E-ISSN: 2687-3338 FEBRUARY 2022

JOURNAL OF

AVIATION
RESEARCH

HAVACILIK ARASTIRMALARI DERGISI

4
% mal

1997 istanb

tepe university

www.maltepe.edu.tr



JOURNAL OF

AVIATION
RESEARCH

HAVACILIK ARASTIRMALARI DERGISI

4 /1

ISTANBUL - 2022




N Y
==

JOURNAL OF

AVIATION
RESEARCH

HAVACILIK ARASTIRMALARI DERGISI

Yilda iki say1 olarak yayimlanan uluslararast hakemli, agik
erisimli ve bilimsel bir dergidir.

Cilt: 4
Say1: 1
Yil: 2022

2019 yilindan itibaren yayimlanmaktadir.

© Telif Haklar1 Kanunu gercevesinde makale sahipleri ve
Yayin Kurulu’nun izni olmaksizin higbir sekilde
kopyalanamaz, ¢ogaltilamaz. Yazilarin bilim,

dil ve hukuk agisindan sorumlulugu

yazarlaria aittir.

Elektronik ortamda da yayinlanmaktadir:
https://dergipark.org.tr/jar
Ulasmak i¢in tarayimiz:

Yazisma Adresi:

Maltepe Universitesi Meslek Yiiksekokulu,
Marmara Egitim Koyii, 34857

Maltepe / Istanbul

Kep Adresi:
maltepeuniversitesi@hs01.kep.tr

E-Posta:
jar@maltepe.edu.tr

Telefon:
+90 216 626 10 50

Dabhili:
2280 veya 2286

This is a scholarly, international, peer-reviewed, open-access

journal published international journal published twice a year.

Volume: 4
Issue: 1
Year: 2022

Published since 2019.

© The contents of the journal are copyrighted and may not
be copied or reproduced without the permission of the
publisher. The authors bear responsibility for the
statements or opinions of their

published articles.

This journal is also published digitally.
https://dergipark.org.tr/jar
Scan for access:

[=]

Correspondence Address:

Maltepe Universitesi Meslek Yiiksekokulu,
Marmara Egitim Koyti, 34857

Maltepe / Istanbul

Kep Address:
maltepeuniversitesi@hs01.kep.tr

E-Mail:
jar@maltepe.edu.tr

Telephone:
+90 216 626 10 50

Ext:
2280 or 2286




JOURNAL OF

AVIATION
RESEARCH

HAVACILIK ARASTIRMALARI DERGISI

Yayin Sahibi
Maltepe Universitesi adina
Prof. Dr. Sahin Karasar

Bas Editor
Dog. Dr. Tnan Eryilmaz

Editér Kurulu

Prof. Dr. Sahin Karasar

Dog. Dr. inan Eryilmaz

Dog. Dr. Deniz Dirik

Dog. Dr. Yasin Sohret

Dr. Ogr. Uyesi Leyla Adiloglu Yalginkaya
Dr. Ogr. Uyesi Sener Odabasoglu

Dil Editorleri
Dog. Dr. Deniz Dirik
Dr. Ogretim Uyesi Tugba Erhan

Yayin ve Damisma Kurulu

Prof. Dr. Cem Harun Meydan
Prof. Dr. Dukagjin Leka

Prof. Dr. Ender Gerede

Prof. Dr. Fersat Kolbakir

Prof. Dr. Osman Ergiiven Vatandas
Dog. Dr. Akansel Yalginkaya

Dog. Dr. Asena Altin Giilova

Dog. Dr. Burcu Giineri Cangarli
Dog. Dr. Engin Kanbur

Dog. Dr. Ferhan Saym

Dog. Dr. Florina Oana Virlanuta
Dog. Dr. Giiler Tozkoparan

Dog. Dr. Hakki Aktas

Dog. Dr. Mehmet Kaya

Dog. Dr. Onder Altuntas

Dog. Dr. Ozgiir Demirtas

Dog. Dr. Riistem Baris Yesilay
Dog. Dr. Semih Soran

Dr. Ogr. Uyesi Birsen Agikel

Dr. Ogr. Uyesi Hasan Hiiseyin Uzunbacak
Dr. Ogr. Uyesi Muhittin Hasan Uncular
Dr. Ogr. Uyesi Rukiye Sénmez

Dr. Ogr. Uyesi Tahsin Akgakanat
Dr. Ogr. Uyesi Ugur Turhan

Ogr. Gér. Riza Giirler Akgiin

Grafik Tasarim
Riza Giirler Akgiin

Owner
On behalf of Maltepe University
Prof. Sahin Karasar, Ph.D.

