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Non-linear Shimmy Analysis of a Nose Landing Gear
with Free-play

Mi-Seon Yi¥, Jae-Up Hwang*, Jae-Sung Bae** and Jae-Hyuk Hwang**

ABSTRACT

In this paper, we studied the shimmy phenomena of an aircraft nose landing gear
considering free-play. Shimmy is a self-excited vibration in lateral and torsional
directions of a landing gear during either the take-off or landing. This phenomena is
caused by a couple of conditions such as low torsional stiffness of the strut, friction
and free-play in the gear, wheel imbalance, or worn parts, and it may make an aircraft
unstable. Free-play non-linearity is linearized by the described function for a stability
analysis in a frequency domain, and time marching is performed using the fourth-order
Runge-Kutta method. We performed the numerical simulation of the nose landing gear
shimmy and investigated its linear and nonlinear characteristics. From the numerical
results, we found limit-cycle-oscillations at the speed under linear shimmy speed for
the case considering free-play and it can be concluded that the shimmy stability can be

decreased by free-play.

z =
2 =EdAe 42 183 g7 A ZFA5 AA9 HAv] @GS ATk A
= 5719 olFHF A WG|} FAET WY 2PFLFeRE AT Fole I
ojth. o] AL 2ESY wre A, W]l e vpEn f4, de] Bd oy vt
g 7F ToE Q& wAsy, gErle e AT FAS HAE 84007
ol 71e s AdFE sto] Fakr g9l g S SR8l 47 Runge -
KuttaS ©]&sto] AZFF el PGS FHeAT 2 AFoM= FA4d 4
= T AvdRe] 4% 543 vd¥ $54S 2AEY 48 19 Rdd &
2 AT, HY ASEET @ SroA AgFr|Ee] T 5, R
3l Al Aol AFHE ARE FEEAT
Key Words : Shimmy(s1¥]), Nose Landing Gear(X% 25 “Fx]), Stability Analysis(H78
4] 31 A), Free-play(+2), Non-linear(H] %)

o~

T 20109 7€ 139 A5
* R34, dwdoista
R
A1 A AL, E-mail : jsbae@kau.ac.kr
7= FA HdET SdF 200-1

=i

.M B
Gt BFE FUE W FAN F4L
s 27 Astel B FHZA AL
oh &7 AHFAE F3 28 Yol wely



974 ojm| A - A4

KA FE71e] A7 Aes FIANNEA F
3 F3 Aol T_AHI YT} Fig 1L 4
"] (Shimmy)7} FA A& HAFE= golojA=
o2, A7t & 7)o olFF Aol vig 2
FFES A 8209s JAFA St

e 3 Hste vFd T8 HFPo| A &
of %2 "Ee Aot =HOoERHY F
24, goloje] mim W FHo] By, XA f
Z Toll o3 #AS gojojo} e T2 ¥
o8 7] A (steering linkage)oll HE=o ;G
71097} Feureko 7 A=A =k ol# 3k A

e 2EAS ANY B o, 337 olF
F7) Wl 37 45
98 a7 % el el

AFwr Sl APAFFAA Al Dol
g7 I wA= 9Fe At
A4S fdehs dmAR dAvHE A4
o 9HdE S2le FASAS ol8st] WY
o Avl FBFS sk A¥ WS A
Mg FF ¥kE AAST. el e
S[3]& ADAMSE o]&ste] mdy aig 37
stol mup AAld 7PgA TH0x5% 38719
HAvl AL AT Av AFS AAs
71 S8 SN AE FYde d7e PES
Aol gr. 27l gololg AAz mdd
shed WAA S FHSAAT Eolole] 54 AT
of Avlell L7 FFE vk Apdo] e

1 o]%& Moreland, Von Schlippe, Keldysh,
Smiley 5 2] AFAEC] & Eolo] o]
7H\:11— =1 Eg]_g EH69]

E AT E -3 A5 g HA4E
T4, FREAAR 22 aWE JfEsty
Zraml e 2FAS] I/ FF7E A9 A
X e JEES ZAFATE £ A9 74

g 3@ WMAY A4S SR

Ho|gaoz g

EFO[OIX}R Ati-..

Fig. 1.

