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Table 3.1 Experimental parameters
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kg = 9.364 x 102N/m,c, = 1.88N - s/m
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Table 3.3 (Parameters of the marine diesel engine)
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Table 3.4 Coefficients on normal forms

1= —0.906 Ti5=0.174 T3 = —2.996
Az = —0.519 Ay =—0173  Ajgq = —1.218
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Asog = 1.394i  a; = 2.138 o= —4.712
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Fig. 3.5 Time history and Fourier spectrum

(Analytical results)

336 UOOOOOO

HEN
dgdoboboboboboboboboboboboobooooodn
O Runge-Kutta U OO OO OODOOOUOOoooon

030 bobobobobobbboooooooon 39



3.3; 000000oogoooooooooonoogon

03600 (36) ~ (3.8) 0 Runge-Kutta 0 0 OO 0O O0OO0OODOODOOO
goboobbobbobbooboooooobo 3sbbbuoduda s 0000
dogoouooobobbobbobooboooooouoooobossunooonbon
goouoobbobbododd o0 0000000000 00000on
gobobobobobbobbobbbobobbbobbobbbbobbobbobobobon
gobooboobobbdoooooooon

0.05 0.0
S 0 |

005 |

O'0"0 100 Oo 1234

0.02 0.02

N
AN AN ANWANWAND \NWA\
S OV\/VVVUV\J

0.0 I
20 100 OO 12 3 4

0.08 0.08

< oL
JVVVVUTY

'0'080 100 Oo 1 2 3 4

Time Frequency

Fig.3.6 Time history and Fourier spectrum

(Simulated results)

030 bobobobobobbboooooooon 40



3.4 00

3.4 00O

dgdoboboboboboboboboboboboobooooodn
gobooboboboboboboo, g, gggoobobbobbobobobon
gooo

godgbobobobobobbobbbobbobbobbobbob 20000
goboobobobbobd2b0bbobobbdooooooaon.

dgdoboboboboboboboboboboboobooooodn
gobbobobobbobbtbotbdoooooooobobooon

ERERERN
UUOOLagrange D 0O 0O 0O0O0OO0OOODOODOOOOOO0O0O0O0OO0OOOODNO
gooo
goouoobbdooguoboboooobboboooobbobooobboooo
gobobobobooobbodooooad
guoouobobbdogubobodobobboboooobboooouobboooo
goon

goodn

e JUOUOO0OOUOUOUOOOODbOObLOLbODDLDbLODbUObLOObODUOOOOO
gobbobbobobbdoooooooboboon

e JUOOOOOUOLOOODODOOOLDLDODLDODbObLOOODOOOOg
dodododoouoouoooooobobobbbobboobooodgoa
UOO00ODOORunge-Kuttal OO ODODOODOOODOOooooon

030 bobobobobobbboooooooon 41



L] 4 [

Joboodduboodti
] [

42



4.1 00O

4.1 OO

do0o0ooooobooooooooooooooooooooooooonon
dooooooooon
OOoO00oo0oO00oooo0ogoooo0oOooooooooOogoooo 1210
ddodobooobooooooboooooboooooooooooooooooa
000o0ooodoooooooobooooboobooooooooooonoa
ddoobooooooooooooooboooooooooooooooooa
OO000000D0O000O000O BooooboOoooooooOooooooo
Nonlinear Normal ModesLl O O ONNMs OO OO OOOOOOOOOOOOO0O
dodoobooooobooooooooooooooooooooooooooa
OO0oO000ooo0ooooooooooooooooD 4,0o0000O0DO
OO0o000O0oooO0Oo0ooooOoooooooooo 150
O0000000C00O0D0ORosenbergd (3]0 0000000OO0O0OOO
ddodoboooboooooobooooobooooooooooooooooboaoaa
ONNMsOOOOOOOOOO,
Oooooooooooooooooon
ddodoboooooooooooooooad
dooooooooooboooooon
OO0O0ORosenberg 0000000 NNMsOODODODODODOODOOOOooOooOO
OOOONNMsOOOOOOOODO [24)000000Vakakis[25]000000O
ddoobooobooooooooooooooooooooooooooooa
OOOOOOONNMsOOODOOOODODOOOOOShaw[4)000C00O0ODOO
ddooooooobooooooooooooooooooooooooooa
O000000000O0ODO0ONNMs 0000 Nayfeh[26]~[28] O Shaw O 00O
000000 000oOo NNMsOOOOoooooooooooooooooao
Vakakis OO O OOOOONNMsOOODOOOOOOO
OOOONNMsOOODOOOO Similar modes O Nonsimilar modes [0 [ 00 O
O0D000O0 13100000 Vakakis[25|] 0000000000 O0OOOCOO
O000O0 QUDO0O0OC0O0C0O0000D0O NNMs OO Similar modes D00 00O
dodooooooooooobooooobobooooooooooooooooao
0000000000000 NNMsOOOOONonsimilar Modes O 0O O 0O O O