Editor in Chef
Assoc. Prof. Dr. Inan Eryilmaz, Ph.D.

Editorial Board

Prof. Sahin Karasar, Ph.D.

Assoc. Prof. Inan Eryilmaz, Ph.D.

Assoc. Prof. Deniz Dirik, Ph.D.

Assoc. Prof. Yasin Sohret, Ph.D.

Asst. Prof. Leyla Adiloglu Yalginkaya, Ph.D.
Asst. Prof. Sener Odabasoglu, Ph.D.

Language Editors
Assoc. Prof. Deniz Dirik, Ph.D.
Asst. Prof. Tugba Erhan, Ph.D.

Editorial and Advisory Board

Prof. Cem Harun Meydan, Ph.D.

Prof. Dukagjin Leka, Ph.D.

Prof. Ender Gerede, Ph.D.

Prof. Fersat Kolbakir, Ph.D.

Prof. Osman Ergiiven Vatandas, Ph.D.
Assoc. Prof. Akansel Yalc¢inkaya, Ph.D.
Assoc. Prof. Asena Altin Giilova, Ph.D.
Assoc. Prof. Burcu Giineri Cangarli, Ph.D.
Assoc. Prof. Engin Kanbur, Ph.D.

Assoc. Prof. Ferhan Sayin, Ph.D.

Assoc. Prof. Florina Oana Virlanuta, Ph.D.
Assoc. Prof. Giiler Tozkoparan, Ph.D.
Assoc. Prof. Hakki1 Aktas, Ph.D.

Assoc. Prof. Mehmet Kaya, Ph.D.

Assoc. Prof. Onder Altuntas, Ph.D.

Assoc. Prof. Ozgiir Demirtas, Ph.D.
Assoc. Prof. Riistem Baris Yesilay, Ph.D.
Assoc. Prof. Semih Soran, Ph.D.

Asst. Prof. Birsen Agikel, Ph.D.

Asst. Prof. Hasan Hiiseyin Uzunbacak, Ph.D.
Asst. Prof. Muhittin Hasan Uncular, Ph.D.
Asst. Prof. Rukiye Sonmez, Ph.D.

Asst. Prof. Tahsin Akgakanat, Ph.D.

Asst. Prof. Ugur Turhan, Ph.D.

Lect. Riza Giirler Akgiin

Graphic Design
Riza Giirler Akglin




JOURNAL OF

AVIATION
RESEARCH

HAVACILIK ARASTIRMALARI DERGISI

ICINDEKILER / CONTENTS

Arastirma Makaleleri / Research Articles

TAMER SARACYAKUPOGLU
Eklemeli Olarak Uretilen Ucar Parcalar Uzerine Kapsamh Bir Literatiir Arastirmasi

A Comprehensive Literature Research of the Additively Manufactured Airborne Parts

VAHAP ONEN
Havacilikta insan Faktorleri Egitimi Sorunsallarmin Tespiti ve Buna Yonelik Gelistirilmis Egitim Modeli ve Iyilestirme Onerileri
Identification of the Problematics of Human Factors Training in Aviation and For These Developed Training Model and

Improvement Proposals

SALIM KURNAZ
Tiirkiye’de Diisiik Maliyetli Havayolu Tasimaciliginin Gelisimine Genel Bir Bakis

General Overview of the Development of the Low-Cost Airline Carriers in Turkey

MEVLUT COSKUN TEZCAN
Ucak Teknisyenlerinde Negatif Vijilans Faktorlerin Analitik Belirlenmesi ve Vijilans Diizeylerinin Ol¢iimii

Analytical Determination of Negative Vigilance Factors and Measurement of Vigilance Levels in Aircraft Technicians 76 - 104

SEFER AYDOGAN
Bir inovasyon Olarak insansiz Hava Araclarimin Silahh Organizasyondaki Kullanimmnin incelenmesi: Bir Betimsel Analiz Calismasi

Examining The Use of Unmanned Aerial Vehicles in Armed Organization As an Innovation: A Descriptive Analysis Study ... 105 - 128

