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A lower stable region

B: upper stable region

C : unstable region (primary nosing)
D: unstable region (secondary nosing)
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x10° Lateral Velacfty of Front wheelset
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Critical Velocity of Active Contral Using Pole Placement method
350 T T T . —

300k ............. .............. .............. .............. /

250 e ............. ‘ .............. .............

T ] P S S PO -
23]
£
E
S L= € R SETERPITITEPPIERRIPPITRRPPE Y RPPPRISTR .

—
]
o

0] T ............. .............. .............. .............. .............
1] i i i i 1
0 500 1000 1500 2000 2500 3000

Pasetive Real Part of Eigenvector

ek bl 8, b Jld JS Al sl 659 Gl co e VA-D S

ol @ls a8 males)s Jlesliake Sy adsl alr alz 252 4 g5lo 4 (ol 0wl 008
&:«.w' ol oo)j_l\'\—é U \‘\—0 LSI'{J‘X“:’ )J

Lateral Velocily. of Front wheelset

x10°  Laters] Displacement of Fiont wheelset

Y T 0.0%
: : 0
o] TP Yererovrnnniean _A‘ ............. . ............ 4
; : : i - 0015
: : : 2
€ : £ oo
‘: gl S L TRERTY - STTIPPRTINY . 5
-2 > 0005 ;
- = 0 +
0005 ;
i i1 ; 001 i i
g 20 40 2] El 100 2 80 80 100

time {Sec) time (Sec)

x10°  Yaw Angular Velocity of Front wheelset

x40 'Yaw Angular Displacement of Front wheelset
3 —— T ¥ T
w
8
g 3 A
& S :
E :
g0 :
hd :
A i i H i 4 i i i ;
4] 20 40 80 2] 100 0 2 40 60 80 100
time. (Sec)

time (Sec)

adlipy o Voo oy b Jd 3ol b sl 252 5k 5 (ol Co g 5 (alr 4 Lz o logei 140 JS



*  Lateral Displ nt of Rear wheel Lateral Velocity of Rear wheelset
x19 - agi
T T 1 T . T T 7 T
b
iy
@
&
=5
i, K0 1 2 T D D R LR CETTTPER R PPN P 4
8
kS : :
b1 : : : :
BO2freee e b RIS ST
o P P .
0 2 40 60 80 100
time. (Sec) time (Sec)
x 10* Yaw Angutar Disptacement of Rear wheelset . x10°  Yaw Angular Velocity of Rear wheelset
T T v T T T - T
2

d(Sw2)/dt (rad/sec)

-4 AL A # i 5 H 1 L i
0 2 40 80 80 100 0 2 40 60 80 100
time (Sec) tima (Sec)

Al e Yoo ey b Jlab 5ol b e 52 s 5 (ol i g e 42 sl fogai Yoo JS2

. 1g*  Yaw Angular Displacement of Frame 5 107 Yaw Angular Velocity of Frame
M N T T T T T
o
2
= B : : :
n =y : : :
[ : : :
h-1 . 5 :
- -' ; ; H x ; ; ; ;
.4 40 B0 80 100 0 p.i} 40 80 80 100
time {Sec)}

time {Sec)

Oled oS (oo Sile el 4l e YORIPA Sy b (oimy (Spom S p L) Jote J1>

odady g oad (g Mol oo pivciw 05 0000 YO B YY-0 LIS ol 0 a5 5k

L 0gd (g0 0 by 4 LlSh (pl o Sls

AN



iset Lateral Veiuc'ny of Front wheelset
0.05 7 T

T

x10°  Lateral Displ of Front wh

ywl (m)

d{yw1)/dt (m/sec)

i i i
2 40 60 80 100
time (Sec)

-0.05
s}

time (Sec)

Yaw Angular Velocity of Front wheelse

x 10" Yaw Angular Displacement of Front wheelset
e o st

time (Sec)

time (Sec)

S e b odad bl JASTL pslr 2 0k 5 lr S s alr 4l Sl loges YY-0 S

Lateral Velocily of Rear whaelset
0.05 — . .

3 Lateral Displacement-of Rear wheelset
Ty T

2‘)(1IJ

H
€ £
= =
£ 5
.................. %
4 L i ; i 5 i i i
o] 2 40 60 a0 100 E'EU' 2 40 60 80 100
time {Sec) tima (Sec)
4 x 10" Yaw Angular Dispie of Rear wheelset Yaw Anguilar Velocity of Rear wheelset
T —— — o.01 T —
""""" o 0.005}
]
T
32 g
e
5
AT G s 00
£ £ - L 0.0t —
o] 40 60 80 100 20 40 &0 80 100
time- (Sec)

time {Sec)

o S b Qlila J RSl (ol £ 5l 5 il g g plr 4 L leloges Y- S

AY



PRI Yaw Angular Displacement of Frame X 10° Yaw Angutar Velocity of Frame

Sif (rant)

o 20 10 60 0 100 “o 20 10 50 0 100
time (Sec) time (Sec)

o e b B lile S5 L g B gl e s ol 4 Ly (sl oy Y0 JS5

eite LSl & o oo hedad ST Ghg, =0 =0

U5 potin oobol it oads (o) [F0 5 FF 5 FY] 15 Jmie jolay uie sl gl
Dlrie GiFle gl Sazmgm S35 @y 2l (oo bgrye (A53 09e Sy @ iz LSl
oo o ol ol 289 [FO] il oty ol Ygema Sl (sLid o 7 L5580 slaoge b o553
)l 855 553 i 1y 6,53 25 @l a5 053

