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1.1: Phenomenon of hunting motion in vehicle railway.
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1.2: Amplitude response of vehicle according to linear analysis.
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1.3: Creep force in the wheel-rail system. (a) Contact surface, (b) creep force
curve.
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1.4: Hopf bifurcation in wheel systems considering the effects of cubic nonlin-
earity. (a) Subcritical Hopf bifurcation, (b) supercritical Hopf bifurcation.
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1.5: Variation of linear critical speed and types of Hopf bifurcation due to vehicle
parameters. (a) Subcritical Hopf bifurcation, (b) supercritical Hopf bifurcation.
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1.6: Subcritcal Hopf bifurcation diagram considering the effects of cubic and
quintic nonlinearities [39)].
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2.1 &S

LSRR E (SRR O TR Z ME T 5 72D I N TELE, SEHET O
MIEREDOHIE L DIGHEINT IR - -8B TH 5 [26,60-62], X 2.1 1381500
EHWZEHERTH D, o, BSEITIEITEIO 3 SRR E DRIE (25 H X
N, INULIZ LK 2EBEAR—ZADPDEMIAANDERNTESL L 5124572 [38], £7=
Wagner 5 DAFFEIZ & 0 fli e —gfl B HE TV CH 5 P REER A2 Z &
MTELZ LWBIERESI NI [56,63,65], £Z T, AR AL I —HRD2D
HHEZEFD 1/10 27 — )V —iiglli& B & /NI SRR E 2 W 72 T8 o e 27
VY ABR R ET 2 FiEEREL 72,

2.1: Vehicle test on a roller rig [62].
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2.2: Roller rig and wheel set devices [66].
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2.3: Model of devices [66].
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Wheel set bogie
in

2.4: Electromagnetic brake device.

7% 2.1: Parameters of the experimental setup

Description Symbol Value  Unit
Mass of the wheel set m 2.175 kg
Moment of inertia of wheel set 1 0.0043 kg-m?
Natural frequency of lateral direction w, 8.754  rad/s
Natural frequency of yaw angle Wap 2591  rad/s
Wheel tread angle Y0 1/25 -
Centered wheel rolling radius 0 0.036 m
Half-track gauge do 0.0485 m
Half-gap of stiffness dy 0.085 m

x direction stiffness ky 200 N/m
Spring length of equilibrium state l 0.06 m
Natural spring length lo 0.035 m
Centered roller rig rolling radius Troller 0.15 m

2.3 AENREBEFIE
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BEERED (LT D AREMED D B 72D, 20 72T OILIERIE 2 L 5 Z iZ L
7o F 7z, WEATENFEA I B IR O T 2SSk & 0 R GIHRE) A B & ke T E)
B2 DD EE D, KFHEEDEFREBREDONT — AT bLd o HL 5 I T
BFAREBR S DKRE IR —EILR OB, TO—F, BHERENZEL TWBRO
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B HRIE O I RAE SR Z ZREIZ I > TWB T2 (283—k v NUNDZEE))., Z
D AIRIEME Z 3 [FIE LT, Z O %2 S HOEFIREBOEFRE & U Tl
U7z,

— Stable vn Nonlinear critical speed
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/
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£ A |® Saddle-nod
a addle-node
g I\\\ I A bifurcation point
< (AN [ -
3| SN Subcritical Hopf
(6) | 1)\ bifurcation point
-— \
. F O - i ———
0 Vn V