ERKIiN BARIS GUNGOR - BILGIiN CELIK

insansiz Hava Aracinda, Ataletsel Navigasyon Sistemine ait Yapisal Yerlesim Tasarimlarinin Frekans Cevap Analizi ve
Modal Test Metodlari ile Degerlendirilmesi

Evaluation of Structural Behaviour of INS Device Installation Design on Unmanned Aerial Vehicle Using Finite Element Method
and Modal Testing 129 - 145

TUGBA ERHAN
Karanlik ve Aydinhk Uglii Kisilik Ozellikleri Baglaminda Yapici Sapma Davramsi: Havacilik Calisanlar: Uzerine Bir Arastirma
Constructive Deviation Behavior in the Context of Dark and Light Triad Personality Traits: A Research on Aviation Employees ... 146 - 163

Kitap Degerlendirmeleri / Book Reviews

ORHAN KOKSAL
Tiirk Askeri Havacihik Tarihine Dair Bir Kaynak incelemesi: Ucan Siivariler
A Source Review on the History of Turkish Military Aviation: Ucan Siivariler 164 - 176

111



JOURNAL OF Journal of Aviation Research

\ ’ Cilt/Vol: 4, Sayi/Issue 1,
- ¢ == Av I AT I O N Subat/February, 2022
e—

‘Wﬁ—' E-ISSN: 2687-3338
‘-":—‘-‘P‘-&mg -5-"_:' R E s E ARCH Published by Maltepe University
=== URL:
HAVACILIK ARASTIRMALARI DERGiISI http://www.detgipark.gov.tt/jat

Insansiz Hava Aracinda, Ataletsel Navigasyon Sistemine ait Yapisal
Yerlesim Tasarimlarinin Frekans Cevap Analizi ve Modal Test
Metodlari ile Degerlendirilmesi

Erkin Baris Giingor! Bilgin Celik 2
Arastirma Makalesi DOI: 10.51785/jar.1021206
Gonderi Tarihi: 11.11.2021 Kabul Tarihi: 16.02.2022 Online Yayin Tarihi: 28.02.2022

Oz

Ataletsel Navigasyon Sistemleri, iizerinde bulunduklari platformun konumunu ve ivmesini 6lgmek igin
kullanilan hassas sistemlerdir. Oynadiklari kritik rol sebebiyle 6l¢gmekte olduklari verinin dogrulugu 6nem arz
etmektedir. Bu sistemlerin platform ile baglantisi, yaptiklar1 6l¢timiin hassasiyetini birebir etkileyebilmektedir.
Bu makalede, taktik simif bir Insansiz Hava Araci igin Navigasyon Sistemi yapisal yerlesimi hakkinda rnek
bir ¢alisma sunulmustur. Alternatif yerlesim tasarimlarmin mekanik davranmislari, sonlu elemanlar ile
modellenerek analiz edilmis; modal test teknikleri ile incelenerek uygun tasarim ¢6ziimiine ulagilmustir.

Anahtar Kelimeler: Ataletsel Navigasyon Sistemi, Modal Analiz, Frekans Cevap, Modal Test, IHA, Sonlu
Elemanlar.
Evaluation of Structural Behaviour of INS Device Installation Design on
Unmanned Aerial Vehicle Using Finite Element Method and Modal
Testing

Abstract

Inertial navigation systems are precise devices that are used to measure the orientation and accelerations of a
platform they are integrated. Accuracy of the measured data is essential due to the critical role of these systems.
The way that these devices are integrated to platform, directly affects the measured data accuracy. In this paper,
a case study of alternative designs for Navigation device integration on a Tactical Unmanned Aerial Vehicle
is presented. Mechanical behavior of the given alternative designs are evaluated with Finite Element Analyses
and Modal Testing, hence the appropriate design is selected.

Key Words: Inertial Navigation System, Modal Analysis, Frequency Response, Modal Testing, UAV, FEM.
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INTRODUCTION

Inertial navigation is a self-contained navigation technique in which, measurements provided
by accelerometers and gyroscopes are used to track the position and orientation of an object
relative to a known starting point, orientation and velocity (Woodman, 2007). In aerospace
industry this control is achieved by devices that are referred to as Inertial Navigation Systems
(INS).

