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Abstract. The paper evaluates the aerodynamic hindrance caused by gust loads and vibra-
tions produced by the aircraft control surfaces during different oscillated flight regimes.
The approach aims to design an automated system in order to predict the unknown and
required parameters of aircraft in flight testing phase. A mathematical model of a full-scale
civilian Unmanned Ariel Vehicle (UAV) was tested along with its industrial prototype
to study and observe the unique characteristics of aircraft. The model was synchronized
with the parameters of the industrial prototype, and checked according to the aviation
standards. It was then verified using the data acquired through real-time flight-testing at
the research base. The geographical coordinates of the research base and the weather data
from the previous two years were also obtained and introduced into the automated sys-
tem. A series of automated flight tests were conducted with and without extreme condi-
tions to analyze the feasibility of the novel approach. The experiments were carried out not
only to verify the validity and effectiveness of new purposed system but also the character-
istics of aircraft through the new method. The simulated results would be beneficial in con-
sidering the accuracy of the new automated system, in contrast with the conventional sys-
tem. The automated system will give the upper hand to verify the end product accurately
and with no life-threatening tasks in challenging circumstances, besides it will also assist to
refine the procedures and techniques in pre-production research and manufacturing.
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INTRODUCTION

To ensure flight safety and predict catastrophic dimensions caused by ambiguous feedbacks dur-
ing flights, aircraft must drift through specific flight test requirements [1]. The key tasks of flight
tests are to verify the stability and controllability of an aircraft in different flying modes. The evalu-
ation of the ultimate design of aircraft and certification solely depends on the dynamic and static
stability of the aircraft. The automated system will provide research and manufacturing units to ver-
ify the given design in order to study the technical feasibility of the aircraft and feedbacks, which
will facilitate to alter design parameters or manufacturing tactics used in final assembly.

The atmosphere and the parameters surrounding the aircraft play a vital role in analyzing the
stability and performance during a straight flight. These parameters include wind, visibility/ceiling,
high-density altitude, turbulence, icing, precipitation, icing, thunderstorms, thermal lift, lightning,
and other extreme atmospheric parameters, which are all-weather phenomena that cause or contrib-
ute to aviation accidents [2, 3]. Along with stability, some minor damages also question the quality
of work and procedures used in the manufacturing.

During the lateral movement and the dynamic motion, the meteorological parameters such as
gust loads on the aircraft’s components could produce unwanted vibrations and noises, resulting
in data glitches for the onboard system, creating hoax output against the required parameters for the
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flight. Besides this, the generated disturbances or turbulences may cause aircraft to move out of the
straight path and continue to fly in an unstable mode. This may lead to either a catastro-
phe, undesirable incidents or some structure damage to the aircraft.

For the newly build prototype or type-rated aircraft, it’s almost impossible and hard to find
some unknown parameters and characteristics of aerodynamics stability of the aircraft without a
maiden flight test. In addition, to determine the unknown figures, the flight test crew must stake
their lives in order to acquire some data which maybe sometimes not so much accurate because of
approximation and human error.

The gust load, atmospheric gust or turbulence is the most common extreme meteorological pa-
rameter encountered by aircraft on their usual flights [2, 4]. The gust load is defined as a sudden
short blast of wind for little time, which may cause an aircraft to deflect from its original flight path.
It’s the mixed components of aerodynamic forces acting on the aircraft body [5]. It means that the
total velocity of wind acting on the aircraft is the sum of the vector components of air’s velocity act-
ing on the aircraft, which can be expressed as follows:
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Which further could be explained in terms of linear vector:
V, o = Ul +Vj+Wwk. (2)
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Other than the velocity of air, the gust load factor n also plays an important role in assuming the
characteristics of aircraft, which can be written as [4]:

n:%\/:liAn. 3)

Where W is the weight of aircraft, L is the lift force exerted on the aircraft and An change in ac-
celeration by the gust load. The gust load factor decides the performance of aircraft and its structur-
al strength to understand the aircraft limits under atmospheric loads, which may create unwanted
aero-elasticity and flutter.

To further understand this phenomenon, a flight envelop of aircraft must be made after some se-
ries of flight tests which uses V—n diagram (see fig. 1), so the aviators and pilots must fly within the
maneuverable and aerodynamically control regimes [6]. Any activity outside these boundaries con-
sidered as unsafe or hazardous.
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Fig. 1. A typical flight envelope expressed using V-n diagram

In order to get that data, the maiden test flights must be carried out to understand the stability
and aerodynamic behavior of the aircraft. Due to the processes involve, it’s not only expensive but
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also unsafe and technically not quite accurate procedure to get all the data required to make flight
envelop of required aircraft.