Sy 5l p0 4 o)l polaali sl ial )l a5 0y 1K i j0 ) e e s (S el
a5y (Sl 45 05 i pa pj oles Lo Al oo s (0l 2L oa patiie ey o
Al o1

X =4X+BU (Y0-0)
AXH pgdro quiyile So B g ile a5 > 0 all oo Jpgome XA s Sle 4 ol 4o as
am m J S oy S0 5 U oS ey B b, o b,] US4 a5 sl
Ngd oo )8 sy JS B g A Slo Sle (rizmen a3l (o

23,5 (so By IS8 4 Gloy b sl s il dlolee Sy L gz pe o

Xm = Ame + BmV (‘M?_a)

l I'ariable Structure Model Reference Adaptive
Control

® Sliding Mode
’ Trajectory

AY



SV 5 e pylan g fle K3 35 By 535k o (olme il e le 2 4, ol 0 85

aS Al oo U Jpu8 lop 0,5 lag Bas adly oo vgamms sleiladl b (som m (559,9 o 5

s gllas 1 o

e=X—-X, ('Y-0)
WS e i 4y (led j5b 4y dgams (e o

Dgd Sl p; S5 4 Sl oo @z e Je B, e ple

B, =BQ’ (YA-0)

a8 Gl ol 0,5 lg oo 45 (5,500 o8 il o pelee mxM s 5le Sy O T 5 oS
)0 3929 pj S 4 07 mxn Jopzme m Sle

A+BO® =4, (¥a-0)
098 Comsy 1 JS2 4 J 23S 9B Jloel b ol (o, U (I8 o

U=¥YX+QV (F--0)
gy ) el b L aylyo cplatly o v, sl b0 b mxn Soas s sl W o 0 a8
[F5] anl o conns 1, Kiomdon wly >Lb b g pize L5l

olae (F+-8) 5 (VA-0Q) 5 (YA-Q) SV¥olas jloolazal b 4 (YA-A) 51 (¥F-0) dotas 0,5 o5 L

Dl oo ey p; JKS @ Uas

¢=de+BW-0")x (F1-0)
D5 oo a3 ) I 50 p JS 4 Sl &l
A=ePe (Fy-0)

A5 o Loyl 5 gl aolas a5 Al o o)l Gy Carte iyl S P o)l o a8
A, P+ P4, =-Q, C(FYT-0)

w11 (F1-0) (5535315 Jsb 1o oo mem 2 (FY=0) 51 (5,05 il o L

A=—e"Qpe+2¢" PB(¥ 0" )X =—"Qye +2i[eTPb[i(z//ij -6 )xj] (FF-0)
=

i=1

' Switching Function

At



2SS 4y Sodaw mlgs 0 )L >

(YO-0)

-
9"1'

v, =0, sgn(eTPb,,x].) g, >

el (FF-0) o ol Kl Ly

A=—e"Qe+ Zi{eTPb,. 3 [— 6, sgn(eTPb,.xj )— g, ]x]}
=

i=l

(Y7-0)

=—e'Q,e —2i {Z”: [9_,] teTPb,xjf+ Hg(eTPb,xj )]}

i=1 | j=1

asazgl s A<O ulpls g i Copo aduon Wl ol gox LoXow aliwgy a5 Lloey
) s ol ol om0 55 o iy 2 o 55 4 ] o 25 5 e (FY-0) ol
D9 co b (F1-0) doles a5 o3 )8

Lol i Joe (o S Rl 6l ooleiig Ghecdal S8 g, a2 L >
G gl 4l aleS e j5biie Cnl lp Cnlplo w2 (o0 S5t oz SLS e R
cpd 485 I 50 YOO S Billas S 0 (5l 5 (oo

Frame !lff

2d

Wheelset 1
ywl w

wl

2b

K YWZ wa
Wheelset 2

ok sl e shils 55 YO-0 S



Jobis LS yme (log i obd ol 10 0 oo jtd S OVoLao YO0 JSKS Juo 4y a9 L
Coiz am bgypo 1, g Gl gl S ome Sz 4y bgo uy a5 0Bl U, g Uy g U, g Uy

il (oo e 5 pelr il ST e 4 g Uy g Uy e WAL o (e S e

2R b el
alz_l_ 2%1 1+ . +2rcg}.fll+cpy azz_l_ mwg}/'f'K
m,| V (L-ry) Lv m,| L 7
P
1.V —
a, = 'V 2 (g, T a, = 2ufy,
m,r, (L - rcy) Vm, L-ry m, (L - rcy)
P
-bC -bK
ag = 2. g = 2
mw mw
el
Vit ay,+ay,tay, +ay, tasy, +ay, =u, (YY-0)
PR L pizen
2 2
b=l 2L 2l L) L | 2Lduy
I,| Vv v I,| (L-ry) =~
P