INS precision is essential for the aircraft, regarding the role it plays. Faulty data from this
system will cause misguided aircraft navigation. The structural installation of the INS may
make it vulnerable to mechanical effects such as shock and vibration but if these effects are
completely eliminated, mechanical effects that platform experience which INS is meant to
measure may be eliminated or faults in measurements tend to accumulate with the
integrations of the acceleration data (Inertial Reference System (IRS), 2020). Hence, the
mechanical integration of INS with the platform becomes essential.

In the conceptual design phase, mechanical engineer has to evaluate mechanical properties
of the designed parts, assemblies or structures. This is called design analysis, and it helps
engineer in resulting better or optimized designs with the appropriate behaviour to system
expectations (Kurowski, 2004)

In this paper, a case study on structural installation of an INS system into a tactical UAV is
studied. Two alternatives for installation design are presented with individual Finite Element
Method (FEM) analysis and ground testing results. Design differences and mechanical
behaviour both alternatives are evaluated.

1. METHODOLOGY
1.1. Loading & Response

Loadings cause deformations, internal stresses, motion etc. on the structure. These are called
response of the structure to that loading. Most loads applied to structures are dynamic in
origin. That is, their manner of application and/or removal necessarily varies with time.
Likewise, the response of a structure in resisting such loads has a temporal character (Irvine,
1986). And further on, the response of a structure depends on its stiffness and mass
distribution i.e.;
d?A
M PTe] + KA=F

Where F is the external applied force, K is the structural stiffness of the system and M is its
mass. A is displacement, hence, d’A/dt? is the acceleration (Irvine, 1986).

Any dynamic loading can cause an oscillating system response. This vibration in the system
will be combination of both forced vibration and resonant vibration. Forced vibrations are
caused by the ambient excitations and external loads on the system along with the unbalances
and internally generated forces in the system. Whereas, resonant vibration occurs when one
or more of the natural (resonant) frequencies of the system are excited (Schwarz, Brian J.;
Richardson, Mark H.;, 1999). Natural frequency is the frequency of motion which system
tends to move at. It depends on the stiffness and mass of the system.
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Natural frequencies act as mechanical amplifiers for the system response hence, they appear
as significant peaks in response on a frequency response plot. Thereby, frequency response
plot is a valuable tool in evaluating system dynamic behaviour.

The deformation shape at the natural frequency is called “Mode Shape” of the structure.
Mode shapes are the indicator for physical behaviour (bending) at natural frequencies. The
first mode shape equals the first critical, the second mode equals the second critical, etc. The
second or higher criticals are seldom a harmonic of the first or higher critical. If continuous
excitation of the natural frequencies occur, the resonant vibration may amplify the response
far beyond the system limits and may result in failure of the structure. Accordingly, the
designer tends to avoid colliding system excitation frequency and natural frequency of the
designed structures. Damping in the system may limit the resonance vibration effect to a
certain level and should be accounted for.

Since damping is the measure of a system's ability to absorb energy, a relatively damped
signal can be low in amplitude and relatively wide banded. Similarly, a relatively undamped
vibration signal can be high in amplitude and relatively narrow banded (Taylor, 2003).

1.2. Finite Element Analysis

Finite Element Method (FEM) is a valuable tool for design analysis and helps the designer
predict mechanical behaviour of the designed structure without production of the parts. FEM
tool changed the traditional iterative process of designing “design, prototype, test” to a
streamlined process where prototype is used for final design verification (Kurowski, 2004).
The schematics of traditional design process and computer aided design processes are given
in Figure 1.

TRADITIONAL PRODUCT FEA-DRIVEN PRODUCT
DESIGN PROCESS DESIGN PROCESS
DESIGN cAD X5 FEA
v 4 v 4
PROTOTYPING PROTOTYPING
v 4 v 4
TESTING TESTING
v ¢ v o4
PRODUCTION PRODUCTION

Figure 1. Design process comparison for computer aided design and traditional design

FEA calculates the structural behaviour with the following formulation;
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where,

[F]= Known vector of nodal loads

[K]= Known stiffness matrix

[d]l= Unknown vector of nodal displacements

In this equation, displacements [d] are the primary unknown whereas [F] represents the force
boundary conditions and the stiffness matrix [K] is a function of model geometry, material
properties and displacement constraints.