Tire skid trail

of shimmy

SAA - A B
. 2 2
2.1 58 24
37 == dg7]olE Fig 201 UEbA AA

= =
A4S 3 2E(stru)y F
= (pork) & T4 €

Al=glo 2 7}**&‘34 Fig. 39l A&ttt

;d-Ex}x] HC}— 41:_11:_ V= ‘g/\ Zzsgtﬂ- 7}
At A9 Zo|EF e Fa oE W ZA
Ed °‘(mechan1cal trall)O]E‘r"’ Wy gttt Elo]o]
}Fo 2 Fo 35S Wi Mo A= o
E (self-alignment) EHEE A
71018 FAFAI ukA e ATl AYE
q= T e¢ qF Ho eE B -+
FAlol dAstA s AE LAY F T
Alo] dxg uj q‘_ 00| B2 eF a,

Fig. 3% Farste] 7@ A4S ot o

7 P,

méfr c, (y+ eté) +k, (y+ eﬂ)

=1
———_l
1_]_

_sgr{r

— Ko =0 (1)

16+ (ceJrcsef)éJr (kg +ksef)9 A

+eeytkey— Ko (g—t,) =0
do’ , dy df
- + Vo =18 TR (3)

Fig. 3. The 2-DOF modeling of nose landing gea



%38 &

2 10 %%, 2010. 10 FAS 12e == dgr|oje] uldy v &y 975

wheel
plane

string

x

4

v 'y

(b) Contact area of tire and ground

Fig. 4. Tire characteristic equation

®
A
oZ
o
o

A 1) wE A 2fH e
HYPAE Aestd 25 F
Aol BAZHNN ZHE
2 & 9o 4 @) eholol
°]o1E StringeE 7}A 3t
Pacejka[5]7} Alrgt ¥H o
o] Wlol W= Fig 4 (a)
Eolo] Wz aol el Eho
Agoldtt. 1glal Fig. 4 (b)el
olejo] HEWAA 2EY 99 3 o
7|t ew Fo] mELAEA FHE T

2
H

oX, o |
1>

£ >z lo

>

op\l:l/r l'm

_ﬁ
2 o oo

o
Ao~
oL o

Jo offt ol
HAm
il
\_5,‘:

ofr
-

jinc)

o i
T,
i

SuT

O{Nﬂﬂﬁoﬂﬁ

9

P
o
=
m

2 HU

o =
% o oy

N}

oX,

[e)

r
N
Jﬁ&x
fo 41 4y it T N S

Lo,
<
.
i 1%

i

oo ok
S o A
E o
o
ofN
y &
o 1>
fl to
AT
©

>
E
SRS
e
o
A
ot
fu)
fu
o
AC)
ol
o
£
ox
2 2

N mlm 2
-

o
ol

J
2%

]

o
bo

[0
- (
9

e
>,

[
o,
lo,

O
033 1>

R —ce k ke, Ky,

m m m m m .
ke,  keltk, Kf”(q*tp) Y

- L L L I

0

0 o
|4

o

o oo

0
0
1 _(g+a) v

] = [4][«] 4

22 2 xtelst
A AFE golsH GTﬂHﬂAWM—g
AU sl dels A B R

1s, O = 1lrad &2 F
&2 (5 WA F&HEG
Pt
ref'ref _
m, PfRTEf o0 (5)
AHgE IhEtr B ofef ok ZTHA4).
Myef = 25kg/ Rref = 031’1’1, Fref = 3750N
4 (O TAASFE Aen mAe] R
( )% A kst
2] = [4][z] 6)
] =
500¢,  S00ce, 500K, 500k, 500 &),
50(’)7;e, 500(@7:,2“,,) 50572@, 500(k::',2+kﬂ) 5001(,:724—4,)
LI L I L
1 0 0 0 0
0 1 0 0 0
_1 (g+a) 0 v _v

7122 FAAFE Table 16 YeEiR L,
TTE SHAIIEA WHE AS

shof me Aol gy

o X
8:2
o

Table 1. Dimensionless parameter value
Symbol Description Value
V Mugts o 100
0 String && Z 0| 1.2
Eto[o{7F X|Hol HEF=HE=
a 210] 0.4

=
m BHE |0 Rk 1
I, BHET|0 M ZHE 0.5
ks, ko | SEtek =ohtsl Ax2IM 10
Cs, Co | UteF x=&rebsr g Al 0.04
HIYT|| FASAT v g 0
9 | mz Atolel Azl
=& F3 di3| ™M F ALo]
e 0.5
Hz|




