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METHOD FOR ESTIMATING THE SPATIO-TEMPORAL PERFORMANCE
OF AN UNMANNED AERIAL VEHICLE DURING FLIGHT TESTS

Introduction

When conducting flight tests of UAVs, the
assessment of individual parameters, such as: range
and flight duration (space-time parameters) is
associated with the involvement of a significant
resource (time, space, material and technical, etc.),
which often raises problematic questions regarding
their implementation. In addition, obtaining values
of a number of indicators, in particular, the flight
characteristics of modern UAVs that fly only in an
automated mode, is difficult, for example, determining
the minimum flight speed, stall speed, controllability,
maneuverability, etc.

At the same time, based on the analysis of UAV
experience, some of the flight characteristics
mentioned above are not fundamental and do not
significantly affect the effectiveness of UAVs in
performing their tasks (e.g., maximum, minimum
speed, maximum flight altitude, etc.). On the other
hand, in most cases, the customer usually puts
forward fundamental and clear requirements to
ensure the required range and duration of the flight.
These indicators generally characterize the
capabilities of the complexes to perform their
intended tasks.

However, in the course of the tests conducted, for
a number of UAVs, they were not fully evaluated
(confirmed), including due to unfavorable test
conditions, as well as space and time constraints,
primarily the imperfection of the existing testing
facilities.

Analysis of the latest research and
publications

It should be noted that a large number of
publications and research papers are devoted to the
development of the theory of evaluation and
synthesis of different classes of UAVs. For example,
in works [1-5] the question of the methodological
foundations of the synthesis of the development of
modern unmanned systems, substantiated
methodological approaches to the evaluation of the
characteristics of the components of UAVs,
proposed criteria and complex indicators for the
comparative evaluation of UAVs of various
purposes are considered. Works [6, 8] demonstrate
the advantages of using a systematic approach to
support decision-making in the early stages of
development and creation of UAV samples.

Formulation of the problem

However, despite the created scientific basis, a
number of problematic scientific issues remain
unresolved, including the substantiation of rational
methodological —approaches to assessing UAV
parameters during flight tests, maximum use of the
testing base with minimal time and material resources
with a sufficient level of reliability of the data obtained.

In view of the above, it is relevant to find ways to
optimize the process of obtaining values of
individual parameters during flight tests, including
with the involvement of new scientific and
methodological approaches. Obtaining (applying)
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complex indicators for assessing a number of
characteristics (functioning parameters) under these
conditions makes it possible to assess the required
parameters with greater accuracy and efficiency, as
well as to save time and resources during UAV testing.

The purpose of the article is justification,
construction and analysis of practical implementation
based on the results of a flight experiment, a
methodical approach to the operational assessment of
individual flight technical characteristics, first of all,
the range and duration of flight during flight tests of
UAVs. At the same time, an increase in the reliability
of the obtained data is achieved due to the use of the
proposed comprehensive indicator and saving material
and time resources due to the optimization of the
program of the corresponding test flights.

Presentation of the main research material

For a comprehensive assessment of the qualities
of UAVs, it is proposed to use a comprehensive
indicator of technical excellence (CITE) k. for
UAVs with various power plants [2, 3].

This analytically derived coefficient k. takes into
account and shows the interdependence of several
determining parameters (range, flight duration,
propeller efficiency and the sophistication of the
power plant).

Taking into account the most widespread use of
UAVs in the Armed Forces of Ukraine and their
effective use during the Anti-Terrorist Operation, it
is UAVs with electric propulsion systems (EPS) that
are most commonly used in the ATO, we propose to
consider the Class 1 — tactical - UAVs with EPS.

According to the previously obtained results of
theoretical studies [2, 3] for UAVs with EPS k. due
to the maximum aerodynamic quality, Kmax 18
calculated by the expression:

6]
where: Kmax — the maximum aerodynamic quality of

the UAV; H..,, — Engine efficiency; n,, — Propeller
efficiency.

ke = Kmax"?eng rlpp-

The dependencies of this coefficient k. on the
values of the maximum flight duration and range in
an explicit form, which were obtained during
previous studies, have the following form:

— Veconax . (2)
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where: Ve, — economic flight speed of UAVS; Tinax —
the maximum duration of the UAV flight; Enax —
maximum battery power; Kuwu= 1-Eqdi/Emax
coefficient that estimates the permissible depth of
discharge of the battery; Zee= (1 — Eeo/Emax) —
coefficient that estimates the permissible depth of
discharge of the battery; Lmax — the maximum flight
range of the UAV.