Furthermore, Finite Element Analysis (FEA) can be used to solve a system response to
frequencies at different loadings. For a frequency response solution, FEA software uses an
equation of the following form:

[MI{(®©)} + [BI{x(O)} + [K]{x(©)} = (F(w)}e'*

Where, M is the mass, K is the stiffness and B is the damping matrices.
The validation of the FEM can be done with testing on the structure.
1.3. Impact Testing (Modal Testing)

Impact Testing is performed with a hammer to excite a broadband of frequencies in the
structure and one or more accelerometers at fixed positions to measure the response of the
structure (Schwarz, Brian J.; Richardson, Mark H.;, 1999) (

Figure 2). It is often referred to as Modal Testing, and can result in mode shapes of the
structure with usage of sufficient amount of accelerometers for response measurement.

Impact testing is a fast and economical way by means of finding the modes of vibration and
the dynamic characteristics of a system (Schwarz, Brian J.; Richardson, Mark H.;, 1999).

Modal testing can be done in several different methods. These are SISO (Single input single
output), SIMO (single input multiple outputs), MISO (multiple inputs single output) &
MIMO (Multiple input and outputs).

For the case studied in this paper, SIMO type of testing is used. This is advantageous due to
the simplicity of giving single input on the system and measuring the deformation
accelerations from several points helps designating more modes of the structure.
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Affasna
U\J\J o

Time
Impulse Reponse
Real Modal Parameters
Curve *Frequency
‘AH—“WEQ Fit *Damping
FRF *Mode Shape

Figure 2. Impact Hammer Testing Scheme.

In vibration analysis, use of both the time domain signal and the frequency domain spectra
are required for complete, accurate analysis. To move from the time domain to the frequency
domain, one must perform a Fast Fourier Transform on the time domain signal. The Fourier
transform of a function (signal) f(t) is defined by;

F(w) = f f(©)eotde = FIF(D)]

And, is called the (amplitude) spectrum (or spectral density) of f(t). It describes the
distribution of its relative amplitude strength with respect to frequency. (Taylor, 2003).

Figure 3. Relationship between Time and Frequency

FFTs are great at analyzing vibration when there are a finite number of dominant frequency
components; but power density spectrum (PDS) are used to characterize random vibration
signals. A PDS is computed by multiplying each frequency bin in an FFT by its complex
conjugate which results in the real only spectrum of amplitude in g2. The key aspect of a
PDS which makes it more useful than a FFT for random vibration analysis is that this
amplitude value is then “normalized ” to the frequency bin width to get units of g?/Hz. By
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normalizing the result we get rid of the dependency on bin width so that we can compare
vibration levels in signals of different lengths.

Power density spectrums (PDS) are used to quantify and compare different vibration
environments. Aerospace engineers shall refer PDS’s used in test standards such as MIL-
STD-810 and others that provide guidance on how to qualify new products & systems for
various operational and transportation environments.

2. DESIGN and CALCULATIONS

Platform vibrations introduce noise in high precision equipment. In most of the applications,
these vibrations are overcome by the vibration isolators introduced into the mounting of the
device. These mounts are referred to as soft mounts. However, low stiffness may introduce
vulnerability to disturbances with the levelling of the equipment (van der Poel, 2010). When
using soft mounts, direct disturbances induce larger displacements and deformations and if
the tilt modes of the structure is excited, the equipment/machinery with high center of mass
may become unstable (van der Poel, 2010). These rocking motions are undesirable for the
equipment operation (Rivin, 2003). To overcome these difficulties, stiffer mounts may be
used and these are called hard mounts.

Inertial Navigation System (INS) equipment measure the acceleration and position of the
aircraft, hence, are needed to be rigidly integrated with the aircraft structure for accurate
measurements. Continuing noise in measurements will introduce accumulating errors since
the acceleration is integrated to velocity and position in these systems. Hence, the
displacement and acceleration response of the mounting are needed to be evaluated together.

2.1.Details of the Installation Design Alternatives
2.1.1. Alternative 1

Weight is usually a deciding factor on aircraft structure design. Due to the effective design
capabilities and weight superiority of polymer-matrix fiber composites, they are widely used
in aircraft structures (Baker, Dutton, & Kelly, 2004). Installation design alternative
comprising of a composite and an aluminum bracket is given in Figure 4 (Alternative 1). In
this design, the composite bracket is attached to fuselage structure and the aluminum bracket
acts as the mount between equipment and composite bracket. Composite structure is
expected to lower vibration acceleration values while retaining sufficient stiffness for the
structure provided that its stiffness is lower than metal.