In the following case, a civilian UAV (see fig. 2) for a fully functional automated flight test was
used. The mathematical model of aircraft was used to create the algorithms for the automated sys-
tem and automated flight test. Numeric computing was introduced as the crucial element to create a
real-life environment to understand the characteristics of aircraft, without flying the original proto-
type and involvement of a heavy crew of flight test personals. The maiden flights with low intensity
maneuvers were made and data acquired was used to refine the mathematical model for the further
extreme maneuvers testing. Those maiden flights were served to determine the parameters of aero-
dynamic and moment forces. Which were then matched with the parameter within the model [7].
Some further stability tests were conducted to validate the model for the automated system.

Fig. 2. Designated UAV “Jupiter-2”

The experiment was regulated to determine the aerodynamic stability of aircraft with variable
and hazardous gust load, which may cause unknown hindrance and damage to aircraft flying out of
the bound. The same result would be beneficial for the flight test engineers and scientists in deter-
mining the “flight envelope” and other flying and technical characteristics of aircraft without in-
volvement in critical situations and even before any production phase.

MATHEMATICAL MODEL AND AXIS OF MOVEMENTS

The aircraft follows strict rules of the equations of motion to remain stable and to get airborne
[8, 9]. This set of equations makes up a mathematical model that defines a particular aircraft. Here,
the necessary parameters of the UAV (see table 1) to refine the mathematical model of movement
along a smooth trajectory were considered, excluding weak conditions, including noise and other
distortions. In addition to this method, the separation of calculations greatly aided in adjusting the
model to match the UAV's parameters in real-time [7].

Table 1
Jupiter-2 Specifications
Characteristics Values
Maximum speed 150 km/h
Cruising speed 125 km/h
Range 1000 km
Service ceiling 3000 m
Take off 300 m
MTOW 100 kg
Length 4m
Height 1m
Wingspan 8m
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The mathematical model describes the components of the forces, movements, and aircraft posi-
tion relative to the fixed coordinate systems (see fig. 3). The approach of representing the exact air-
craft orientation used the Euler angles to refine and obtain the exact equation as required [9].
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Fig. 3. Model of UAV dynamics:
a — fragment of aerodynamic block; b — flight control system block
. . d .
To understand the mathematical model, consider the rate of change of momentum (d—f) acting
on flying aircraft on all axes, and take Z-axis as the vertical axis for the calculations.

(%j =m,; AV,;, + RxCosy CosS + RySiny + RzSin 3Cosep;
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[%} = RxSiny — RyCosy Cosp + RzSiny 4)
y

(%} = RxSin 3 + RzCospCos3.
Whereas reaction forces reacting on the aircraft are as follows:
R, =qS(C,,+Clv)
R, =qS(Cy9+CJ'3,); (5)
R, =S ((CZO + CZ“’(//) ; +(5eCfe + O )(q +TK,, ))

The model further uses the basic concept of the Euler Angles for the roll, pith and yaw move-
ments, which are defined as [10]:

0 -a a,
a:xla, 0 -al. (6)
-a, a 0

After substitutions of values and constants, the ultimate values for the angular velocities are de-
fined as:
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The implementation of the rotational matrices in Euler angles defines the movements of the air-
craft reference with the global coordinates, which were reconstructed using the numerical analyses
methods.

ALGORITHMS AND BASIC METEOROLOGICAL PARAMETERS

Numerical analyses methods were used to break down the mathematical model into the sub
parts in order to understand the basic principles required for the approach. Algorithms were used to
define the problem in the more sophisticated way.

This approach is based on a deep analysis of the aircraft dynamics during atmospheric disturb-
ances to evaluate the situation and provide effective resolutions, which could be useful in determin-
ing the outer boundaries of the flight envelope. Illustration of fig. 4, a, shows the typical algorithm
of wind circulation in that area, whereas fig. 4, b shows the block diagram wind model and other
matrices to obtain and implement the meteorological data within the system boundary.
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Fig. 4. lllustration of atmospheric mathematical models within the system:
a — block diagram of wind circulation; b — block diagram of implementation in the systems
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TESTS UNDER IDEAL AND EXTREME CONDITIONS

The identification of the parameters was carried out by recording the performed control surfaces
(rudder, elevator) shifts and rectilinear flight modes with variable aircraft velocity. In ideal condi-
tions, the components of wind or gust load were turned off or set to the zero to observe the roll,
pitch a yaw movement of aircraft with no roughness or disturbance.