Calculations of k. using formulas (2, 3) should
theoretically give the same result, although they are
based on different sources of information. At the
same time, expressions (2) and (3) allow us to find
the value of k., and, accordingly, to assess the level
of technical sophistication based on the data
(characteristics) of UAVs, which are usually
declared or specified [5, 6].

Table 1, as an example, shows the results of
theoretical calculations of k. for a group of
well-known domestic and foreign UAVs of the first
class [9].

It should be noted that the value of k. can be
determined quite closely by the average values of the
parameters of formulas (2) and (3) during the test flight
of the UAV for the maximum range and duration.

However, more accurate information is provided
by the evaluation of individual parts of the flight
profile, as was carried out by the authors during a
flight experiment (FE) with a tactical UAV — the
MARA-2M battlefield.

Tablel
Calculation results k. UAV

Chamsensis | ' | | [ | | G [ Ve | G |G | B | K| K
Fly -1 2.3 180 11 68 72 50 36 9,8 2,6 36,0 13,6 13,6
Furia 2 120 7 55 60 12,5 11 32 15 33,6 | 10,3 9,7
MARA 2M 1,3 72 2.3 54 66 16,4 14 6,3 4 20,6 | 10,7 9,5
Patriot 1,8 80 3,5 50 60 16,0 14 8,2 25,5 11,1 8,6
DeViro 1,2 70 4,5 50 60 16,0 14 8,2 19,8 9,5 9,6
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During the tests of the specified UAV, the tasks
of the flight experiment were:

¢ determining the maximum range and duration
of the flight;

» assessment of the adequacy of the proposed
complex indicator k. and the methodology for its
calculation;

* verification of the reliability of the results of
calculation data obtained in the course of theoretical
studies;

* verification of the reliability of the stated
characteristics of the MARA-2M UAYV according to
the results of the flight experiment.

In order to obtain the initial information for the
flight experiment (tests for maximum range and
duration), it was necessary to determine in advance:

*the maximum amount of battery energy
(determined during pre-flight training);

* coefficient Z¢ due to the energy consumption
for auxiliary consumption (takeoff, optimal flight
altitude, descent, etc. — obtained from onboard
measuring devices) during the performance of the
respective flight modes;

09:45:00 10:15:00 10:45:00

60 —
40 -
20 -

]

09:45:00 10:15:00 10:45:00

11:15:00 Time (sec

11:15:00 Time (sec

* coefficient K. due to the residual (permissible)
value of the battery energy after the flight (obtained from
onboard measuring devices at the end of the flight);

* maximum battery energy reserve;

« efficiency factor based on the parameters of a
stable flight section.

The data obtained during the test flight were
processed as for the entire flight (Fig. 1 shows the
data of measured characteristics by onboard
recording devices for the entire evaluation flight), as
well as in separate sections of Fig. 2, characterized
by the stability of the flight mode and parameters
with minimal influence of external factors (wind,
change in the flight profile, etc.)

Calculations of the efficiency factor based on
average range and flight duration parameters are
often associated with incomplete initial data, as well
as with distortion of their actual values.

In the presence of real UAVs, these data can be
relatively easily obtained without special flight tests,
and practically within the framework of regular
operation, using standard onboard equipment, as
shown in Fig. 2. In addition, the proposed
methodology will provide additional information
necessary for engineering and navigation calculations.

10:15:00 10:45:00 11:15:00 Time (sed

09:45:00 10:15:00 10:45:00

Fig. 1. Flight information (altitude, speed, remaining battery capacity, voltage)
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Fig. 2 Flight information of the selected section of the UAV test flight MARA-2M
(altitude, speed, voltage, load)

Fig. 2 shows the data of measured characteristics
by onboard recording devices for the flight stage
selected for calculations. At this stage, the maximum
values were obtained in the following areas ke max.

For example, to determine the efficiency factor, it
is necessary to perform several tasks with the
maintenance of modes, the so-called "platforms".
Maintaining a certain speed and altitude in straight-
line horizontal flight mode, the operator must keep
them unchanged for 3-5 minutes, while also
monitoring the normal overload at level 1 and the
absence of roll (Fig. 2).