040 0OOOOOODOOOO0OO0OO0OOOOn 43



4.2 000000 00000000

goobn
Similar modes U0 O OO O0OOOOOOOODOODODOODOOODOOOOOOO
00000000000 O00DO [15]0 000 Nonsimilar modes D OO0 OO0 OO
gobobobbobobbobbobbobbobbbobbobobobbobbobbobobon
gobbobbobobobbbodddoooooooobooboboobboogoa
UO0O0000OD0ONonsimilar modesU U OO OOOOODOOOOOOOOONO
gobobobobobbobbobbobbobobbobbobbobbobbobbobobobon
gobobobobobbobbobbobbobbbobobobbbbobbobbobobon
doogoooouoooooboobobodg 2.1 1ggoooooobobobn
UONNMsOOOUOODODOOOOOO NNMsOOODOODoOoOoooooooo
gobobobobobbdooooooobobobobobobbooood
OO000200000000000000 [423j00000000000O0OO
gobobbobbobbobbobibdtbdddududuodU0ONNMsODODoo
gobobobobobbobbobbbbobbbbobobbobbobbobbobobobon
gobobobobobbobbobbbobbbobobobbbbobbobboboboboon
gobobobobobbobbobbobobobobbobobobobobbobobobbobobon
gobobobbobbObONNMsOODOOOooooooooobooobooobooo
goboobobbobobbobbobbbobobobbobbobbbbobbobobobobobon
gooon

42 O0OO0O0OOOOOOOOOOO

421 OUOOOO

g 0

dgdodobobobobobobobobooooboooooooan
goboobobbobbobbobbdtbdddUdNNMsOOOooooooooooo
gobobobobbdodooooobbobobobobbuoouoooooon

040 0OOOOOODOOOO0OO0OO0OOOOn 44



4.2 000000 00000000

goboobobobobodgad

U

DDDDDDDDDDDDDDDDDQDDD(2.5)~(2.7)DDDDDKyy:w§,
Kep=w;00OOOODOOO0OOD 2100000000000000D000O0
gooon

Z4+ 2= 2 i+ M)\(—é cos ¢ + ¢ sin @)

+ayyy2 + oyl + ageh® + a2

+ayyzy22 + 0y20y20 + s 23 4+ a,g020? (4.1)
4 wly = 24157 — 241500 — Ko + MM (¢ sin ¢ + ¢ cos ¢)

+0B8y.yz + B.920 + ﬁyyyys + ﬁyy@y%

+By22y2% + Byoay0® + B220220 + Booet? (4.2)
0 +wah = 211900 — 240, — Koyy + LM

+Yy2Y2 + 72020 + ’Vyyyyg + ’7yy9920

+Yyz2Y2" + Yooyt + V220270 + Y0000° (4.3)

goboobooooobooooboobooboobodibdid Ky, Ke, DODOO
D0000000000MO000000000 wy,-,Kye, - s flazs - gy,

- Bys e 000000 8000000000000 000000
O H=h/l, B=>b/l, L =ml2/J, K = ky/kp, M = Am/m, X\ = r/l, pp =
cp/\/Qm(kp0082a+kqsin2a),,uq:cq/\/Qm(kp0052a+kqsin2a)DDDDDDD

gobobbobbobbodbdoooooboobobobbb NNMsOOOOO
00000000000 e=1,, 0000000000 O(gOO0ODODOODDOO
r=emy=ey,0 =0 000000 (41)~43) 0000000000

Bt wiz =€ (ayyyn® + ayoyifh + agedr” + anz?)