A =IW),V}’_2&f12 1+ﬂ) 5 _ 2Ly
Il VI, L N

wZ' ¢

Vatby, +by, +by, +b,y, =2dy (YA-0)
FAL Sk

“ Hzg (“(L fm)* S *Cﬂ} K
3

1.V -
wy 7 + 2%2 1+ rc}/ C4 — z‘gfil 1+ }/rc
m.,r, (L -7, y) Vm, L-ry m, (L -, y)

Cy=—

A1



~~ a ~
] N
b 9
pE a
~ N’
| E—|
88T
S |
, I
vy v ~ =
°feeeo oo~y
;
o ¥ o o Vo o o ¥ coococo ~oo o
| | |
O -~ O 0 0 0 o o o 0
- -
o o © o VUV - o o
| | . ~
c o ocooco oo Joa
~ lal _
o o © o Vo W o o
| } ~
cco Jocococ o oA
- - |
S o o .I.n_.VO..%OO 1 T
[34]
o~ A
m 1
$ v - N M T v =~ 0w o °
o B ~ === =] R R R R R R R X R 2
| | \
il
——
< 0 x
OﬂO OOOOOp_V ot
< I
—~ 8 o o oo oo Y
! 1
o -
o 8 o o 0o 0 o o 9
| i —
L | - 8N ;M T v =~ o, o 9O
il ROR R R R R R R R a3
L
~

soue Jlo ilw aps YV =00
o "ul.?&a'd—_n-bl.a))):aaa er»LA—vdsud}yyfoJM e g)""-’-)‘;l"’()‘))Bl C,wa.)ud").:

Rupyers

bO-0)

A+BO® =4,

AA



[0 1 0 0 0
-a, —-a, —a, -a; 0
o 0 o0 1 0
-b, —b, —-b, -b 0
o 0 o0 0 0
0 0 0 0 -c
0o 0 0 0 0
o o0 o0 0 -d,
o 0 o0 0 0
|—e, —e ~—e ~& 0
(o 0 0 0]
0 0 1 0
0 0 0 0
2 0 0 06 6,
0 0 0 016, 6,
0 o o0 116, 6,
0 0 0 016, 6,
0 24 0 0]
0 0 0 0
-2d -2d b -b]
01‘1 01‘2 01‘3 01‘4
. 0 0 0 0
0, 65, 605 6
0 0 0 0
i
0;1—02 a;y
< 01.1=b4—b4
2d
o _& —ey +2d0;,
L 31 b
.
0;3—04 a,
. b,—b)
< 0 =
2d .
. e —eg +2d0,
\033= 3

)
g 5 B g

0 0

0 0 -a, -—a

0 0 0 0

0 0

0 0

+

—-c, —C —C; —C

0 1 0 0

-d, —-d 0

0 0 0 1

0 0 -e -e]

61.4 91.5 9]‘6 91.7 91.8 61.9 91', 10
O O3 0% On Oi 05 O
93‘4 63‘5 93‘6 93‘7 63‘8 93‘9 9;,]0
6, 0 6, 6, 0, 0, 6.,

A4

0 0
0 0
03‘9 03' ,10

* »
048 049 04,10

OF-0)

BY-0)

(BDA-B)



-

94‘5 =c,—¢Cy 94‘6 =c —cy
. d,-=-dj . d,-dy
b5 =——* 162 =
2d 2d
. =240, . =246,
945 = b 2 946 = b %
b =cy—cf O =y —c5
. d,—dr j . d —d"
g =% 2 g. =% ]
177 =7 24 3= 0d
. —2d6, . =246,
947 = Z a 048 = b =
9;9 =as—ag 93.,10 =a; —~a;g
94.9 =Cg—Cq G410 =Cs ~c5
* el _elm * - 82 —e;‘ -
939 = +949 93,10 = b +94,1o

Leal i Ly a8 il o0 28,5 Jas j0 (gl g8 4 Joko sl el )l A e 5ile sl (6
cul o Juls ot oos Glaal (LS cpl sl a5 oo el )b oS las al58l povcs (sl
s angly g Elad g joe 5 27 p 2 9 ol Slidlen 5 Lo e g Lo y28 Sl g S355
S35y gt S b alidl 81 aS Wl o)l 5y 2 sl b yte )y 51 Se e il e gz

D3 o ol 2y S5 @ sl

I,, T= Stability 1 1, T= Stabiliy T m,, = Stability T
r. 1= Stability T y 1= Stability 3 1, 1= Stability T
c, t= Stability T K, T= Stability T C, T= Stability
f,, T=> Not Effect £, T= Stability 1 K, T= Not Effect

S T=> Stability t £y, T= Not Effect

S 13109 1] o3l jot og a5 wiloas it 0 355 sla el b 51 G e

s polas O 10 Oiy Osg O3, Oss O Oy 07y Oy 5 05 o a1l)5 45 033,55 55
aol Cewy 6 1ol 65103b 039,551 ey (sl S o] oo ey SV gme dis Ll bl



6; =a,—ar =[0.1713 -0.1713]

0 —3.7274e-13 _em y
=1 e-13]= 93‘1=5Lﬁibl%:[o ~3.7310e-13]

b,—b."