Running speed

2.5: Bifurcation diagram obtained by numerical simulation for the model con-
sidering the effects of cubic and quintic nonlinearities [56]. The numbered arrows
correspond to those in Fig. 2.7.
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2.6: Running and response amplitudes of single wheel set. (a) Lateral displace-
ment, (b) yaw angular.
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2.7: Experimentally observed steady-state amplitude of lateral displacement [66].
The numbered arrows correspond to those in Fig. 2.5. The points labeled (a), (b),
(c), and (d) correspond to the panels of Figs. 2.9-2.12,2.14.
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2.8: Time histories of unsteady-state amplitude of lateral displacement. (a)
Increasing running speed to speed 8 m/s. (b) Decreasing running speed from speed
6.4 m/s.
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2.9: Time histories of steady-state amplitude of lateral displacement [66]. In-
creasing running speed: (a) v =1.0 m/s, (b) v =7.3 m/s, (¢c) v =8.8 m/s. De-
creasing running speed: (d) v = 7.3 m/s.
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2.10: Power spectrums of steady-state amplitude of lateral displacement [66].
Increasing running speed: (a) v = 1.0 m/s, (b) v =7.3 m/s, (c) v =8.8 m/s. De-

creasing running speed: (d) v = 7.3 m/s.
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2.11: Phase portraits of steady-state amplitude of lateral displacement [66].
Increasing running speed: (a) v = 1.0 m/s, (b) v = 7.3 m/s, (¢) v = 8.8 m/s. De-

creasing running speed: (d) v = 7.3 m/s.
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2.12: Poincare sections of steady-state amplitude of lateral displacement [66].
Increasing running speed: (a) v = 1.0 m/s, (b) v = 7.3 m/s, (¢) v = 8.8 m/s. De-
creasing running speed: (d) v = 7.3 m/s.
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2.13: Variation of Poincare section around the linear critical speed [66]. (a)
v="78m/s, (b) v=2_8.0m/s.
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2.14: Lyapunov values of steady-state amplitude of lateral displacement [66].
Increasing running speed: (a) v = 1.0 m/s, (b) v = 7.3 m/s, (¢) v = 8.8 m/s. De-
creasing running speed: (d) v = 7.3 m/s.
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2.15: Experimental observation of unstable limit cycle of hunting motion.
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2.16: Time histories of different running speeds from 6.4 m/s to 6.6 m/s under

a large and a small disturbance.
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2.17: Time histories of different running speeds from 6.7 m/s to 6.9 m/s under

a large and a small disturbance.
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2.18: Experimentally observed subcritical Hopf bifurcation under cubic and quin-

tic nonlinearities.
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3.1: Configuration of the single wheel set and roller rig [66].
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(a)

Vo
Vo

3.2: Configuration of single wheel set model. (a) Wheel set in equilibrium state,
(b) wheel set under lateral and yaw motions.
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3.3: Speed of wheel contact point. (a) Moving speed in rail coordinate, (b)
moving speed in wheel coordinate.
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3.4: Wheelset suspended with longitudinal springs.
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3.5: Root locus of the linear wheel system.
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Y Py +iPy AN E 478 P CIT6 A Xk 2 e 3T E B,

P=|pP P P P4] (4.9)

49



=72 L.

(4.10)

i 1 i i 0
0 w
P = w? —kpy P - _d’nw ’
k1o k1ov
dyy 9 w3 — kjw
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RHZ. 23 DRIIER (4.19) D 210 20 (BT DR & EB HRERX (4.14) D 210 2
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+
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+ F7627] + F86277 + Fgeng + F10€772T_] + F11€77772 + F12€773
+ T1sn” + Do + T’ + Tign®i° + Daionip* + iy (4.32)

S ZEHGR, (4.31) % SHH /R (4.20) ISR A L7012, BB L TR
7=\
1 = iwn +n(n,n) (4.33)
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FD &Sz, IERILIED 5 DITIH- 7=,

7 = iwn + Dyen + Dan’i + D7€%n + Digen’ + Dy’ i? (4.38)
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rot [Dire + Dig€® + (Dag + Diggpe)re, + Dispra] = 0. (4.43)

£ o T, — S O EE IRIE Y 0 e R
rg =0 (4.44)
EVIv b1l
Dige + Dipe? + (Dyr + Digre)r?, + Digpra, = 0 (4.45)

