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Dynamic Characteristic Analysis of an Inertial Navigation System for
Guided Weapons Equipped with COTS Vibration Isolator
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Inertial navigation technology originally designed for precise guidance of missiles is widely used in weapon systems.
Guided missiles have become supersonic and high maneuverability with advancement of science and technology. Anti-
vibration performance against high vibration and shock energy is accordingly required. Sensors of an Inertial Navigation
System (INS) have a high sensitivity. Conversion coefficients for acceleration values and bias errors in signals must be
minimized. A vibration isolator is generally applied to protect INS by attenuating the vibration and shock energy transmitted
from dynamic disturbances. The stiffness and damping are changed using highly damped materials such as elastomers
that must be protected from disturbances. A vibration isolator is widely used in various fields. However, it is important to
understand characteristics of a vibration isolator composed of elastomer because it has nonlinearities such as hyper-
elasticity and viscoelastic as well as damping characteristics. In this study, a COTS vibration isolator suitable for INS was
selected through theoretical approach. Response characteristics of the system in a vibration and shock environment were
analyzed through FEM analysis and vibration and shock test. In addition, through repeated excitation test, reproducibility
and structural stability were confirmed when the vibration isolator was installed in the system.
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NOMENCLATURE w = Weight (/b)
C = Damping Ratio
fy = Natural Frequency S, = Random Vibration Magnitude (G°/Hz)
fns = Natural Frequency at Shock Condition g, = Equivalent Input Acceleration (30)
fs = Damping Frequency 2,35 = Equivalent Output Acceleration (30)
k' = Dynamic Spring Rate X, = Input Motion
k., = Equivalent Stiffness T = Shock Pulse Length
Tp = Resonant Transmissibility d, = Shock Deflection
Ty = Shock Transmissibility G, = Shock Response
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Table 1 Properties of COTS vibration isolator (AM005-08)

Dynamic axial spring rate (k4, Ib/in) 854.0
Dynamic radial spring rate (kg, Ib/in) 657.0
Max. dynamic input at resonance (in) 0.036
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Fig. 5 Mode shape on system

Table 2 Modal analysis results of system

J. (Hz)
1 mode 82.9

2" mode 1,944.0
3 mode 1,944.4




a

TEUSSEX M41 3 HM105

October 2024 / 801

10’ ,
. TR = 2.9 romn
g
g- 100+ TR =1 E
£
a107} 1
g
[

80.48Hz| |113.81Hz
10°? : ‘
10° 10' 10? 10°

Frequency (Hz)

Fig. 6 Expected transmissibility curve of system

Fig. 7 Schematics of vibration and shock test

Logarithmic Type2 = 1-1,000 Hz tigellA] 2 Oct/min & A% 5}
o 7HAEHAT). 7HRgo] Frtgkel whet Figs. 8(a), 8(b)et 2ol
A|=RE] o] HAp AFA o2 o] Fate AFS Bk

ol= A&HAQ MFoUR ] YR A o] 7Fdo] Thiste
RAog AFAHQ A, FEAe] EAE Hole Zloth o9
7ol BAAZE A HH w2 Fx7F A S EEA AFAdo] vo}
A3, 5o Hslete v AR §A4E HolA Hed, olE
Fig. 8°] Z vjepdlc.

7ol F7IEFE f0] FHste
9} §(b)ellA BT AEEo| 3.0 AEE Vet ol AZxA}o)
Al AlFer 219 A tEA] gt

ALE 100]381] firi= 9] oF 179 - eA Yept=d, o]
< AFHHAFH ExFor 33 HAE A A A
ol g FHFgdx IS F=

AR O 2 Sine-sweep 7H1E B3 T gL AP ZH

WEOE WA T B0 eBE A2 2734 Aol )

7432 XA, Figs. 8(a)

[
(=]
)

—1G_Sine_Sweep

5 —3G_Sine_Sweep
.:‘-.__ ——5G_Sine_Sweep

Accelation (G)
b - -
(-] o N -
N L L L

(<))
I

\
4 4 A
2 4 J\
0 T ——T— T T ——
10 100 1000
Frequency (Hz)
(a) Axial direction

16 1

—1G_Sine_Sweep
14 4

—3G_Sine_Sweep
12 4

——5G_Sine_Sweep

Accelation (g)
[+-]

3 — S

10 100

Frequency (Hz)
(b) Radial direction

Fig. 8 Results of sine sweep vibration test

3.1.2 21! XIS (Random Vibration) A&

AR elgko] AlxH o] QIZIEHAS v W s= 3H 54
1&t7] $lal Fig. 99t 2o] fFEgo] &8 Al &5 4
Abgh B3 2 AEE skt AR AES MIL-
810G A AAE wet 23T 12].