976 ojmld - A - AN - FAE

i i

= T

B T

FI4 FGYolA] A" M-S 93]
e A e ARHAE Fote] BRE Fhe AFHE
7 £59S TEE u A2=do] gt o
Hehe Z2a9S A5 AEE vl B
g 4ol eE WHFZ 4, Z47te] H9o ¢
AAdS FElY FoIR eV JGo M AAHFY
I B YI S TR adEZE2 UEUEE
2 shHT

B, 4219] Runge-Kutta ¥ o]&3te] Al
Zrol oisl el als AES H e de
yob 233 W 08 TIA, P GAA
Alzte] sEe wEt Wert FESAT B
FYollAe dakgs gtk

AHgE BRE FAe FREdE Feln nH
Asere U 170s5od s 23Uk o
FRAF5e HE Ytk Fig. 55 2ER9

7]
stable

j

dp QT T s s e s S See

unstable

-1

% 50 130 150 200

@1=0

1
Qnstable

@ O tmstable—,
stable
-1
unstable
2 50 100 150 200
A
(b) T = 0.003
2
1
stable ]
o 0
-1
unstable
K0 50 100 150 200
v
(c) ¢ = 0.007

Fig. 5. Linear stability results with respect to ¢

37 k7t 100131 A5 Y] wp/ws7t 1.2 o, 3+
2{H] 15 0, 0.003, 0.0072 F7MAF1HA A2~
o dFES AT Aot erh 12017 01W
Vel toll FastA Aol sttt g HlvE
S/t AutHo g AaEo] HgF Fol
WolAlaL A&g7ke bgde] FdEHE AL =
T Ao 2y U SUkstEEE erh -10]8H<d
Gl =AF Aol A Hollormz, o=
A 7o) AAC wtEA]l gt Av] =dA S
WA o & FEolt

Fig. 6 ks7} 10, 17} 0.005¢ o, Z&A <] 31
FAFFE S/MNHACEZA wo/os7t 0.5, 1.2, 1.9
A Al=de] PS4 Aoty JsF

Hl(we/ws)®] Z7VE 2Ha1Me) Z7tsh fAEA4

ul orgAe] gL wAdY. AFFwZE FUb
2
1,
unstable
= 0 —stable
_’]—
unstable
% 50 100 150 200
v
(@) welws = 0.5
2
1, 4
o Or 1
stable
A
unstable
% 50 100 150 200
Y
(b) welws = 1.2
2
1
v 0
stable
At
2 50 100 150 200
%
(c) welws = 1.9

Fig. 6. Linear stability results with respect to o



%38 &

2 10 %%, 2010. 10 FAS 12e == dgr|oje] uldy v &y 977

Foll whet A%77e gl FAHD A2
o] rYF EAYS) HAWAL Woldch AF
Ful7k 190 g0] S| Foin e AAAA A
2dlo] HPARR, g Rt A2de] oy
4 el 8 2 9%e Tt owausde o

F A

Agaxclng ZgdssE =dstd 4 )=
Ag3zlslar, o] 4 (6)°] st F23S 17
3 uldE Avls A AT,
f(X) = ky(X+s) (X<—s) ?)
= 0 (—s<X<s)
= k(,(X*s) (X>s)
6= 0 (IxI<s) (8)
:%{ﬂ—%in"(%)—sin@sin’]%)} (XI>s)

-

Fig. 82 Fig. 6 (b)olA] e7} 0591 9ol o3
of A& 1t Mg Aot {FAS 1
E %s 7

G35t7] o]Hd AFF7]XWF(LCO, limit cycle
oscillation)o] #A gttt LCOE HIAE 54

z:gl_
dus 9P AFR 718 2E ARAFol

%
2 wEHow AEs7] i FF7le 234
o] Asteln gezel "olAm, Axde wim
7} sAREE e 33 4
g ARHINE B oF dZaw, WAL

0|25 AT Fart vk

Fig. 89] e oA &= tigt y& 3 i
A Z7) g LCO JEY nmlolth Z73ke
Z 6% 00lrad2 F3x XA HF4