EROZ NN D, RIFBEIRGCIRIE r & BEHEOBIRIEOGREZ KD 5, FELRTEE
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o6



R & SR FURE ORF O B AR OHE 7.2 m/s, FCEFUEE 8.0 m/s. HIE
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4.1: Identification of nonlinear coefficients in the normal form with experimen-
tally observed bifurcation diagram.
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4.2: Comparison of theoretical and experimental results.
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INEWRIEOGE ¢ ZFAVWT, REfE 2 2L TD K S 2R TIRET 5,
T =x+ ex, + Xy, (4.64)
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O(€2> . Dgwg + CCD().’DQ -+ ng = —2D2D0£C0 — CCDQ.’BQ -+ C’CA@Dlazo — D%a}(]
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Q = b, + bii, b, = 2kipw’dy1daa, b; =0,
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4.3: Theoretical obtained bifurcation diagram.
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5.1: Variation of linear critical speed due to linear parameters. (a) k,=200p N/m,
(b) m=2.175p kg, (c) vo=p/25, (d) 170=0.036p m, (e) dy=0.0485p m, (f) d;=0.085p

m.
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5.2: Types of Hopf bifurcation due to o.
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5.3: Variation of ¢ due to linear parameters. (a) k,=200p N/m, (b) m=2.175p
kg, (¢) vo=p/25, (d) 10=0.036p m, (e) dy=0.0485p m, (f) d;=0.085p m.
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5.4: Variation of nonlinear critical speed due to linear parameters. (a) k,=200p
N/m, (b) m=2.175p kg, (¢) v0=p/25, (d) 10=0.036p m, (e) dy=0.0485p m, (f)

d1=0.085p m.
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5.5: Variation of speed range of hysteresis due to linear parameters. (a) k,=200p

N/m, (b) m=2.175p kg, (c¢) 70=p/25,

d1=0.085p m.

(d) 70=0.036p m, (e) dp=0.0485p m, (f)
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5.6: Variation of stable steady-state amplitude due to linear parameters. (a)
k.=200p N/m, (b) m=2.175p kg, (c) v0=p/25, (d) r¢=0.036p m, (e) dp=0.0485p m,
(f) d1=0.085p m.
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5.7: Variation of unstable steady-state amplitude due to linear parameters. (a)
k.=200p N/m, (b) m=2.175p kg, (c) v0=p/25, (d) r¢=0.036p m, (e) dp=0.0485p m,
(f) d1=0.085p m.
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5.8: Variation of linear and nonlinear characteristics of hunting motion due to
parameters: v,=0.8p/25, dy=0.0485x0.8p m, d;=0.085x0.8p m. (a) o, (b) linear
critical speed, (c) stable steady-state amplitude, (d) unstable steady-state ampli-
tude.
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6.1: Experimentally observed subcritical Hopf bifurcation. (a) k, = 170 N/m,
p=0.85, (b) k, =200 N/m, p=1.
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6.2: Variations of linear and nonlinear characteristics of hunting motion due to

longitudinal spring stiffness. (a) Types of Hopf bifurcation, (b) Linear critical speed,

(c) Nonlinear critical speed, (d) Hysteresis width, (e) Stable steady-state amplitude

below linear critical speed (Av = —0.01), (f) Unstable steady-state amplitude below

linear critical speed (Av = —0.01).
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A.1: Hysteresis width depending on the amount of surface roughness. (a) Small

disturbance, (b) large disturbance.
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B.1: Curvature radius surface of the wheel and roller rig in the contact point.

(a) Configuration of contact model, (b) right wheel, (c¢) right part of roller rig.



72U, K& L3S —RgeEfiis L B Mg emiMa TH 0, k& OB%
RNFUATFD LS IZFT B,

K= / k%m¢2M%z<H&W+%H) (B.5)
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k

B.2: Curves of incomplete elliptic integral of the first kind K due to k.