*
911 =

i colys 4o i em i VY i o pe Sl Jlade By ade Sl 6l ool ol
o235 dplone 5 S5 41 oy, ol slp 1, ©

0.1 1 1 260 0.01 0.01 0.01 0.01 0.01 0.01
0.01 0.01 0.01 0.01 0.1 1 1 260 0.01 0.01

0= (03-0)
2 300 1400 250 0.01 0.01 0.01 0.01 15 10
0.01 0.01 0.01 0.01 2 300 1400 250 0.01 5
g (g0 &85 Jai yo p5 JSS 4 O ()b
(10 0 0 0 0 0 0 0 0 O]
0 200 0 0 0 0 0 0 O
0 0 30 0 0 0 0 0 0 O
0 0 0 4 0 0 0 0 0 O
0 0 0 0 5 0 0 0 0 O
2= 0 0 0 0 60 0 0 0 0 70
0 0 0 0 0 0 70 0 0 O
0 0 0 0 0 O O 8 0 0
6 0 0 0 0 0 0 0 9 O
|0 0 0 0 0 0 0 0 0 100

d._fa'>)*-n5\'?—0 Lg'.eflu 3 J..\_n O‘-‘-' LSI)'.' |) Lg)L.ad._..M::cLb Ol}i’@égﬁ uJUa.ocUd}ﬁb
el 00 ploxl Jandie SO adgl ol > bgadlp o Voo Copu b (silo ancd cul 0g0s
4555 d JyuS 99,005 392 s (b (sl Kiile 095 0 00 IS (nl jo 4T 5k lon

JJ@L’L\.:&S&;AJ.—\A)‘J&LH‘O&G?|)J¢6‘

9



Lateral Welocity of Front wheelset

«10°  Lateral Displacement of Front wheelset
0.01 —

1 T r
rence oed) :
Main Model 0.005 ’, ............. e ________________________ 4
|
&
£ £ :
- of 4 = 0005 i
—é ,001 ..... g -~
05 4 i : : :
g e - 00 ; H ; i
[t} 5 1 15 20 [ 5 10 15 2
time (Sec) time (Sec)
107 Yaw Angular Displacement of Front wheelsel ‘Yavs Angular Velacily of Fiont wheelset
1 v 0.015 T
0.01 J
05 1 _
& i
D OOD5E rrs —
; o B 5 i} 4
f’% "_; : : : H
& 0005 ol . EA - e
05} Bl - : :
A : i - -0.015 . H -
a 5 10 1& 20 0 5 1n 15 20

time {Sec) itme (Sec)

b e Ver S )3 Gkl JRSL pslr 2 5b g (Sl S ol e lologei VPO S

x10%  Lateral Displacement of Rear wheelset w10° {ateral Velocity of Rear wheelset
4 : — : PP i bl
Reference Moed! | : R : :
3k - Main Mogel o SO 3 O e N
7 : ] 9 : :
£ ;
g E 1t 1
o 1 | §
ES § al- J
Qb J S p |
-1 — Db e o
2 | i L 3 : i : i
D 3 10 15 20 [ 5 10 5 20
time (Sec) time (Sec)
x10% Yaw Angular Displacement of Rear wheelset ¥ 10° Yaw Angular Velocity of Rear wheelset
T T — 3= T T v 7
2} 4
2 ° 7 -
1 4

Siw2 (rad)
o
-
d(Siw2)fdt (radisec)

0
i
i

A “ 1o 15 20

time (Sec) tinie {Sec)

b e Yoo Sy 3o (erled JRS L (e 257 b 5 (Pl S g 2lr 4 b sl jlasad YVEO SS

Y



w0t Yaw Angular Displacement of Frame Vaw Angular Velacity of Frame
: 5.03

Reference Moed) | .02 : :
2Ll -Main Model FR O ] o ! : :

0.024 -

E I SRR - e e ] 0.015 |- neen e
0ot - A . . -

0.005}---

Sif (rad)
d(Sifydr (rad/sec)

. 0005 e

O .