At the same time, the following is recorded over
time

— flight parameters
overload, roll angles);

— energy data (current I, voltage U) of the battery.

Since part of the electric energy is consumed not
only to drive the propeller, but also to operate other
onboard consumers (control systems, information
transmission, camera operation, etc.), the effective
current (load current) consumed by the engine to
move the UAV in the air can be calculated as
Leng = [Ece, Where Eoe =1 — Iu/l, I — current
consumption of all UAV systems, except for the
propeller drive, [ — the total current of the battery, as
measured by the on-board ammeter.

The value of the coefficient &g is determined
experimentally for a specific UAV, taking into
account the option of consumers of other types of
energy.

(altitude, speed, normal

On a number of devices, it is possible to directly
measure and record the power of the current
consumed by the engine l.g and power supply
voltages U.ng, (Fig. 2), as in this case, which
simplifies calculations and increases the accuracy of
determining the final results. According to the
records, "fields" are selected, on which the specified
parameters are close to constant values (Fig. 2).

In the case of small short-term changes in the
parameters, their averaging is carried out, which is
used to calculate the power of the electric current
Nengt = Ieng Ueng [W] for a given speed V.

Next, the next "platform" is built (for the speed
12) (Fig. 2), and the following is calculated in the
same way Ne.q. Etc. Based on the received data, a
dependency graph is built Ne(V), which should
have a minimum at economic speed Neugmin.,
as shown in Fig. 3

U T
w

80

i i 1
I I I
I I I
\ I |
I I I
\ I |
12 14 Ver 16 18

V,m/s

Fig. 3. Change in power consumption depending
on the UAV flight speed
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The next step is to determine the minimum
required power to move the UAV, taking into
account energy losses in the engine and propeller

XV, {’"} my, [’"}
N, = s ] _ s

nengnpp 0’086kmaxnengnb 0’088kb

gmVy

- (4)

In stable flight, the required power must be equal
to the minimum available power Nengmin = LengUeng.
From their equality, we find:

mV
k, =
0,088(1,,,U

, )

en )min
g

If an instrument is used for calculations (more
precisely, an indicator V;) speed, the resulting
dependence will be the same for all altitudes to a
first approximation. However, if the indicator speed
is constant and the altitude increases, the actual
airspeed will increase, which will cause a change in
the propeller efficiency [10]. Therefore, for more
accurate calculations, it is necessary to use the actual
speeds V' = Vi(po/p)*>.

However, UAVs with electric propulsion systems
fly at low altitudes, when the indicator and actual
speeds do not differ significantly, which simplifies
calculations.

Results of calculating the coefficient k. of the
UAYV under study based on the results of flight tests
(results of direct measurements of flight parameters)
according to expression (2) are shown in Table 2.

Table 2
The experimental values k.
Mioft, KE V, m/s uv LA ke
2,3 17 16,3 3 9,1
2,3 15 15 2,7 9,7
23 13 14,8 2,8 8,2
Conclusions

The presented calculations k. of UAVs with
electric propulsion using different approaches
(theoretical calculation according to the appropriate
methodology and experimental study) demonstrate
the possibility of using this indicator to assess some
flight characteristics of UAVs with electric
propulsion during their flight tests.

The data obtained in this way (quantitative values
of the indicators) allow to increase the reliability and
efficiency, taking into account the limitations of the
available testing facilities, of obtaining certain flight
characteristics of UAVs during their flight tests.

REFERENCES

[1] Mitrahovich, M. M., Silkov, V. 1. (2016). Unmanned
Aerial Vehicles: Justification and calculation of
main parameters and characteristics. Kyiv, K. :
Central Research Institute of armament and military
equipment of Armed Forces of Ukraine, 268 p;

[2] Tiyushko, V. M., Silkov, V. L. (2010). Unmanned Aerial
Vehicles: Methods for Approximate Calculations of
Basic Parameters and Characteristics. Kyiv, K.:
Central Research Institute of armament and military
equipment of Armed Forces of Ukraine, 302 p;

[3] Mitrahovich, M. M. (1998). Complex technical systems.
Systematic mathematical support of project decisions.
National Academy of Sciences of Ukraine. Kyiv:
"Nichlava", 184 p.