272U, po & py BHEREREEHAKIZE > TUTDO LS IZERE S,
p— = €080 + TopP1, P+ = COSYo + Top2, (B.10)

70 a0 6 ay DIEFEABIZZTNZT NN ND & 512725,

_ Y0p12€OS Yy  p12p2 COS Yo
Qlo=—"—"%5 Q=" 3
P+ P+
c0s 7o (Yodop12 08 Y0 + pr7o (4 cos o + Yodopr2) + 4p1pary)
Qo2 = — 2 9
2p_pi
Vo L1203 COS Yo
az3o=——— 1

Pl
1
o = W% COS Yo (pl cos Yo (3 cos® Yo + 20570 (2v0do + 10) + pa2 cos o (5ro — 270d0))
Sy

+ p2 cos” yg (cos (o) + p2 (270do + 70)) + p3 (—1) (cos Yo + p2 (290do + 7o)
— piro (cos 2y + p3ro (3ro — 270do) + p2 cos Yo (4y0do + Bro) + 1) >,

_ Y0P12P3 COS Yo

Qyo = 5
P+

Y
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1

Qgp = W%% COS Yo <Pg cos® 4o (2 cos o + p2 (370do + 2r9))
o

— papire (6 cos? Yo + parg (2r0 — 37y0do) + p2 cos Yo (90dy + 87’0))
+ pap1 €Os> Yo (Cos 20 + 3310 (370do + 2r0) + pa cos Yo (879 — 3v0do) + 1)
+ pF cos g (4cos’ v + paro (10 cos® v 4 3p2 (paro (Byodo 4 2ro) + cos o (4ro — 370do))))

+ papi (—rg) (2 cosyo + p2 (370do + 219)) >,

€OS Yo

Qo4 = 73 3 (’70d0 (COS Yo + pQTO) (COS Yo + ;017“0)
24p2 p’

(p1 (19 cos® Yo — 5p17ro (2 cos o + plro)) + po (5 cos® Yo + p17o (10 cos o — 19p1r0)))
+ 675dop2 (p2 — p1) (cosyo + piro) ® + 16pi7o (cos® vo + piro (piro — cos o)) (cos o + paro) 2),

_ V6P1203 COS Y0

Q50 = 6
P+

Y

1
(30 = W'yg Cos Yo (p% cos® 7o (3 cos Yo + p2 (4y0do + 370))
—P+

— papire (12 cos” Yo + paro (ro — 4y0do) + pa cos (Vo) (1670do + 13r0))

+ 2pap? cos® g (2 cos® Yo + paro (4 cos® o + 3paro (4yodo + 310) + pacosyo (11rg — 870d0)))
+ pap1 cos® g (cos2 Yo + 4p3r0 (4y0do + 3ro) + p2 cos o (1319 — 4yodo))

+ 2% cos70(2 cos* Yo + paro(10 cos® g + paro(11 cos® vy + 20370 (4y0do + 370)

+ 3pa cos Yo (3r0 — 4y0do)))) + paps (—Té) (3coso + p2 (4y0do + 319)) ),

1
iy = W’Y{J COS Yo (p‘;) (—Té) (5cos* o + p3 (18’)/(2)613 + 227odoro + 57“3)
~P+

+ 2p2 cos Yo (1170dg 4 5r9)) + p2 cos® 7o(5 cos® o + p5 (18455 + 22v0doro + 575)
+ 2 cos Yo (1170do + 519)) — pi76(20 cos® 7o + paro (—1875dg + 26v0doro + 375)
+ pa cos? Yo (8870dy + 4310) + 2p5 cos Yo (367(2)05(2) + 5Tvodoro + 137“(2)))

+ 20570 cos Yo (20578 (1878(13 + 1079doro — 237"8) + 2pa10 cos® o (1570dy — 587¢)
+ parg cos Yo (—547§d§ + 2670doro — 1277“3) + cos® v (2470dy — 357¢))

+ 2p7 cos® yo(pire (5478(1% + 66y0doro + 357"3) + paro cos® g (T6v0do + 1277)

+ 2p3rg cos Yo (—18vgd(2) + 59v0doro + 587“8) + 2cos® 4 (1270do + 237¢))

+ p1 cos’ yo(3 cos® o + 4piro (18v5d + 22v0doro + 515 ) + 263 cos® vo (Yodo + 7o)