D015 ke

; . i -0.02 L i
0 5 10 15 20 0 5 10 1
time (Sec) tire (Sec)

il e Ve ey 30 (s 25 (S0 2B gk S p g il 4 L slologed TASD JS2

[y
)
=}

qy



L , E'

F 922 o el Sleiles g lovg i —V-F

s 5 Slhlons ol il oady dslone I35 clods, 4an sl i) 5 5y ool (glog

LT\—7dw)oﬁw$#éﬁdlﬁdiabﬁw’ou ‘ab_d, d.’{_?lj')__z):w\/"

LSl 6l sals L)L":“’ Ve—F

< pshd
w !
4
0+

L5k

T
e =ign Function
Clasgsic

- Adaptive Controf

-1 1 i 1 j [ [ i
Il 0.5 2 25 3 35 4 4.4 4
time (Sec)

e e ol 72 X Sz o obed 69,0 VPSS

§¢



Fa (M)

Fy (N)

ki
/
i
s v o e e e e P -
bl
i

tirme (Sec)

bl oble by Gl o G gol> 22 X Cga o bl 598 VP S0

T T T T T
****** =ign Function

: : : : : : Classic
L ....... ........ ........ ......... o daptive Contro

]

B B I S N R R SRR I -
_2 e e e e e e e e e e e e =

=
=]
4]
—_—
-
[y}
~J
ta
(]
_J
()
[y
e
o
[y}
o

time (Sec)

2 o 2ol 2,2 Y Sz 0 el (5, VPSS



Fz (M

-1.5

4000

3000

2000

1000

1000 ¢

2000

-30a0

-4000
a

T T
—— Pole F’IacementJ
§ |
] :
|

L 1l | N
Sl S T i

|3 I3 .

i ! .

y It :

‘ll‘ _Il"
e 'i] ................................................... ........................... —
Lo T -

i 1

time [Sec)

whad bl o G 25l 2 Y Cua o oled (900 TP JSS

T T T T T T T =T T

——— Sign Function

Classic -

Adaptive Cantrol

1 L it i L

0 e
o
i
RN
b
[ ]
LT

0.5 1 1.5 2 25
time (Sec)

e e 2912 72 Z gz )0 mled (g9 O JSS

7



Fz (M)

by (Mim)

-1.5

[

Ee
g

144.5

144

i

T T

—-——— Pgla Placarment }

i
4]

time [Sec)

et bl ) Gl o S 2 £2 Z Gz o e 58 PP S

e

T 1 T T T T T T T
: 5 ' ¢ | ——— Sign Function
f- : Clazsic
: : : Adaptive Control
L e ................. ................. \ ................................. 4
i L i i P i i 1 i
a 04 1 1.5 2 24 3 3.5 4 4.5 5

time (Sec)

e S 28l 22 Y S o wled Sles V-8 S

qy



147.5

147

148.5

145.5

145

By (M)

T S
144 ~.._4;E’:|]‘ .............. ,' ...........................
14355 H’l.l’ .......... AR LR,
143

(2 T ST

——— Prle Placement J

time (Zec)

o oLl ey Gl oz S g8l 22 Y Sz 0 ebed Hlaw A7 IS

J kD T T T T —T T T
: : : : e Sign Function
: Clagsic
TEL A.japtii.'el:;gﬂtml |
| 7
1’I
P OO SOV SURSUUUS SOOVROUE SNNUUUONSURUUON PPN SR RO ]
i
g ii
é 05 _;'}i .................................................................................... .
= i
E[_. ;i:“.. : il e e
O5L ....... .
a 045 1 1.5 2 258 3 3.5 4 4.5 ]
tirme (Sec)

A



h

bz (M)

T P N
_E_ ........................................... [ —
5 i

11 15

time {Sec)

b Sblr By Gl oz Ces psle 72 Z Zga o bed lee VPSS

S slagy Y7

ploil a gl p e Ve Sy ey 5o (8 slodoe dan 4l J 28 slagy anlio Sy

et ol @l il oad planil 52 ewiile SO gl il Gl oile et ol ol eas

94

Dgd oo alaxde F-F S 0 (g5le



U1 (N

U (M)

Farce of Force Actuator
25 l I ﬁ T I l T 1 1

-———= Zign Function

] SN s ........ s ST Classic ]

[By]

i
245 3 35 4 4.8

time (Sec)

am]

nm]

[Ry]

—a
—
£
[N

S gy 5 Seedle 5 (g, slp Uy (IS lag e ylaged 1)-F IS

Force of Force Actustor

800 3 :
; } ———=Palg Placemenﬂ

500 |-

A0 E oo ................ ......... ........................... 4
D ke _,"E ..................... S PP .

