed and
acceleration of the UAV.

A, (1) = C, +2Cyt +3C5t* +4C,1° +5Cs*, (3)

A, (6)=2C, +6C5t +12C,17 +20Cst>.  (4)

The coefficients C;, C,;, Cs are determined
from the system of equations for the, at the time
of the end pointing at ¢ = 7, where 7 — time of the
guidance.

The advantage of this approach is the simplic-
ity of the program path or board UAVs. However,
in reality impossible to accurately predict the end
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time pointing 7, since the terminal conditions on
the components of the state vector of the UAV
may change significantly in the course of its flight.

The main drawback of the implementation of
this method is the lack of change in trajectory pre-
diction, which leads to considerable lateral loads
UAV. The method is useful for a straight desired
trajectory, which is used as a plot great circle
passing through the source and destination of the
route. In this case, means the part of a great circle
arc of a great circle whose center is aligned with
the center of the Earth.

Since one of the main tasks is to monitor the
drone of individual sections of the earth’s surface,
it is of interest to UAV guidance on the path spec-
ified in the inertial reference points (start) the co-
ordinate system parameters (O% X* Y* 7F), where
k — number of points in space through which the
trajectory of the UAV has to go, OF — the start
point of reference. Thus, the trajectory of the UAV
consists of separate intervals, which is necessary
to ensure optimal guidance of UAVs including the
requirements of accuracy and stability of the tra-
jectory guidance.

Let us consider the motion of the UAV rela-
tive to a given (inertial) coordinate system for the
visualization in the horizontal plane at the k™ in-
terval guidance, which is described by a system of
linear differential equations. We define the opti-
mal control (acceleration) of the UAV at the k™
interval guidance. The index £ in this case for the
sake of simplicity we omit. The optimization cri-
terion will be considered normal for the problems
prompting the quadratic form:

1
J=3le(Ve~V

F+er(Z-Zw) |+
=ty

L (5)
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Where: 7, — time of the meeting point of the
UAV with the required space.

Vinie — Set-point speed UAV projection axis
OF ZF corresponding to the inertial coordinate sys-
tem at the end pointing to the k'™ interval.

Z,,;; — Lateral coordinates a given point of
the trajectory. ¢, ¢,, ¢3 — coefficients optimized
functional (6).

The problem of determining the optimal later-
al acceleration az(f), minimizing the functional
(5) can be solved by the use of different methods
of analytical design. In [4], by applying the meth-
ods of the calculus of variations obtained a deci-
sion that for the formulation of the problem is of
the form:

az(Vzﬁz’t) :_Av(t)[Vz(t)_V;nit]_

(6)
_AZ(t)[Z(t)_Ziniz]-
Where:
A1) = (1/62)+(1/01)D(tf —1)? +1/3(t, —p)? o)
t;—1)
— Y
Az(l):(l/cl)(tf f)+1/2(tf t) , (8)
D(tf —1)
D(tf_t){_ﬁL—(ff—t)ﬂ[iﬂf—z}_
2 1 5 €))
_Z(tf —1)4.

In the particular case can take ¢; — o and
¢, — o [2]. This corresponds to the case where
the integral term functional (5) can be neglected.
This assumption is valid when the UAV has suffi-
cient fuel path at relatively low speed flight unlike
missile whose considerable lateral loads lead to
significant loss of speed and therefore — to loss of
control in the flight path.

Note that the expression (6)—(9) are also valid
for the spatial problem of guidance of UAVs. The
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Fig. 2. The graphical change of () Velocity (b) Acceleration for the UAV
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Fig. 3. Trajectories of UAV for (a) v(k) = 45° (b) v(k) = 30°

corresponding position, velocity and acceleration
of the UAV may be replaced by the corresponding
three-dimensional vectors.

As an example, we will consider the control
of the UAV at the k™ interval trajectory for the
following initial conditions, as shown in Fig. 2:
X0 =1000 m, V=50 m/s, v = 45° Fig. 2 shows
graphs of the variation and obtained by modeling
in Mathcad.

Fig. 3 shows the trajectories of the UAV X(2)
in meters v(k) = 45° (a) and v(k) = 30° (b) under
the same conditions guidance UAV.

In this case, the error deviation from the UAV
endpoint guidance depending on the angle v(k)
ranges from 15 to 20 meters, for applications of
monitoring the earth’s surface using a UAV hun-
dred meters height is quite acceptable.

CONCLUSION

For guidance and navigation control of UAVs,
a complete solution which takes into account the
equations of motion in conjunction with kinemat-

ic constraints is far from implementing in re-
al-time, especially for small UAVs equipped with
limited on-board hardware. We propose a path
smoothing algorithm using a set of path tem-
plates. Instead of smoothing the entire path from
an initial position to the goal position, we smooth
the path segments over a finite planning horizon
with respect to the current position of the UAV.

We present a nonlinear path following control
algorithm, to regulate the error distances from a
reference path. Based on the kinematic control law.
The proposed analytical method for the synthesis
of the control law on the stage of the preliminary
design of UAV control system allows us to get the
best quality for a given criterion of control is when
we control the UAV path passing through the given
point in space. Follow the practical implementation
of the control law in the autopilot unmanned or
manned aircraft is a known regulator of the synthe-
sis problem, whose solution is determined by the
specified energy ballistic and aecrodynamic charac-
teristics of the particular aircraft.
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