+ pkcos o (—1842d2 + 114vodgro + 43r§))), (B.11)
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7272 U,
P12 = pP1 — P2- (B.12)

7z, XN (B4) Iz (B5) X (B.6) Dk DEHRXZEZNRATS &, MBIZBIILAT
D& IR IND GIRIEFPL LI THEET 5720, K PALEORESZHEAS D),
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_+ -
] 64 3.5 201, 27, ., 4, 1
~—S—— 2~ k4 —kt = — (k4 =) — —. B.13
cosT e s e Ta Ty T (B.13)
4 64
X (BI9) A (B13)IT&->T, BIFEATFTDL I LATRES
K~ + ooy + 0/2092 + a(nwz + 0‘%093 + Ly + 0421094
+ 0/223/2¢2 + 0‘647/’4 + 0/50y5 + 04?3293%52 + 0/14y¢4, (B.14)
772U, P IEATD &S 2BER»D 5,
4 120 4
P e (B.15)
9 P+ 9

o 15 oy DIFFFEARBUT Z N Z N DR PR L AR TRO SN R TH 5,
o 320p2 o0 3235p21 0570 (31 + 10ps) cos o + p2 (121 + o) 7o)
27p+3/2p§/2 P 27p, 52 p33/? ,
~ 4cos o (Yodoprz cos o + pi7o (4 cos 0 + Yodoprz) + 4p1pard)
30_p.3/2p5"° ’

gy =
. 88 p21cos o

¥30 = 3., 772 pg/2

+ 60201 (7 cos® Yo + parg (41 cos o + 4p27"0)) + p2 (109 cos? Yo + paro (20 cos o + pz?"o)) ),

4o cos Yo

3p_2p,5/2 5302

(— (1290do + 6179)) )+p2 cos® 3o (13 cos® vo + p3r0 (270do + 7o) + 2p2 cos 7o (1070do + Tr))

+ 07 (375 (270do — 3ro) — paro cos® Yo (5270do + Tro) + 4p3r cos Yo (1670do + 79))

+p2 (—2 cos® Yo (3y0do + 7fr0)) + p1CosYg (39 cos® Yo + 20518 (270do + 7’0))

+ p1 cos Yo (2p2 cos® vo (52rg — Tyodo) + p3ro cos Yo (6270do + 677))

— 6178 (2par0 (270do + 710) + cos Yo (Yodo + 21)) >,

(18p? (cos® vo + 4parg (cos o + 2par))

apy = <P§T0 (P35 (2270do — 37rg) — 2paro cos Yo (3170do + 4979) + cos” 7o
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;8% (p2 — p1) cos Yo
Qg = 3pL02p37/2

+ 27pop? (11 cos® Yo + 2paTo (29 cos® Yo + 4paro (21 cos v + 2p2r0)))
+ 9p3p1 (58 cos® Yo + paTo (450 cos? Yo + paro (81 cosyy + 4p27‘0)))

(27,0? (5 cos® o + 4paro (6 cos® Yo + 4paro (3 cos o + 4p2r0)))

+ p3 (1243 cos® g + paro (327 cos® vo + paro (30 cos o + paro))) )
2

= G g T

— 813 (2r¢ + 3doo) pg)p? + 675 (— (851 + 27dg0) cos® vo — 27 (20379 + 60dy0) pa cos” Yo

— 12 (377ro + 303dyo) p3 cos o + 4rp (15dgyo — 141¢) pg)p‘;’ + 7"0(—18 (1o + 9doyo) cos* 4o

— 210 (92570 + 432dyy0) pa cos® 4o — 3ra (4407 + 1021dgy0) p3 cos® Yo

+ 675 (7Tro + 293dyy0) ps cos o + 75 (69dyyo — 5070) pg)pjl + (6 (22179 — 9dyyo) cos® o

+ 187 (157r¢ — 24dgyo) pa cos™ 7o + 1773 (2847 — 153dyy0) p3 cos® Yo

+ 3r) (115279 + 1147dyo) pi cos® Yo + 31 (4270 + 89dy0) p3 cos o + 75 (3doyo — 270) pg)pi’