-200

-400

-600

time (Sec)

whad bl gy sl Uy (508 sleg s laged VTP IS



Farce of Force Actuator
30 T T T T T T 1 T I
: : : : : : [ Adaptive Contral

1] . ........ ........ ........ ........ ........ ....... 4

U1 (N

40 I 1 ) i L j 1 ! i

o
LT
—
—
m
FJ
h
(]
A
0J
i
i
EY
]
[y

time [(Sec)

ks J 5SSy sl Uy (S Gleg i jloged VPSS

5]35/’ At -Y-#

i o2l (T 45Tl S L a S sS e e sl Cesss (15350 azil 4 2z L
5 Sl ey a5 iz 55 oy ews YL slete p @ GlgT (o0 Sl 0ad (il (Sealins
SYDUSA il clgie pw Lo 205 Jlasl 51 aay s 009 4l 5 FYI00 J 208 Jlasl 5|
S il ot ools (Lt Bz ol 0y il ool ety il e AY 5 100)+Y

bl o YL o ety (sl el 0ad oL b bl bl s oS
) o Jae ol o Lol ansl e o0l ol gls talo Bl 1 ooles slag i ooss
A Loy 2 Gl I 0l ol (B85 o) (bl (59, Ol (oo Sl 00 (22 (a3 Jao oS
B1-F sledSs o a5 jshailen 15 b 9 22 ldles 5 bogpd 090 (o0 00l planil 05" )50
84S e ol o1 s gl i Ll as b bl S gl Wisdh e s O-F
oaibe Gl Gl e 4 @2l Gl 455 gen cdad bl (B, 4 05 e Sle (2B

acdy ST ool an s led Slgiles g g i (rimmen 9 (S5 Slag i (plply o)las gy



&l auge J5 oo 4 a5 Gl 005y cadle x5 S a8 den 5l Lol il oo iy L,
AS |y 009s cawlie gy 50 (el J S o9, Sl sols plol oLl (slaoge (59, 4 004
Loy @z o Jamo Ly ol Glodail Jodo sy Wl ol 052y (il e gy 0l 5095 50
Pt (e B L Wl o jd gy el IS pad e e 0 S p 2 (ke 5 (S

D9 (55l Ao



10.

11.

12.

13.

F.J. Redtenbacher. 1855. Die Gesetze des Locomotiv-Bause. Verlag von
Friedrich Basserman Mannheim.

Chr. Boedecker. 1887. Die Wirkungen zwischen Rad und Schiene und ihre
Einfliisse auf den Lauf und den Bewegungswiderstand der Fahrzeuge in den
Eisenbahnziigen. Hahn'sche Buchhandlung, Hannover.

F.W. Carter. 1915. The electric locomotive. Proc. Inst. Civil Engn., 201:221-
252.

Y. Rocord. 1935. La stabilité de route des locomotives, premiére partie, avec
une note de M. R. Lévy. Hermann & Cie., Paris.

M. Julién and Y. Rocard. 1935. La stabilité de route des locomotives,
deuxiéme partie. Hermann & Cie., Paris.

F.W. Carter. 1926. on the action of a locomotive driving wheel. Proc. R. Soc.
Lond., A 112:115-157.

F.W. Carter. 1928. on the stability of running of locomotives. Proc. Roy. Soc.,
A 121:585-610.

T. Matsudaira. 1960. paper awarded prize in the competition sponsored by
Office of Research and Experiment (ORE) of the International Unions of
Railways (UIC). ORE-Report RP2/SVA-C9, UIC, Utrecht.

H. Heumann. 1937. Lauf der Drehgestell-Radsitze in der Geraden. Organ
Fortscher. Eisenb.-wes., 92:149-137.

K. Yokose. 1971. Design theory of N-form wheel tread (in Japanese). Report
No.71-168, Railway Technical Research institute.

K. Knothe. 1975. Die geometrisch nichtlinearen Beziehungen fiir einen starren
Radsatz, der auf einer starren Schiene quer verschoben wird. ILR-Mitt. 17,
Institut fiir Luft- und Raumfahrt, TU Berlin.

R.J. Gostling. 1973. The Measurement of Real Wheel and Track Profiles and
eheir Use in Finding Contact Conditions, Equivalent Conicity, and
Equilibrium, Rolling Line. TNDA 22, BR Research Department, Advanced

Project Divison.

N.K. Cooperrider, E.H. Law, R. Hull, P.S. Kadala, and JM. Tuten. 1975.
Analytical and Experimental Determinatzion of Nonlinear Wheel/Rail
Geometric Constraints. Interim Report No. FRA-OR & D, U.S. Department of

Transportation.

YO



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

A.H. Wickens. 1965. The dynamic stability of railway vehicle wheelsets and
bogies having profiled wheels. Int. J. Solids Structures, 1:319-341.

A.H. Wickens. 1965. The dynamics of railway vehicles on straight track:
fundamental consideration of lateral stability. Proc. I Mech. Engrs,

180(3F):1-16.

A.H. Wickens. 1965. The Dynamics Stability of a simplified four-wheeled
vehicle having profiled wheels. Int. J. Solids Structures, 1:385-406.

A. Bhaskar, K.L. Johnson, G.D. Wood, and J. Woodhouse. 1997. Wheel-rail
dynamics with closely conformal contact. Part 1: Dynamic modeling and
stability analysis. Proc. Instn. Mech. Engrs., 211(F):11-26.