Figure 4. Alternative 1: INS device (yellow) and its mounting brackets (grey-composite,
blue-metal)
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2.1.2. Alternative 2

The other installation design alternative is given in Figure 5 (Alternative 2). Stiffness is the
main design focus of this installation. Therefore, it is expected to experience less
displacement on the INS device but the stiffness causes more of the vibration energy, hence
more acceleration, to be transferred.

Figure 5. Installation Design Alternative 2 (a-top view, b- INS mounted view)

2.2. FEA Results

Generated frequencies or forcing frequencies are those actually generated by a running
machine and some examples are imbalance, blade passing frequency etc. (Taylor, 2003). In
the studied case, generated frequencies are sourced from the engine and propeller assembly.

Subject UAV s a tactical fixed wing type. An internal combustion engine drives the
propeller with 2 blades. There is no speed reduction between engine and propeller hence
their rotational speeds are equal. The engine runs in a range between 1200 RPM to 3300
RPM which corresponds to 20-55Hz. Blade passing frequencies (f;,) can be calculated as
follows, where, f is the rotational speed of the propeller in Hertz and n is the number of
blades.

fo=nxf
Hence the generated frequencies cover a range of 20-110 Hz and this will be the relevant
frequency range for result comparison.

Forcing effects can be modelled in the FEM environment and Frequency response analysis
can be run for a broadband of frequencies. This procedure is often referred to as “sine sweep”
where it can model the response of the structure due to excitation in consecutive frequencies.
With this type of analysis, response of the structure can be quantified whereas the Normal
Modes analysis does not result in any quantification in structure response but merely the
deformation shapes at natural frequencies in a relative manner.

2.2.1. Alternative 1

Although this design has advantages in weight and practicality on installation, the stiffness
of the structure is low enough to result in relatively high displacement under vibration loads.
Also, this assembly has 2 mode shapes in the relevant frequency range and due to the low
stiffness of the structure, these modes can be excited easily by the given input.

135



—— Alternative1_DispX
—— Alternative1_DispY
Alternative1_DispZ

21200 Hz 51200 Hz

Displacement [mm]

Alternative1_AccX
Alternative1_AccY
Alternativel1_AccZ

Acceleration [g]

80 80 20 100 110 120
Frequency [Hz]

10 20 30 40

Figure 6. Frequency response results of Alternative 1 (Displacement response-top,
Acceleration response-bottom)

As can be seen from the results in Figure 6, peak responses occur at 21.2 Hz & 51.2 Hz.
These frequency values correspond to the two Mode Shapes given in Figure 7.
Displacements at the 21.2 & 51.2 Hz excitations are 1.69mm & 0.22mm.

(@) | (b)
Figure 7. Design Alternative 1 Mode Shapes at; (a)-23.8Hz & (b)-51.48Hz.

The results imply a tilting motion for the INS device, which is modelled as a point mass
element. This motion is dangerous for INS measurements, because it affects both the gyro
and accelerometer measurements. If the structure persists this motion under operational
conditions, an accumulation of error due to noise in the measurements is indisputable.

2.2.2. Alternative 2

Stiffness of this installation design alternative can be interpreted through the Frequency
Response results. Notice the lower displacement results in the frequency range of interest.
Due to undamped model, the vibration acceleration seems excessive. Acceleration levels
show high loading will occur on the INS device due to vibration. But it is expected that the
damping under realistic conditions may dissipate most of this energy.
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— Alternative2_DispX
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Frequency [Hz]

Figure 8 Frequency response results of Alternative 2 (Displacement response-top,
Acceleration response-bottom)

Peak response occurs at 87.4 Hz for Alternative 2 (Figure 8) and corresponding Mode Shape
is given in Figure 9. Displacement response at this point is 0.37 mm and values for the entire
spectrum subceed 0.5 mm.

5, Translational,

e 112 Freq.=89.1092, E\genvectors,Translr ﬂ_ona

Figure 9 Design Alternative 2 Mode Shape at 89.1Hz

The resulting mode shape is expected to be excited in a relatively harder manner than that of
the design alternative 1. This is due to the need of deformation of the fuselage shell in this
mode shape.