A global coordinate system model was also added to the automated system along with the at-
mospheric elements. Weather data were collected for two years from the same region (the region for
flight tests). A tool was introduced to simulate an almost realistic aircraft flight mode model with
the very narrow margin of errors.

The Russian standards for aviation and aerospace were changed to international standards for
aviation and aerospace. Thus the Y and Z components were interchanged with each other and minor
coding was involved to translate the old coordinate system into the new coordinate system. The ver-
tical component, which is Y-component of gust load, is used in real or extreme conditions to deter-
mine the loss of control of aircraft beyond the critical angle of attack a > 15°. Z-component is
enough to create slide slip and directional instability, causing aircraft to enter Dutch-roll to get back
valuable feedbacks for the estimation of the maneuverability.

— Under Ideal Conditions: For the experiment in ideal conditions, as already explained, the
components of gust loads were set to zero to see the maneuverability of aircraft with no distorted
air. For the experiment, the optimal and initial velocity was set to u = 120 Km/h at longitudinal axis
X. Components v and w were kept 0 Km/h to give a flight straight path.

During the experiments, different dynamic flight modes were tested under some given condi-
tions, circumstances and pilot induced oscillations. To validate the stability, all the dynamic modes
were simulated artificially using the data from flight controls. The output result includes the sys-
tematic values of stability and other aerodynamic coefficients.

— Under Real Conditions: The only difference between real conditions and ideal conditions is
the component values of the gust load. In ideal condition there is no or almost zero gust load where-
as in real conditions gust load has the value of: Vgt = 70 Km/h. The values for the local weather
was introduced only in transverse and longitudinal vector in the first experiment and gust values in
the remaining vector. Experiment was carried out with the different schemes and configurations.

In contrast with ideal conditions, the real conditions used discrete gust loads, under its given
shape and velocity [11]. The shape follows gust velocity and height, which can be described as:

Uds _ TE_S
U= 7[1 cos( H ﬂ (8)

Where s is distance penetrated; H is the gust gradient; U is the design velocity of the continues
gust, which can be further described as follows:

H e
U =U — 9
ds ref 9(35(-)) ( )
Where F,; is flight profile alleviation factor and U, is reference gust velocity, which is
~ 40 Km/h.

RESULTS

In the first run, simulation was run for the several seconds with almost no or zero loads in the
straight path.
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Initial Conditions

Parameters Initial values
Altitude H (m) 1000
Initial velocity u (m/s) ~40
Angle of attack a (rad) 90 <a<90
Slip angle B (rad) 0 (constant)
Roll angle ¢ (rad) -180 <@ <180

Table 2

The movements of aircraft were recorded and followed to compile the final statics about the
characteristics of the aircraft. The simulation was again run for several times with some extreme

conditions to check output results, performance and the response of the aircraft.

Fig. 5 shows the rapid response of the aircraft (UAV) against the shift position of elevators and
altitude of the aircraft and minor change in it. Whereas fig. 6 shows the only minor change in the
altitude as the position of ailerons changes. This occurs due to the change in the angular velocities

and linear velocity regarding the straight path.

Altilude

Time (s}

Fig. 5. Elevator response graph

The position of elevator defines the altitude of a flying aircraft. The intensity of its position cre-
ates movement, which results in the altitude. Fig. 7 shows the response of vibration occurred through
the intense wind, which resulted in the slightly higher rate of change of altitude AH =~ £10 m. The
movement of aircraft back to the original position defines its characteristics of dynamic stability.



26 ABUAUMOHHAA N PAKETHO-KOCMUWYECKAA TEXHUKA

Beta frag]

Adtitude [r]

Time (s}

Fig. 6. Aileron response graph
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Fig. 7. Out of phase movement due to wind circulations

The aircraft was allowed to fly under the same conditions to study the response of elevator posi-
tion by the pilot against the stability and wind circulations on the aircraft. The fig. 8 and 9 show the
instability occurred using the forced feedback on the control surfaces. The pivot point on horizontal
stabilizer of aircraft allows it to create the moment forces along that point, which aids in the pitch
movement of the aircraft. The position of the elevators themselves define the angle of rotation, but
forced input may not only entitle the aircraft malfunctioned but also may cause the catastrophe as
the result of structural damage due to inappropriate aerodynamic forces acting on it.
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Fig. 8. Forced input by the pilot
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Fig. 9. Forced stability control by the pilot under extreme conditions

The vibrations on the control surfaced and their positions must be aligned to allow the aircraft to
pass through the high-intensity wind turbulence or disturbance like gust loads and other ambiguities
in the atmosphere. Trim tabs at the end of control surfaces need to be adjusted to get desired result.
The fig. 10 shows the desired position of the elevators in the intense wind gust and its constant
height using the trim tabs in the straight flight.