A. Bhaskar, K.L. Johnson and J. Woodhouse. 1997. Wheel-rail dynamics with
closely conformal contact. Part 2: Forced response, results and conclusions.
Proc. Instn. Mech. Engrs., 211(F):27-40.

S. Miiller. 1998. Linearized Wheel-Rail Dynamics — Stability and
Corrugation. In Fortschritt-Berichte VDI (also Dissertion TU Berlin), Reihe
12, Nr. 386. VDI- Verlag, Diisseldorf.

S. Miiller and K. Knothe. 1997. Stability of wheelset-track dynamics for high
frequencies. Archive of Applied Mechanics, 67:353-363.

K. Knothe and F. Béhm. 1999. History of Stability of Railway and Road
Vehicles. Vehicle System Dynamics, 31, pp. 283 — 323.

H. Yabuno, T. Okamoto and N. Aoshima. 2001. Stabilization Control for the
Hunting Motion of a Railway Wheelset. Vehicle System Dynamics Supplement
35, pp. 41-55.

J. Guckenheimer and P. Homes. 1983. Nonlinear Oscillations, Dynamical
Systems, and Bifurcations of Vector Fields. Springer-Veriag (New York).

S. Bruni and F. Resta. 2001. Active control of railway vehicles to avoid
hunting instability. IEEE/ASME International Conference on Advanced
Intelligent Mechatronics Proceedings 8 — 12 July, Como, Italy.

J.T. Pearson, RM. Goodall, T.X. Mei and G. Himmelstein. 2004. Active
stability control strategies for a high speed bogie. Control Engineering
Practice 12 1381-1391.

J.T. Pearson, R.M. Goodall, T.X. Mei, S. Shen, C. Kossmann, O. Polach G.
Himmelstein. 2004. Design and experimental implementation of an active
stability system for a high speed bogie. Vehicle System Dynamics Supplement
41, p. 43-52.

A. Fotouhi and A. Yousefi-Koma. 2006. Improve hunting of a railway vehicle
using semi-active primary suspension. 8th Biennial ASME Conference on
Engineering Systems Design and Analysis, ESDA, Jul 4-7, Torino, ltaly.



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

H. Molatefi. 2006. Completely Nonlinear Hunting of Conventional and
Steering Railway Trucks. PhD thesis in Mechanical Engineering, Faculty of
Engineering, Shiraz University.

A. Mohan and M. Ahmadian. 2004. Nonlinear Investigation of the Effect of
Primary Suspension on the Hunting Stability of Rail Wheelset. Proceeding of
the ASME/IEEE Joint Rail Conference April 6-8, Baltimore, Maryland, USA.

J.J. Kalker. 1990. Three-Dimensional Elastic Bodies in Rolling Contact.
Kluwer Academic Publishers, Dordrecht.

A. Mohan. 2004. Nonlinear Investigation of the use of Controllable Primary
Suspension to Improve Hunting in Railway Vehicles. Master of Science thesis
in Mechanical Engineering, Virginia Polytechnic Institute.

M.L. Nagurka. 1983. Curving Performance of Rail Passenger Vehicles. PhD
thesis, Department of Mechanical Engineering, M.I.T.

H. Baruh. 1999. Analytical Dynamics. WBC/McGraw-Hill.
W.L. Brogan. 1991. Modern Control Theory. Prentice Hall.
C. He and V. Mehrmann. 1995. Stabilization of Large Linear Systems.

M. Armold. 1993. Algorithms and conditioning for eigenvalue assignment.
Phd thesis, Northern lllinois University, Department of Mathematical Science.

T. Kailath. 1980. System theory. Prentice — Hall, Englewood Cliffs, New York.

H.W. Knobloch and H. Kwakernaak. 1985. Lineare Kontrolitheorie. Springer
— Verlag, Berlin.

J. Roberts. 1980. Linear model reduction and solution of the algebraic Riccati
equation by the use of the sign function. J. Control, vol. 32, pp. 667-687.

AN. Beavers and E.D. Denman. 1973. A computational method for
eigenvalues and eigenvectors of a matrix with real eigenvalues. Numer. Math.

Vol. 21, pp. 389-396.

E. Denman and R. Beaver. 1976. The matrix sign function and computations
in systems. Appl. Math. Comput., vol. 2, pp. 63-94.

R. Byers, C. He and V. Mehrmann. 1994. The matrix sign function method
and the computation of invariant subspaces. Tech. Rep., Fakultit f.
mathematik, TU Chemnitz-Zwichau, PSF 964, D-09009 Chemnitz, FRG.

J.Y. Hung, W. Gao and J.C. Hung. 1993. Variable Stucture Control: A Survey.
IEEE Trans. On Indust. Elect. Vol. 40, no. 1, pp. 2-22.