2.2.3. FEM Analyses for Validation

In an impact testing, structure response shall be measured more accurately if the output
accelerations are measured from several points that is expected to deform. Hence, INS device
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is unmounted from the installation brackets to uncover top surface for accelerometer
installation.

So far, analyses are done with the INS device included in the model. Comparison of the test
results and FEM can be done if both have the same boundary conditions. Therefore, Normal
Modes analyses are repeated for the condition where INS device is unmounted on the
brackets. Results for Alternative 1 are given in Figure 10 and results for Alternative 2 are
given in Figure 11.

© - (d)

Figure 10. Design Alternative 1 Mode Shapes at, (a)- 225Hz (b)-284Hz, (c)-469Hz, (d)-
544Hz (INS device unmounted)

Fringe: SCTIRU_LOKAL_MODAL, Ad:Made 1: Freq.=367 523, Eigenvectors, Translational, Magnituds, (NON-LAYERED) 49.2
45.9
42 .6
394
36.1
32.8
29.5
26.2
23.0
19.7]
16.4
1341

9.8

6.6

3.3
0.0

Figure 11. Design Alternative 2 Mode Shape at 367 Hz
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2.3. Modal (Impact) Testing Results

Single Input Multiple Output (SIMO) type of Modal Testing is done to measure the structure
response from several locations for convenience. Modal Testing of the structures took place
while they are mounted accordingly on the airframe.

2.3.1. Alternative 1

Installation Alternative 1 is tested with 4 accelerometers while the INS device is not mounted
(Figure 12).

Figure 12. Modal Test setup for Alternative 1

Power density spectrum (PDS) of the measured accelerations in the normal direction to top
surface is given in Figure 13. Significant peaks of response can be seen at 225 Hz, 287 Hz,
466 Hz, 494 Hz & 566 Hz in Figure 13.

—— PDS_431
026 —— PDS_430

225.000 Hz, 287 000 Hz PDS_427
—— PDS_429
024 !
022
020
0.18-
g‘ 0.16-
b 466.000Hz| 484,000 Hz 566,000 Hz
o 1

Power [10

0;_ /. ] §

250 300 350

400 450 500 550 600
Frequency [Hz]

Figure 13. Modal test results for Alternative 1 r(1INS Unmounted), Power Density Spectrum
graph.
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2.3.2. Alternative 2

For FEM validation, an impact hammer test is run without the INS being mounted on the
structure with the given configuration in Figure 14.

Figure 14. Modal Test setup for Alternative 2

High stiffness versus low mass on the structure resulted in instant decay in high frequency
vibration response of the bracket structure. Such data may not give reliable results when put
through a PDS algorithm. PDS graphs of the acceleration data from several runs of this test
are given Figure 15. It is evident the test results are inconsistent whereas the vibration
magnitudes are really small. There are peaks consistently seen around 7 Hz, 171Hz & 266
Hz. These results are compared with both normal modes and frequency response analysis of
the total aircraft structure with similar boundary conditions. After the inspections it is
evidently seen that the seen peaks are related with the total Aircraft response and not with
mounting bracket. It is also convenient to mention that these peaks are related with structure

response and not with significant mode shapes of the area of interest around these
frequencies.
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Figure 15. Modal Test results for Alternative 2 (INS Unmounted), Power Density
Spectrum graph.
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For better evaluation, INS device is mounted on the structure. Mass increase lowers the
frequency values of the first modes and increases the response output, making the natural
frequencies easy to measure. The test setup shown in Figure 14 is updated with the INS
device being mounted on the structure as can be seen in Figure 16.

Figure 16. INS Mounted Test Setup for Installation Design Alternative 2

Power density spectrum of the results are given in Figure 17. Significant peak values are
seen in 88 Hz.
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Figure 17. Modal test results for Alternative 2h (INS Mounted), Power Density Spectrum
graph.
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3. CONCLUSION & DISCUSSION

FEM is a powerful tool in evaluating structure behavior. Two different installation design
alternatives are examined through FEM results and the advantages and disadvantages of both
designs are evaluated.

Firstly, it is convenient to compare test and FEA results. This will show how accurately FEA
can approximate structural dynamic behaviour.