+ cos Y (910 cos® Y + 6 (467rg — 12dyo) pa cos® Yo + 3r¢ (18687 — 375dy0) p3 cos® Yo

+ 72 (407210 + 3375dy0) i cos® 4o + 3rp (1221 + 129dy0) p; cos Yo + 375 (270 + 3doyo) pg)pf

+ cos® Yo (182 cos? v + 3 (5500 — 67dyo) p2 cos® vo + 217 (807 + 79dy0) p3 cos® o

+ 75 (218rg 4 249dg0) p3 cos Yo + 31 (219 + 3doo) p3) p1 + cos® Yop3 (260 cos® g

(187“8’ (— (479 + 3dgryo) cos® Yo — 4ro (519 + 3doYo) p2 cos Yo

+ 3 (10270 + 109dgy0) pa cos? o + 121 (479 + 5dyyo) pa cosyo + 72 (270 + 3doyo) pg’))
cos Yo

Ip-3p52p

+ p2 (5c08” v + piro (10 cos v — 19p170)) ) p— + 675 dgp2paip—> + 16p179 (cos® Yo

gy = K (/)3 (Yodop+ (p1(19 cos® o — B5prro (2 cos Yo + piro))

+ p1ro (prro — cos o) ) p+7) —18 cos yop— (p170 (Yodoprz + 4paro) + cos (70) (Yodoprz + 4p1ro)) 2)

, 8%pa1cos Y
o 3p,.9/2ps7/2

+ 27 pop? (11 cos® Yo + 2pato (29 cos® Yo + 4paro (21 cos v + 2p2r0)))
+ 9p3p1 (58 cos® Yo + pato (450 cos® Yo + paro (81 cos o + 4p2r0)))

(27p§’ (5 cos® Yo + 4paro (6 cos? Yo + 4paro (3 cos o + 4,027“0)))

+ p3 (1243 cos® g + parg (327 cos® vo + paro (30 cos o + paro))) >

4 cos o
3p_4p, 92,7/

Oy = (1087“3 (— (610 + 5dyyo) cos® vo — 6r¢ (5o + 4dyYo) p2 cos® Yo

— 2472 (3rg + 2do0) p3 cos Yo — 1675 (319 + 4doyo) pg)pf + 5drg (— (10179 + 40dyyo) cos® Yo

— 210 (25379 + 102dgy0) p2 cos® o — 75 (12057 + 452doY0) p3 cos Yo — 81 (10770 + 94dyyo) pi cos Yo
+ 8rg (12doyo — Tro) pg)pz + 1878 (—12 (0 + 15dyy0) cos® Yo — 8r¢ (8970 + 126dy0) p2 cos™ Yo

— 72 (48997 + 2594dy0) p3 cos® o — 121 (28510 + 478dyo) p3 cos® Yo cos Yo

+ 15 (74970 + 1998dy70) py + 275 (4440%9; 15r0) p3) 5 + 10(36 (78119 — 60dgY0) cos® o