+62(ayyzy1221 + ayzy1 2101 + Oprn21® + azggzlef) (4.4)
Y1 + w§y1 = €(Byzy121 + Bao2161)

+€2(ﬁyzzy1212 + ﬁy0991912 + Borp21201 + @900913) (4.5)
0, + w%@l =€ (Vy2v121 + V202161)

€2 (Yyz2 121 4 Yyooy101° + V22021261 + Y00061°) (4.6)

O000w, 2wy, =2we 000000000y, 000000000 oy,00 000
gooobooo

040 0OOOOOODOOOO0OO0OO0OOOOn 45



4.2 000000 00000000

W, = 2wy +€0y , w,=2wy+e€oy

00000000 NNMsOOOOO 2,60, 0OO0OO00O0O0O000O00O
0000MO000 2(n),0i(y)0000-0000000000000000
0D00000000000000000000000000 £, f,(n), fo(y1)
000000 (44)~4.6) 0000000000

. 0z1(y1) 5 0%Z1 (1)
yl 8y1 + yl ayl

g1+ fy(yr) =0 (4.8)

. 551(341) 502 91( 1)
+
Y1 o 3J1 8y1

+ f2(y1) =0 (4.7)

+ fo(y1) =0 (4.9)

gbo3ugbdud oo oboooobobooooobobodon
OO0000000 yOODO 80100000000 00DO0000D00O0
y1(0) =ay,;1(0)=00000000000000000000CO

- \/ 2 [ heae (4.10)

OO0o00oooD 48)00 47,49 000000000 200000

1yt ) 22 [ €y + £ (a.11)
06 L P01 (
R ) alyf’l / £ ()€ + folwn) = (4.12)

0 47)~(4903000000000000 200000 ypwOOODOOOO
goooon
gobobobobodoooooon

—fylay) - 82551/1)  Hfalay) =0 (4.13)
—fylay) - 80551/1) + fo(ay) =0 (4.14)

Yi1=ay

gob 20000000404
gobboogbbodooobooobn El(yl),@\l(yl)DDDDDDDDDDDDD

040 0OOOOOODOOOO0OO0OO0OOOOn 46



4.2 000000 00000000

000000 Nonsimilar Modes 0 0 0000000000000
0000Z@w)0i(y) 0 e 0000000000e0000000
20 (1), 0 (1), (n =0,1,2,3,..) 0000,

2i) = 2Ow) + 2P (1) e + 2P (y1) € + - -

gl(yl) = é\(o)(yl) + 5(1)(%) €+ 5(2)(341) e+

000000000000 4% 00000000,00000 o™, @G =
0,1,2,3,...)0000,
2™ () = al + o™y + a4 aM iy +
0 (1) = b5 + byr + 0542 + 5y

00000 (4.11),4.12)00000000000000 4 00000000
00000000000000000000000 (4.13),4.14) 0000000
0ooo
00 0000000294)=a?+aPy2,004) =", 000000
0000006 =24y /e200000006y”,0” 000000000000
000000000000000000000000000000000000
000 O()0000ooooooonooononoononononn WY ooooo

2 2
4ﬁyza(()0) + 4@9@(()0) bgo) — ayyay2 —4doyay a®
2
—aygaygbg ) _a gaygb( " =0 (4.15)
ety = Byzaf b + 700 b
2
—B0a 0" + (0, — 09) bV =0 (4.16)
000 20000000000000000000000000000
2W(y,),0M(y) 00000000000
2D(y) = al + alVy? + V! (4.17)
0 (1) = bV yy + My (4.18)