E— A HE Sine-sweepdt TUEA Al 2H SHEAS
317] A AP X, Z el tlaiAvt 7l=sisivt. A
PARke] A Alrst 71e B4 Fda] Wl Y, ZE

o 1o

fot

3 o o

D-

Py

p
=]

N

> N

I

F

d A= fAsIT
B3 2152 Sine-sweep X5Ie @] o] FIF IS
ghiel Mdate] 2 SHEAGS 1T F U, o= <l 4

O

F oA Fok A A o] WAEHA] gt
Fig. 103} Table 32 &3 X5 A7t Al 89 58S
ok & Wl A= Fig. 109 7o) 112.5 Hzoll A 3315 e] 2
SkaL, oF 159191 167.5 Hz o] ti<jellA 7h4]7F A|ZHE ). Fig.
10(b)94 wgkake] A= <F 102.5 Hzoll A 3315 e] At
oF 149191 142.5 Hz o]} TN g 7447} A2},
%, ‘:&73 W BFE AEE 1001519 = 4,91 oF 1.4-1.5 ui<l

o,
oy



802 / October 2024

o
Hl
0z
ne
O
o
fon
Ral
2
=
H
Y
3
fo

0.500000

PSD 7

g%Hz e
0.050000 //

7
pd
//
pa
/1
/
0.005000
10 100 1000
Frequency (Hz)

Fig. 9 Profile of random vibration

10

1 1125, 0.199
10 100 1000

N
I 001
e
2 0001
o
167.5, 0.031
0.0001
0.00001
—profile -~ 3db line =~ 3db line—Input — Output
0.000001
(a) Axial direction
10
1 102.5, 0.123
10 100 1000
0.1
N
I 001
L
2 0001
o
142.5, 0.025
0.0001
0.00001
— profile(f) 3db line -~ 3db line = Input —Outgdyt
0.000001

(b) Radial direction

Fig. 10 Results of random vibration test
A Yehted, ol A(1)e] o1& A Fulruel /2 uje}
fApeie,

Figs. 10@)s} 1002 A5 9, 2832 UA= Sls] 2
27} 13.49, 32 Gy 2 A S35 T ollA] el AR 2] oF 76%7}
7490 22k, o)AY 9 1347}

25H fFdEe e

Table 3 Comparison of response characteristics for axis

Ja(Hz) fa(Hz, TR<1)
Axial 112.5 167.5
Radial 102.5 142.5

Ideal Sawtooth Pulse

Tolerance Limits

0.15A —— //

}_ ——— 0.15A_
0.05A —> 0.03T, T —— 5 asA_

Fig. 11 Profile of shock test

22 F WA A 2ES FASE TIERAA, Aol 2ot 7 mzke
7} 2o A So] oo TRE §3F 0T BIEE Aot}

32 3AANE

dd7)e] Agog B4 Faria S a0 R FHAAA Al
285 Bod 5 A, g Aol & F40UA 7 A7k
739, =gk WL BT £ QUvH13]. olell g 4TS &
3k7] Sl T4 AES A

AR AJE-2 MIL-STD-810GE 7122 Fig. 113} 2] 20 g,
11 msecE Saw-type FEIE Z24& <l7lele] 37 EAS Fols)
Ark. AsA A TLe PSR F, 9 Wl disiA A
) A EE FAsaAh

Fig. 129} Zro] & A|2"12 Q7tEE FA YA o tial] 1.1¢]]
IPHE AEER WE A SEEHeH, 24 Agolv
7MY 5 SolAe ISR ookt
L3 2AAES B8 ASE AYES vl"o® )z 7
21(12)5 53l A9 %S Ak=al Bolt)
AZAE Tk 2412 Ba) AFAA719) Sl2be] Felel

w2 77 #AE A (13)F 2 (14)2 2ol Bt 7estar
ATk

Ty =3.1-(/,,) (9 (11)

d, = Gy/0.102-(f,) (12)