+ 7270 (155319 — 198dg0) p2 cos” Yo + 375 (2923779 — 15456dy0) p5 cos* o

+ 473 (2661919 — 37009dyY0) ps cos® yo + 1273 (89527 + 8909dy70) p3 cos® o

+ 121§ (4107 + 761dg0) p3 cos Yo + g (140doyo — 39r9) p5) o

+ (12(3206r9 — 45do7yo) cos” yo + 24rq (734519 — 216dg70) p2 cos® Yo

+ 247"3 (9883r¢ — 1053dyy0) pa cos® v + 7"8’ (303383ry — 129904d,) ps cos* o

+ 275 (11239370 + 88322dg0) p5 cos® yo + 1875 (1179 + 1222d0) p5 cos® Yo

+ 27§ (21770 + 340dyy0) p cos Yo — 74 (ro — 4doo) p3) P

+ 2 cos Yo (7475 cos” 7o + 2 (2051379 — 162dg70) p2 cos’® 7o

+ 270 (3391970 — 1818dy0) p5 cos® 4o + 277 (65365719 — 17502dgy0) pi cos® o

+ 273 (55373rg + 43834dyo) py cos” Yo + 41y (372571 + 3543do0) p5 cos® Yo

+ 3r (2017 + 220dg0) p§ cos o + 2r§ (3ro + 4doyo) p3) P}

+ 2 cos® yop2 (3146 cos® o + 5 (1787rg — 90dg0) p2 cos’ 7o

+ 10 (5634519 — 10736doY0) p3 cos® v + ra (601431 + 52314dyy0) p3 cos® vo

+ 213 (507570 + 5154dgy0) p3 cos? Yo + 4ry (14319 4 160dyy0) p5 cos Yo

+ 31 (3ro + 4doyo) p5) pT + cos® 705 (871 cos® v + 4 (8002rg — 721dg0) p2 cos* Yo
+ 2077 (190870 + 1739dy0) p3 cos® v + 4rg (18887 + 2007dy0) pi cos” Yo

+ 75 (54170 + 620dyy0) py cos Yo + 4 (370 + 4doy0) p3) p1

4 cos* yop3 (4251 cos® o + 2 (267970 + 2486dyo) p2 cos® v + 67 (20179 + 218dy0) pa cos® Yo

+ 67"(2) (17ro 4+ 20dy0) pg‘ cos vy + 7“3 (3ro + 4doyo) pg))

70 COS Yo
9p_4p.T/2ps5/2

— 27 (207“(2) + 55dyyoro + 18d(2)7§) pa cOS Yo — 413 (57“(2) + 22dgyoro + 18d§7§) pg)pz

+ 675 (— (83615 + 1103dgyoro + 216d5g ) cos® o — 2rg (882rF + 2629dgvoro + 468d575) p2 cos® o

— 15 (1020r§ + 4867dyyoro + 2250d575) p3 cosvo — 4rg (231 + 178dovoro — 90dgg ) p3) pf

+ 75 (— (28157r§ + 5592dgyoro + 1944d575) cos* v — 2rg (3874615 + 23417dyyore + 4752d5g )

pa2 cos’ yo — 6rf (117651 + 6767dyyoro + 4881d575) p3 cos” yo — 2rf (106667 + 3doyore — 6354dgg)
Py cos Yo + 1o (—=77rg — 646dovoro + 414d375) p3) oy + ro(—4 (6557rg — 4113doyoro + 324dgng ) cos® Yo
+ 1o (=T7627rf + 17264dgyoro — TT76d575) p2 cos’ yo — 4rg (19851r§ — 10786dg 00 + 8496575 )

p5 cos® o + 2rp (—154217’8 + 21519dyyoro + 15597(1(2)78) p3 cos® v

+ 8rg (—355r5 + 85dooro + 252d575) p3 cos o + 1 (—3rg — 26doyore + 18d57G) p3) 1

+ 2 cos Y0 ( (1016575 + 13608dg Ym0 — 162d575) cos® yo + 18rq (1779rf + 1979dg om0 — 84dgg)

aly = <36r§(— (207‘3 + 22dyyoro + 9d§7§) cos? Yo
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p2 cos” o + 2rf (1654375 4+ 30859dgv0r0 — 5589d55) p5 cos® vo + 2rg (5360rg + 21201dgyoro
+ 10224d375 ) p3 cos® vo + 3rg (—185r5 + 906dgvoro + 654dgs ) pa cos Yo
+ 2r) ( 23r2 + 10dgyoro + 18d070) pg)pl + 2 cos 70(13 (8987 + 423dyo) cos® oo