Time (s}

Fig. 10. Gust loads on the control surfaces and automated stability response
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CONCLUSION

This approach was used to identify the aerodynamic characteristics and stability of the aircraft
in extreme atmospheric conditions. Which may lead to automation of the design validation and veri-
fication without the involvement of life-threatening flight tests and expensive production. The re-
sults will be useful in studying and analyzing the final design and production methods, which must
be applied before the flight test. The results show the limits for the flight envelop and the feasibility
of the aircraft. Hence, the automated system proved to be valid and valuable. The approach showed
the worth of the design and flows, which can be altered and refined to get smooth product.
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AHHOTauuA: OLEeHNBAlOTCA aapoAMHAMUYECKME MOMEXW, Bbi3biBaeMble NOPbIBHbIMU Harpy3kamun 1 BMbpaLuamm, co3gaBaembiMm
py/ieBbIMM MOBEPXHOCTAMM Camo/ieTa NPW PasNnYHbIX KonebaTesbHbIX pexxnmax noneta. MNoaxos HanpasneH Ha co3gaHue aB-
TOMaTU3MPOBAHHOMN CUCTEMBI A1 NPOrHO3MPOBAHMUA HEU3BECTHbIX U TpebyembiXx NapameTpoB caMo/ieTa Ha 3Tane /IeTHbIX UC-
nblTaHMi. MaTemaTuyeckas moZeslb MOIHOMACLWTAabHOro rpaxaaHCKoro 6ecnuaoTHOro TpaHcnopTHoro cpeacTsa (BMNJ1A) 6bina
MCMbITaHa BMECTE C ero MPOMbILNEHHbIM MPOTOTUNOM A1A U3YYeHUA U HABAOAEHNA YHUKANbHBIX XapaKTepPUCTUK camosieTa.
Mogenb 6bln1a CUHXPOHU3MPOBAHA C NapamMeTpPaMM NPOMBbILLIEHHOTO NPOTOTUNA U NPOBEPEHA HA COOTBETCTBME aBUALMOHHbIM
cTaHZapTam. 3aTem oHa bblna NpoBepeHa C UCMo/b30BaHMEM AAHHbIX, MOYYEHHbIX B XOA€E /IETHbIX UCMNbITAaHWUIA B UCCen0Ba-
TeNbCKOW 6ase B pexkume peanbHOro BpemeHu. TakxKe 6blan NonyYeHbl U BBeLEHbl B aBTOMATU3NPOBAHHYO cuctemy reorpadu-
Yyeckne KoopamuHaTbl uccnenoBaTenibckol 6asbl M AaHHble O Norofe 3a npeablaywue Asa roga. Jaa aHannsa ocyLecTBMMOCTH
HOBOro nogxoaa 6bina NpoBegeHa cepua aBTOMATU3UPOBAHHBIX IETHbIX UCMbITAHUI B SKCTPEMAsIbHbIX YCNOBUAX U 6€3 HUX.
JKcnepuMeHTbl MPOBOAUINCE HE TOIbKO A1 NMPOBEPKU AOCTOBEPHOCTU U 3PEKTUBHOCTM HOBOM NpeanoaaraeMon CUCTEMbI,
HO TaKXe A1a NPOBEPKMN XapaKTEPUCTMK CaMosieTa C NOMOLLbIO HOBOro meToza. CMoAennpoBaHHbI pe3ynbTaT byaer noseseH
npy PacCMOTPEHUU TOYHOCTU HOBOM aBTOMATU3UPOBAHHOM CUCTEMbI B OT/IMYME OT TPAAULMOHHOM cUCTeMbl. ABTOMATU3MPO-
BaHHAA CUCTEMA AACT NPENMYLLECTBO A/1A TOYHOW MPOBEPKM KOHEYHOTO NPOoAyKTa U H6e3 BbINOSIHEHWA ONACHbIX ANA KU3HU 3a-
[a4 B C/I0XKHbIX ycnoBuAx. Kpome TOro, oHa Take NOMOXeT YyCOBepLIeHCTBOBATb NpoLeaypbl U MeToAbl NpU Npeanpov3Boa-
CTBEHHOM NOBTOPHOM MOWUCKE U NPOU3BOACTBE.
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