9

---- Without Free-play
—  With Free-play

Fig. 7. Spring force with Free-play

10
9 2
8 ™ "kt
77 0 stable
= i !
5r K 50 1% 150 200
4
3
2
5 20 40 60 80 100 120 140 160 180 200
v
Fig. 8. Non-linear stability result
(00/©S=0.5, e=0.5)
10
97 2
87 1____§|3l7\e_____
77 o 0
o O 1 —
x 5+ % 50 130 150 200
4.
3,
2,

N

0 20 40 60 80 100 120 140 160 180 200
v

Fig. 9. Non-linear stability result
(06/0S=1.5, e=0.5)

o
8
H

0.001rad®.2 Fo] A|7tF A A L 53
=7} 10, 20, 30¥ W LCO7} ¥A¥sla 1
| Fedd sid Assh dAFS e
o E=R 27k A71E @Este] ARt
A

o
2

[0
-

of
ot |0 & 2 off 2 x@ e Ipr

I

b

[o rr ki

o
4
Og(;,i
_?L
b4t/
R
M
v
K3
P
N
Y
2
-
£
e
Y

d HZo LCO7l HAsAT A¥
ZIF A LCOSl HEo] F A3
ol Al2Ele] EYo] ¥bElE Ay gEgl
2, 7485 1898 w A== ekgAde] Azt
< HoFETh

Fig. 9= A% si4das e £xd900A A

_]
o

8ol Hgt Aol FAS nHdt] 1 FF
S AHE AFolth. Al HA EFxo o3
LCO7} LAES dF3tAR 2 Fo] T
s FrtetAl & FHIT Al2F Y FYol
HAeE AL ofyANE, RFo] fFH oF 4u)
o] ZA7lelrR Al&Hle] b mA JIFE
FAE g gl A A s 53 £=71 50,
100, 150 @, LCOY EF& HAFstAL, &



DR

- 3y R 2 T B

978 olmlA - FAY
ox10°
lateral displacement
E —yaw angular displacement

w

displacement
[=)

3
-6 -
-9 L
0 05 1 1.5 2
time (s)
(a) Linear
ox 10
) lateral displacement
6f . —yaw angular displacement

w

displacement
(=)

_52

0 05 1 15 2
time (s)
(b) Non-linear

Fig. 10. Time domain analysis (V=50)

00038] WE oz AZEEYT ol Fuis
< EHMJM QG SUF WdE =

o weloke] FE el sl
A= ‘}%—’Fo]ﬂi Ve O3m/sa, e
b S 9= 03m A< Irads F3t

g, 74
of AA FA2 F4T 5 o

n. 2 =
Ay A5FNY F34 mdYe FUstn
Y AES A FANY Z2aPL A5
o} 7r2juls} MHAFFIL AlzEe] g Aol
Ae dge SHRY. AANE 27 F5=
SHggol FgEo, JFe FA R o
AU Edde Gl dens AA WA

e e 2
Aol A A
Ao zM v
AT ey

N AR AE B oY@
27h vk =@ 48 AR
A% A} 2AA 4
o A FFUE HAE F 3
AR LYY A A A Bl G
& WMo =M LCOt At AFAo] A
Shsie ol AY ¥ A a Avierg el o
Fe RAE 5 gtk

AE Bele Avids

2 ole} @37 AR Aol 7

AAF) A AN
=82 2 9,
Foe £4717 Avl F5A

AR ASE & ot

L o&
7 °
4
1o 4

¥ ERe FENFY FAda @AM
LEAN SN A ABH BIAAINE
A oz a8 ATyt

Sk

1) A5 474E, FAY, 9, ¥dE A
4, “8F7] Nose Landing Gear?] F5413)41”,
F=deeFoty FASEERS =7, 199,
pp. 147-152

2) g7, ke, HAE, “wAE S84

s
S o] &3 Hig s xwm%xgx] An)s A, G
© 272, A57, A13, 2006, pp. 18-24.

3) 70“6‘6}, AP, #E5, 49, 44, A
+49, 444, “adamsE ©]& T-50 255 I
718 wAdg Ay, d=dEerFI] &

AgEdE3 =57, 2003, pp. 284-287.

4) L]J.M. Besselink, “Shimmy of Aircraft Main
Landing Gears’, PhD. Thesis, Delft University of
Technology, 2000.

5) HANS B. PACEJKA,
VEHICLE DYNAMI
Butterworth - Heinemann, 2002.

"TYRE AND
First Edition,