[4] Rostopchin, V. V. Unmanned Aerial Vehicles and
Air Defense — Problems and Prospects of
Confrontation [electronic resource] access mode
www.researchgate.net;

[5] Mosov S. P. (2019). Unmanned Aerial Vehicles in
Military Affairs: Monograph. Kyiv: Interservice,
324 p.

[6] Silkov, V.., Zhdanov, S. V., Delas, M. 1. (2013).
Rapid assessment of the technical excellence of an
unmanned aerial vehicle based on its flight data.
K.: Science and Defense No. 3, P. 30-35;

[7] Mitrahovich, M. M., Silkov, V.1. (2012). Unmanned
Aerial Systems: Methods for Comparative Assessment
of Combat Capabilities. Kyiv, K. : Central Research
Institute of armament and military equipment of
Armed Forces of Ukraine, 302 p.

[8] Silkov, V.I., Zirka, A.L. (2014). Methodology
for assessing the technical perfection of an
unmanned aerial vehicle with a turbojet engine in
substantiating the requirements for its main flight
characteristics. Collection of scientific works of
the Central Research Institute of the Armed
Forces of Ukraine, Ne 54, p. 178-188. Secret.

[9] Zirka, A. L., Rastryhin, O. O., Silkov, V. L. (2017).
Methodology for assessing the technical perfection
of an unmanned aerial vehicle by its main flight
characteristics during flight tests. Arms and Military
Equipment, No. 3 (15), p. 40-45. DOI: 1034169/
2414-0651.

[10] Silkov, V. 1. (2017). Flying model instead of a wind
tunnel. Arms and Military Equipment, No. 4(28),
p. 66-74. DOIL: 1034169/2414-0651.

[11] Zirka, A. L., Zirka, M. V., Kadet, N. P. (2021).
Methodological approach to evaluating the cost-
effectiviness of unmanned aerial vehicle with a
turbojet engine. Science Based Technology.
Vol. Ne 4(52), p. 313-317. DOI: 10.18372/2310-
5461.52.16377.

© Zirka A., Zirka M., Kadet N., 2022



HaykoemHi TexHonorii Ne 4(56), 2022 279

3ipka A., 3ipka M., Kaner H.
METO/J OUIHKHA MPOCTOPOBO-YACOBHUX ITOKA3HHUKIB BE3IIJIOTHOI'O JITAJBHOI'O
AIIAPATY IMIPU NPOBEJIEHHI JILOTHUX BUITPOBYBAHb

B x00i nposedenns navommux eunpobysamnv Oesninomuux aimaneHux anapamie (bnJlIA), oyinka oxpemux
napamempis, maxkux sAK: OAIbHICMb Ma MPUBANiCMb NOALONY (NPOCMOPOBO-YACOGi naApamempu) noe’sa3ana i3
3anYYeHHAM 3HAYHO20 Pecypcy (Yaco8o2o, npocmopogo2o, MAmMepianbHO-MeXHIYH020, MOW0), Wo Yacmo GUKIUKAE
npobaemui numarts wjooo ix peanizayii. Ilpu yvomy, y 6inbuwocmi 6unaokie 3aMOGHUKOM, 5IK NPAGUNO BUCYBAIOMbCS
NPUHYUNOBT MA YIMKI 8UMO2U U000 3a0e3neyeHHAM HeOOXIOHUX OalbHOCHI Ma MpUBALOCHli NOAbOM)Y.

Jlani nokasnuku 3a2a1om xapaxmepusyoms MONCIUBOCHI KOMNIEKCI8 W00 GUKOHANHS 3060AHb 30 NPUSHAYEHHSAM.
Ilpome, 6 x00i nposedenux eunpodysams, O pady KOMNIEKCi8, OHU He OVIU NOSHICMIO oyiHeHi (nidmeepodiceri), y
MOMY HUC GHACTIOOK HECHPUAMIUGUX YMOG NPOBEOeHHs GUnpoby6anb, a MAKOJIC HAAGHOCHI NPOCMOPOBO-YACOBUX
obmedicens, nepus 3a 6ce — HeOOCKOHAIOCMI HAABHOT NONI20HHO-8UNPOOYBALHOI 6a3u.