0000q", )" 000000000000 0000000000000000
0ooo

+0@) (4.19)
D) = 0"+ e (0 +8§732%) + O() (4.20

040 0OOOOOODOOOO0OO0OO0OOOOn 47



4.2 000000 00000000

000000000000 47049 0000000000000000
i1+ Wy +eAy? + 0(2) =0 (4.21)
oooo

2

1 1
w:==—¢ (—ay + ﬁyza(()o) + ﬁzga(()o)bgo)) + —€%0,>

1
4 2 4
2

A== (B0l + Boal”0")

aj
00000000000000 O(?)0000000000000000000
0000 4(0) =a,,7(0)=0000000000000000000y(t)00

gobooooboon

y(t) = eay cos vt + O(e?) (4.22)

O000v=w+3eAa,?/8w00000000000D00O0OO0DDOOOO

2(t) = ea, cos 2vt + O(€?) (4.23)
O(t) = eap cos vt + O(€?) (4.24)

0000a, =—a”,a9 =", 0000

0000000000000 000000000000000000000
00000000 NNMsO ¢4 0000000 ¢,00000000000000
0000000000000, 0000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000000000 Hamiltonian 0 H(y,4) 000000000000
000000000
00000000000000000002(0) = ei(ay) , y0) = eay , 6(0) =
ebr(ay) , 2(0) =4(0)=A(0)=00000000¢+=000000000000
00000000000000000000000000000000000
V.(0),V,(0),V,(0) 000000000000 &(m),6i() 000000000

040 0OOOOOODOOOO0OO0OO0OOOOn 48



4.2 000000 00000000

goooon

1 2 1 2

V.(0) = —ea(()o) + €2 {—azza(()o)
2 2

3 2
~1 <ayy + aygbgo) + aggbgo) ) a(()o)ai} +O(e%) (4.25)

L o 1, 5 3

Vy(0) = g€y — 7€ 0y + O(e”) (4.26)
1 2 1 2

Vo (0) = —eb\” a2 — Z2agbl” " a2 + O() (4.27)

8 Y4

000000000 Hamiltonian H(a,,0) 00000000000

1 2 1 1.(0)2
H(ay,0) =h=¢ (—a(()o) + a2 + —bgo) ai)

2 8 Y 8
1 02 3 0 02\ (0
+é2 {iazza(() ) 1 <ayy + aygbg ) + a99b§ ) ) aé )ai
1 1 2
—Zayai - Zagbgo) ai} +O(e%) (4.28)

J0ddddbydoooooobbboooodoooogdz>y,6>y00
godoooodoooooooodguoooouooooooooooooo
000000000 OoO000oooooome0D D000 0ggyd
pOO0D0000O00O00O00O000O0 20000000000000000000
00y 0o0ooo0booooooooobboboboboobbobz000
000000002000 wi(z1),01(;)000000CO0O0ODOOCOOOODOO
ooon

Ji(21) = €73 (z1) + O(¢®) (4.29)
01 (z1) = 20 (1) + O(%) (4.30)
Dd0dozO0OO0OoOO0oooooooU 0000000000 o000oood
odooooooooooo
Jo0ddddy,p00000000O0OODODODODO0ODO0O0OO0OOOODDODOO
gdoooooooooooooooouooooooooooooooooan
Doddoodoodooooooouooooodooz00oooooood
odoooooo z0000o0o0oooooo0oooooooooooooan
odooooooooooooooooooooooo

040 0OOOOOODOOOO0OO0OO0OOOOn 49



4.2 000000 00000000

goboobbobobodogod

HEN

godgouoooooboobbobbo 21 1ggooguoooooboobobn
gobobobobobbobbobbbbobbbobbobbobbobbobbobobobon
goboobobobobobdbdbdibe,0dbdbde, 000000000
O000000CO00O0DOCOOONNMsOOODOOOODODOO0O (4.1)~(4.3)
doogoouoooobbobboboobodoooouo 41gooboobobobn
Oob0dbbdb0Oeg=1,h=050000a,,ay,ap 0 o, DOOOOOODO 4.1
gooo