3.1.Comparison of FEA and Test Results

Modal tests are conducted to verify credibility of the finite element model and analysis
results. Test result and FEM analysis results are compared in Table 1. To quantify the
comparison between the results, “Deviation” can be calculated as given below. However, in
the frequency domain, magnitude of the Deviation does not have a physical significance and
it only implies how close the results are. Therefore, given deviation values should not be
taken into account in judgement of comparison between different alternatives.

|Analysis Result — Test Result|

Deviation =
Analysis Result

The deviation values for the results seem acceptable considering the following;

e The Finite Element Analyses are performed without including the damping effects.

e The UAV equipment is modelled as point masses. Lower level components such as
cabling, connectors are not included to the model.

e FEM allows only rigid constraints, whereas the real boundary conditions do not
satisfy this condition as small deformations or friction effects occur on constraining
mechanisms.

e The Power Density Spectrum distributes results in 1 Hz bins. Therefore, resulting
peaks occur at integer values of fregeuncies.

Considering these facts, the test results account for the credibility of FEA.

Table 1. Modal Analysis and Test results comparison for both designs.

Design Mode Shape Modal A?alzy]ms Result Impact[LeZs]t Result Deviation
Figure 10 — (a) 225.111 225 0.05%
] Figure 10 — (b) 284.63 287 ) 0.83%
Alternative 1 - Figure 13
Figure 10 — (c) 469.013 466 0.64%
Figure 10 — (d) 544.867 566 3.88%
Alternative 2 | Figure 9 89.1 88 Figure 15 1.23%
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3.2. Comparison of Installation Design Alternatives

Alternative 1 has 2 mode shapes that lie on the relevant frequency band with lower frequency
values. This indicates that this structure can be excited more easily, whereas, there exists
only 1 mode shape for Alternative 2 in the frequency range of interest that is located at
89.1Hz. This high frequency mode is expected to be excited more difficultly.

When compared, Alternative 1 results in relatively high displacements and this will cause
low accuracy in the INS measurements. Whereas, Alternative 2 prevents experiencing high
displacement but may result in higher transmissibility of acceleration (Figure 6).

3.3.Discussion

The frequency response results and the mode shapes suggest that tilting may occur with
usage of Alternative 1. As INS uses gyro and accelerometers for position and orientation
measurements, tilting effects will introduce great noise in the measurements and digital
filtering in the device may not interpret that.

The Finite Element Method requires experience based knowledge on how the modelling of
structure effects the results. Best way to make sure the model represents true behaviour is by
testing with the similar boundary conditions. However, testing condition and data processing
may be hard for operational conditions. On the other hand, modal testing results in the mode
shapes and natural frequencies with a small setup and cost effective data processing. Also,
the excited mode shapes of the structure can be shown with a modal testing. Notice, design
alternative 1 modal testing results in 4 natural frequencies of the structure whereas only 1
natural frequency of the design alternative 2 structure was excited and this is only when the
INS device was mounted on the structure to provide enough mass distribution.

Frequency response graphs provide quantified information on system dynamic behaviour.
Previous comments about the deformation and acceleration responses can be made just by
using a sine-sweep method analysis. Results can be gathered for a broadband of frequencies,
which provide information on structure behaviour at the whole spectrum of operational
conditions. Studies in literature show the significance of Frequency Response Functions on
structural behaviour and point to modification methods for the structure according to this
data (Ozgiiven, 1990; Schmitz & Smith, 2019; Park & Park, 2000).

To sum up, using the provided method on this paper, total dynamic behaviour of the structure
was evaluated with low cost testing and analysis. Information gathered so far with these
analyses and testing include the excitable natural frequencies (mode shapes) of the structure
and the deformation & acceleration responses due to incoming vibration effects under
operational conditions. All of these information can be used to optimize the design based on
system specifications and needs.

Briefly, it is concluded that the stiffer Alternative 2 is a better choice for INS application on
the aircraft. The rigidity of this design seems to perevent large excursions on the assembly,
preventing unwanted noise in INS measurements.

For further discussion and evaluation, one should consider performing tests in operational
conditions where the structure real behaviour will be verified. Studies in literature show the
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excited modes can be measured in operational conditions (Ersoy, 2017). Input and output
correlation can be constructed as a Frequency Response relation in operational conditions,
as well. This requires input measurement, which is measured at the source of excitation and
output measurement on the structure.
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