Kpynamic viv. > Ksnock. > Ksiatic vib. (13)

Ksnock . =14 Kgratic viv. (14)



October 2024 /803

20 | —Profilett)

16 | ——output(t)

— Input(t)

(9]
o

-24
-1 -8 -5 -2 1 4 7 10 13 16 19 22
Time [ms]
(a) Axial direction (+)

28

24 —Profile(t)

20 | ——oOutput(t)

16

—Input(t)

12

8

4

C)

0

-4

-8
-12
-16
-20
-24

-1 -8 -5 -2 1 4 7 10 13 16 19 22
Time [ms]
(b) Radial direction (+)

Fig. 12 Results of shock test
4. 42

B ATeAE fEdel AR HHPPA2e] A
=
=

COTS AEddA7

Sine-sweep X5AHS 53l 7K1 2 AA7)9] v AP
< I =3 71zIge] A719 AP e] RiE e uje} '
FTEAR TAEA de A7 A0l s Al A
FREF7E AT o2 o) Fshe 2 ElsATh

o|Ae BdAe] 2EHY, HEhde] AP AQL HAdE E4S B
o5 Zlojth

T3 fFEEY] & S B Bt JE AR 4
d& Bl AAl 20AM 9 SF A deiX = £A e &

= Ql7kste] X3 "4 A, Sine-sweep Aol A LR
W FukE Ad o] AlRbAL, ole AR WREH Aolot

Sine-sweep 52 54 FIFE 7sHAA Fae &S Sl
3] 25 oy Farto s sl Hdele] o 548 Fe
Zow FFAAM EE 283 A 2 2HE F= Ao

o

AL, o)E AlZALlA AlFshs 9k

lu

N
e
3
=
12
o
to{l
X
12
o
fru
o
B
>
Yy
4
32
rTj

k1
rok
E o
Ao

e e 2 FAAIATE Q7bE %

7] gzl ol2 A ES T8l AS st

ox X

N
-

I

z
ooy

o
@ oW ey
R oox >
(e mlo ﬂl;—g
N b
ﬁ o
o
i e
o
il
A
2 orle
_O|L
30 O
Koo
xSk
4
2
F—O« {o
% i
jaii) _(o
o
offf %

:(I)L_l’

v o
i
o
)
rE o
L)

(o] —\9'
oo
A
1o
2
o
oX,
tlo
Lot
rO
ol

AA71e] bgeFe YA E Fol Al2Ele] S

Q
o
;_]
=
of

o A (R
o b oo o ot
=
s
o ¥
PO
o » =
Jnt £
o oXx ol
)

.,d
ox & o
f:

o
T ooy
b

o

A,

B oXx
o,
o

EORNCI
ol
o
£
|

a
L g
-0,
o

@
o
o on
2 2

i

>

0% ©
(o I
offl

¢

olr

ox M
re
-
=2
o

4o
i offt
[
o
o
|
8 3 ox
Lo

)
Og(:rl
2

ACKNOWLEDGEMENT

o =2 20249 HH-o] Ao R PE AT A,

REFERENCES

1. Cho, J-M., Bae, J.-I., Kim, I.-M., Lee, H, S., (2018), Dynamic
response of isolator mounted optical bench for aircraft POD,
Proceedings of the Korean Society Aeronautical and Space
Sciences Fall Conference, 712-713.

2. Lee, H. H,, Park, J. H,, Jeon, J. G, (2023), Analysis on vibration
isolator characteristics of inertial navigation system for guided
weapons, Proceedings of the Institute of Positioning, Navigation,
and Timing Autumn Conference, 155-158.

3. Jang, S. Y, Park, J. C., Hwang, S. H., Kim, E., (2012), Analysis
of dynamic behavior of floating slab track using a nonlinear
viscoelastic spring model, Transactions of the Korean Society for
Noise and Vibration Engineering, 22(11), 1078-1088.



804 / October 2024

10.

11.

12.

13.

Kim, Y. U.,, (2016), Development of isolators of an attitude
heading reference system for an aerial cam gimbal system, M.Sc.
Thesis, Hanyang University.