44. U, Itkis. 1976. Control Systems of Variable Structure. John Wiley &sons Inc.
NewYork.

45. V.I. Utkin. 1978. Sliding Modes and their Application in Variable Structure
Systems. NewYork: MIR.

46. A. Karami Mohammadi. 2004. Variable Structure Model Reference Adaptive
Control for SIMO Systems. Proceedings of ICCA2004, August 25-27

Bangkok, Thiland.



*

A0l

oo

1 JUd okl Uy s (ilyons s 45 el (5l iy ¢ 00 05,51 55 0 a5 (gl sl

clc

clear

d=0.61;

B=[0 0;0 0;0 0;2*d 0;0 0;0 0;0 0;0 2*d;0 0;-2*d -2*d];
Mw=1751; Iwy=130; Iwz=761;

1£z=3371;

Rc=0.43; 1L=0.716; Lan=0.125; b=1.295; d=0.61;
Kpy=3.9e5; Cpy=9048.2;

Co=3.5eb5; Ko=5e5;

Fll=4.71e6; F12=0.6e3; F22=0.5e3; F33=5.1e6;
g=9.81;

for 1=1:1000
for 3=1:1000

K=[0 1 00 0000O00;0000043j0000}]:

n=1;
for Vv=1:100

3

al=(2.*F11./V.*(1+Lan.*Rc./(L-Rc.*Lan)) +2.*Rc.*Fll.*Lan./L./V +
2.*Cpy ) ./Mw;

a2=(Mw.*g.*Lan./L + 2.*Kpy )./Mw;

a3=-Iwy.*V.*Lan./Mw./Rc./ (L-Rc.*Lan) + 2.*F12./V./Mw.* (1+Rc.*Lan./(L-
Rc.*Lan) ) ; %%

ad=-2.*F1l1l.* (1+Lan.*Rc./ (L-Rc.*Lan)) ./Mw;

ab5=-2.*b.*Cpy./Mw;

a6=-2.*b.*Kpy./Mw;

b2=(-Mw.*g.*Lan.*L.”2./(L-Rc.*Lan) + 2.*L.*Fl2.*Lan./Rc + 2.*F12
)./ Iwz; 5%

b3=Iwy.*V.*Lan./Rc./Iwz./L =-2.*F12./V./Iwz.* (1+Rc.*Lan./L) ; %%
b4=2.,*L.*F33.*Lan./Rc./Iwz;

dl=(2.*L."2.*F33./V + 2.*F22./V)./Iwz; %%
d2=(-Mw.*g.*Lan.*L.”2./(L-Rc.*Lan) + 2.*L.*Fl2.*Lan./Rc +
2.*F12)./Iwz; %%

d3=b3;

d4=2.*L.*F33.*Lan./Rc./Iwz;



el=(4.*b."2.*Cpy + Co)./Ifz;
e2=(4.*b."2.*Kpy + Ko )./Ifz;
e3=-2.*b.*Cpy./Ifz;
ed=-2.*b.*Kpy./Ifz;
e5=2.*b.*Cpy./Ifz;
e6=2.*b.*Kpy./Ifz;

A(1,2)=1;
A(2,1)=-a2; A(2,2)=-al; A(2,3)=-a4d; A(2,4)=-a3; A(2,9)=-ab;
A(2,10)=-a5;
A(3,4)=1;
A(4,1)=-bd; A(4,2)=-b3; A(4,3)=-b2; A(4,4)=-b1;
A(5,6)=1;
A(6,5)=-c2; A(6,6)=-cl; A(6,7)=-c4; A(6,8)=—c3; A(6,9)=-cé6;
A{6,10)=-cb;
A(7,8)=1;
A(8,5)=-d4; A(8,6)=~d3; A(8,7)=-d2; A(8,8)=-d1;
A(9,10)=1;
A(10,1)=-e4; A(10,2)=-e3; A(1l0,3)=-e6; A(10,4)=-e5; A(10,9)=-e2;
A(10,10)=-el;
=A-B*K;
t=eig (AA);

x(1:10,n)=real (t);

temp=0;
for m=1:10
if x{m,n)>0
Vci({i,]j)=V;
temp=1;
break
end
end
if temp==
break
end

n=n+1;
end




Abstract

Lateral vibration and hunting is known phenomenon in dynamics of
railway vehicles. In this thesis we have investigated the conventional
bogie consist of two wheelsets with two degrees of freedom and one
frame with one degree of freedom. We have assumed the forward
velocity is constant and it travels in straight line. Using the linear Kalker's
theory we have calculated contact forces. We have linearized all the
nonlinear terms in equations of motion.

After driving the dynamic equations we have been represented these
equations in state-space form and investigated critical velocity in this
system. And then we have designed a controller for controlling these
vibrations and increasing critical velocity with using two actuators
replaced by longitudinal suspension. This model also has been
represented in state space and using state feedback we have increased the
critical velocity. Designs of controllers are done by classical, pole
assignment and sign function methods. These methods are compared.

Keywords: Railway Vehicle, Active Control, Hunting, Lateral Vibration,
Stabilization, Critical Velocity.
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