Bpaxosyiouu 3aznauene, y cmammi obrpynmosano, nooyoo8ano ma npogeoeHo ananiz npakmuyHoi peanizayii, na
niocmasi pe3yrbmamis TbOMHO20 eKCnepuUMeHmy, MemoouuHo2o nioxo0y 00 ONepamueHoi OYIHKU OKPeMUX TbOMHO-
MEXHIYHUX XAPAKMEPUCTUK, 8 neputy uepey, OAIbHOCMI Md MPUSALOCMI NOALOMY NI0 Yac TbOMHUX GUNPOOY8aHb
bnJlIA. Ilpu yvomy, Oocsacaemvcsa nioguwjeHHs OOCMOGIPDHOCI OMPUMAHUX OAHUX 34 PAXYHOK 3ACMOCYGAHHA
3anponoHOBaH020 KOMNIEKCHO20 NOKA3HUKA MA eKOHOMISL MAmMepianbHO Haco8020 pecypcy 3a80AKu Onmumizayii
npozpamu 8iON0BIOHUX MeCMOBUX NOIbOMIS.

Paniw 3anpononosanuti komniekcHull NOKA3HUK - Koegiyienm mexniunoi dockonanocmi bnJIA, wo oonouacho
8PAX0BYE OOCKOHANICHb KOHCMPYKYIL, AepoOUHAMIYHOI KOMIOHOBKU MA eKOHOMIYHOCMI CUN0BOI YCMAHOBKU 00360715€
30UCHUMU NepesipKy 00CMOBIPHOCI OMPUMAHUX, 8 X0O0I IbOMHUX GUNPOOYEAHb, 3HAUEHb NAPAMEMPIE MAKCUMALLHOT
danvHocmi ma mpuganocmi norvomy bnJIA

Hagedeno ma nopienano meopemuynuti ma NpaKmMuyHuii po3paxyHok (6 Xo00i JbOMHO20 eKCHepUMeHmy)
Koeghiyienmy mexuiunoi odockoumarocmi bBbnJIA 3 enekmpuunolo CUNOB0I0 YCMAHOBKOI 34 EKCNEPUMEHMANbHO
OMPUMAHUMY XAPAKMEPUCIUKAMU MAKCUMATLHUX OAIbHOCIE MA MPUBALOCII NOJILOMY.

KntoyoBi cnoBa: 6e3ninoTHWi niTanbHWiA anapat, PeXuM NosiboTy, OUiHKa XapakTepUCTUK

Zirka A., Zirka M., Kadet N.
METHOD FOR ESTIMATING THE SPATIO-TEMPORAL PERFORMANCE OF AN UNMANNED
AERIAL VEHICLE DURING FLIGHT TESTS

During flight tests of unmanned aerial vehicles (UAVs), the assessment of individual parameters, such as: range
and flight duration (spatial and temporal parameters) is associated with the involvement of a significant resource (time,
space, material and technical, etc.), which often raises problematic questions regarding their implementation. At the
same time, in most cases, the customer usually puts forward fundamental and clear requirements to ensure the required
range and duration of the flight.

These indicators generally characterize the capabilities of complexes to perform tasks as intended. However, during
the conducted tests, for a number of complexes, they were not fully evaluated (confirmed), including due to unfavorable
conditions for conducting tests, as well as the presence of space and time limitations, first of all, the imperfection of the
existing testing facilities.

Given the above, the article substantiates, builds and analyzes the practical implementation, based on the results of
a flight experiment, of a methodological approach to the operational assessment of certain flight characteristics,
primarily the range and duration of flight during UAV flight tests. At the same time, an increase in the reliability of the
data obtained is achieved through the use of the proposed complex indicator and savings in material and time
resources due to the optimization of the program of the relevant test flights.

The previously proposed complex indicator - the coefficient of technical perfection of the UAV, which
simultaneously takes into account the perfection of the design, aerodynamic layout and efficiency of the power plant,
allows to verify the reliability of the values of the parameters of the maximum range and duration of the UAV flight
obtained during flight tests

The theoretical and practical calculation (during a flight experiment) of the coefficient of technical perfection of a
UAV with an electric propulsion system based on the experimentally obtained characteristics of the maximum range
and duration of flight is presented and compared.

Keywords: unmanned aerial vehicle, flight mode, performance evaluation.
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