Kim, M. D., Kim, C. J, Kim, D. H,, (2019), A study of
characteristics of vibration and shock for the mounting
equipment of the military wheel vehicle, Journal of the Korean
Society for Precision Engineering, 36(8), 713-719.

Song, A.-Y., Yim, S.-H., Kwon, B.-O., Han, D.-H., Jung, H.-J.,
(2021), Structural design through test and analysis of structure
equipped with vibration isolator system, Transactions of the
Korean Society for Noise and Vibration Engineering, 31(6), 589-
596.

Kim, K. B., Kim, S. H., Jeon, J. I, Jung, E. B., (2018), Selection
of vibration isolation mounts and vibration analysis considering
transportation condition for applying COTS to military
equipment, Proceedings of the Korean Society Precision
Engineering Autumn Conference, 619-620.

Inman, D. J., (2013), Engineering vibration, 4th edition, Pearson
Education.

Hutchinson, Isolators selection, https://hutchinsonai.com/wp-
content/uploads/2020/01/IsolatorsSelection.pdf

Lord Corp., Aerospace & Defense Isolator Catalog, https:/
www.parker.com/content/dam/Parker-com/Literature/noise-vibration--
-harshness-division/aerospace---defense/Product-Catalogs/Product-
Catalog---Aerospace--Defense-Isolator-Catalog PC6116.pdf

Masterson, P. A., (2005), The basics of vibration isolation using
elastomeric materials, Aearo Company. https://vibrationdata.com/
tutorials_alt/vib_iso.pdf

Department of Defense U.S.A, (2019), Environmental engineering
considerations and laboratory tests, (Repoort No. MIL-STD-
810G), https://www.atec.army.mil/publications/Mil-Std-810G/Mil-
Std-810G.pdf

Kim, K.-S., (2021), Shock displacement analysis and test of the
elastomer isolator for electro-optical tracking system,
Proceedings of the Korean Society of Mechanical Engineers
Conference, 1944-1947.

Ho-Ho Lee

Senior Research Engineer in mechanical
R&D Lab., LIG Nex1 Co., Ltd. His research
interest is vibration, shock and system
design of missile.

E-mail: hoho.lee@lignex1.com

Jun-Hyuk Park

Research Engineer in mechanical R&D
Lab., LIG Nex1 Co., Ltd. His research inter-
est is vibration, shock and system design of
missile.

E-mail: junhyuk.park@lignex1.com

Geun-Suk Gil

Chief Research Engineer in mechanical
R&D Lab., LIG Nex1 Co., Ltd. His research
interest is vibration, shock and system
design of missile.

E-mail: geunsuk.gil2@lignex1.com

Jong-Geun Jeon

Chief Research Engineer in mechanical
R&D Lab., LIG Nex1 Co., Ltd. His research
interest is system design of missile and a
structure design.

E-mail: jeon.jg70@lignex1.com

Ki-Hyuk Kwon

Chief Research Engineer in PGM Core Tech
R&D Lab., LIG Nex1 Co., Ltd. His research
interest is INS, ECU, mini-missile.

E-mail: khkwon80@lignex1.com

Sang-Chan Moon

Chief Research Engineer in NAV/GNSS
Anti-Jamming R&D Lab., LIG Nex! Co.,
Ltd. His research interest is MEMS IMU
& INS Design.

E-mail: sangchan.moon@lignex1.com

Seung-Bok Kwon

Chief Research Engineer in NAV/GNSS
Anti-Jamming R&D Lab., LIG Nex! Co.,
Ltd. His research interest is INS design
based on PGM.

E-mail: seungbokkwon@lignex1.com



sEEEIEEX| M41d M10E October 2024 / 805

Seongho Nam

Senior Research Engineer in Agency for
Defense Development (ADD). His research
interest is INS design.

E-mail: shnam@add.re.kr

Chang-Ky Sung

Principal research Engineer in Agency for
Defense Development(ADD). His research
interest is INS design and integrated naviga-
tion algorithm.

: \ E-mail: einstein@add.re.kr




	Dynamic Characteristic Analysis of an Inertial Navigation System for Guided Weapons Equipped with COTS Vibration Isolator
	1. 서론
	2. 관성항법시스템의 COTS 진동절연기 선정
	3. 진동/충격시험
	4. 결론
	REFERENCES