(399277"0 + 18550dyyoro — 216d070) P2 cos? Yo + 7o (462447“0 + 42207dyyoro — 3978d0'yo) pg cos® Yo
+ 25 (971913 + 16179dgyoro 4+ T551dgng ) pi cos® yo + 2rf (T41rg 4+ 1634dgyoro + 954d0'yo) 3 COS Yo
+ 1 (35rg + 66dovoro + 54dg5) p3) pT 4 cos® 10 (507 cos® g + 26 (25610 + 91dovo) p2 cos® o
+ 2 (624175 4+ 10775dgyor0 — 603dgg) p3 cos® 7o + 6ro (117415 + 3675dgvor0 + 1986d575) p3 cos® o
+ 7] (7317"0 + 2954dyyoro + 1854d0’yo) p3 cos Yo + 47 (57“0 + 22dgyoro + 18d070) p2)p1
+ cos” op2 (845 cos” 7o + 260 (7ro + 11doyo) pa cos® v + 6 (18515 + 561doyoro + 327dg7g) p5 cos” Yo

+ 4rq (357"0 + 132dgyoro + QOdO’yO) p2 cos Y + 7 (57"0 + 22dyyoro + 18d0’yo) ))
(B.16)
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= D1€77 + (DQ + 220}F2)677] + (Dg - QZCL)Fg)T]B
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(D3 + 2iwly)ei = 0, (D3 — 2iwl3)n® = 0,
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PAE®D 6 DDIERIREDEEIZ L > T, X (C.2) DIEFEIHDOE % 5/MET &,
7 = Dien+ Dy’ (C.6)

EDEDITRB, F-, TOHILHRENIT
i = Dyeij + Dynip? (C.7)

Thb, RIFA(C.6) LR (C.7) 2HERU TR (4.34) ITARAT B & 5IRIELIE (O(/?))
ZBE 5 A

1 =iwq — (iwn + Dyen + D4n2n)g—7q7
+ (g + Dren + D) 31+ M(O()
= (D7 4 DoT'y)é*n + (2iwl's + Dg 4+ DTy — D1I'y) €%

(=2iwly + Dy — 2D T3 + Dyl'g 4+ DyTy)en?

(Do + Dyl's + 3D3Ty + 2Dsy)enn

(2iwly; + Dy — 2D 15 — DyTy + 2Dyl + 3DgTy)eni?

(4iwl19 + D1y — 3D T + DT + Dol's)en?

(—4iwly3 + D13 + 3D30'3 + DyLg)n”

(—2iwly + D1y — Dyl's + DyT's + 2D5T6)n'*n

(D15 + 3DsT's — DsD'g + 2DsIs + 3Dglg)n i
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Nd, ZIT, BAFD &S ITIRMPLRBOIERIL R 2 X 0IZE 2 5

(2iwTls + Dg + DTy — DiT')€*ij = 0,
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[y = —(D1y — 3D1Tg + D1l + Dol's) / (4iw),
T3 = (D13 4+ 3DsTs + DyT6) / (4iw),
[y = (D1y — D43 + Dyl's + 2D50) /(2iw),
Ty = —(Dig + DiT's — 2D,T + 3D3Tg + DyT's
+ D55 4+ 2D5Ts + 3Dgl's5) /(2iw),
17 = —(Dy7 — 3D4yTg + 2D4Tg + 2D5T's) / (4iw),
I = —(Dys + DsT's 4+ 3Dl's) / (6iw),

Fiow Tis ZPATD K D ITER

I'7=0, I'ig =0, I'is =0.

(C.10)

(C.11)

PLEDRBGEEIZ L 0. 5 IR (0(7/2)) 1I2B8 T 2 RO IEFRLIHDE % oMb

1 = Dye*n + Diygen’i] + Disn’iy
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LD LD IR EINDG, U,

D/7 :D7 + D2f27
D'y =Dig + Dols + 3DsDy + 2D5T,
D'y =Dy5 + 3D3T's + DsT + 2D5T's + 3DsT . (C.13)

BARITHIE, 3UFERIE. b UFERIE & 2EF @ LU THlAGDLE DS & ) DIYE, 3
ke 5IRGERE £ TER LU 72

1 = iwn + Dien + Dyn*n
+ Die’n + Dyen’i + Dysn’ iy (C.14)
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