Table 4.1 Coefficients on governing equations

w, = 1.000 wy = 0.501 wp = 0.503
K, = 0.001 Kg, = 0.002
oz = 0.042 fhyy = 0.022 pyo = 0.019
peoo = 0.044 ey = 0.021
yy = —0.305 e = —1.325 gy = —2.140
a,, = —0.218 By> = —0.610 B.0 = —1.325
Yy. = —1.453 Y20 = —4.695

040 0OOOOOODOOOO0OO0OO0OOOOn

50



4.2 000000 00000000

obboodogdbbdodl NNMsUOOOODoogoboooooooboobo
gobdbdobgbgobbobdobdobdgbbittie, =000 z0y00000
gobodod 2100000000000 000b00b000b00b00ooaa
OO00O0000CO000000 RanddO0OOO 29000000 OOCODOOODO
goooobooon

gooo

HEN

goooobiligooooooobbobboboooooouoooobobon
gobobobbobobbobbobbobbobobbobbobbobbobbobbobobobon
gobbooobooboboobooboboobooboboboooboonn
dugddouguobbobbobodoououoobioooooobobobn
O (Backbone Curve) D0 000 0OO0O0OOCOOODOOODOOODOOCOOOOOO
goboboboobooogd
goooobbobboooobbodoouoboboooobbobooobobbooo
gobobobobobbobbobbobbobbbobobobbobbobbobbobobon
gobobobobbobbobbobbbbobbbbbobbobbobbobbobobon
gobobobobobbobbobbbobbbobbobbobbobbobobobobobon
gobooboobobogd
00 (422)000NNMsO00 yO0OOQCOO0OO0ODOOOOOOODOOOODODOO

3
%:(w+gﬁm@—wy (4.31)

00000000 z,e000000000DO00O0O0DOOOODOO

%:2(w+£fmﬁ)—wz (4.32)
o = (w + ieAag) — wp (4.33)
Sw v
000000006, 00000000000000D000000D0O0DOOOO0
000000000000 0000000ooooo
0000000000000 0000000000000000OU0ooon

040 0OOOOOODOOOO0OO0OO0OOOOn 51



4.2 000000 00000000

gobooboobbobbooooooodan

2(t) = ela,|cos(2vt + ¢.) + O(€?) (4.34)
y(t) = €lay| cos(vt + ¢y,) + O(€?) (4.35)
() = €|ag| cos(vt + ¢g) + O(e?) (4.36)

O000e, 0 e, DO0O0O0OO0O00O0O ¢, -2¢9, =0000000000000
9. —2¢0,=m000000Oa,Jae 000000000000 ¢, —¢e =000
Oob0bOd ¢, —9p=mnlU0000000O0OO0O0OO00OO0OO0OOOOOO0O
Oodboobobbdibdde, -2¢9,=00000000000 z—y0O0O0O
goboodbdb200000b00000bdbdie, -2¢9,=n000000
gob20b0b0b0bobobobooboooooon

420000000000 bobobobobboobbooonb 420000
gobobobbobbobbobbobbbobobbbbobobbobbobbobboboboboon

Table 4.2 Phases of backbone curves
No (bz - Q(by ¢9 - (by

ii

s
s
iii 0
0

ol (3 o

iv

0000000000000 00000000000000000000000
y000DDDD000000 45 0000000000000000e8y,y121 0
D0000000000000000 €{1-3/4w)}By.a. 0000w=a~1/200
000 {1-3/4w)} <000000 4100 B,,<00000000¢, =00
0000000000 i00000000000 e, <00000000000
0000000000000 00000000000000000000000
0000y:0000000000000000000 20000000000
0(¢.-2¢,=7)000000000000000000000000O0O0OO0O
0 (¢.—2¢,=000000000000000000B.x0000000
0000 €{1 -3/(4w)}Bas/a, 00 0000000000000 0O00O0O0O 20

040 0OOOOOODOOOO0OO0OO0OOOOn 52



4.2 000000 00000000

yOyO o0ODOO0O0ODO0O0O0O0O0OyO A0ODOO0O (pe—9¢,) 00000000
Bz 000000000 OOOCOOOO0O0OOOOOO00O00O0O000
gobobobobobbobbobbobbobbbobbobbbbobbobbobobobon
doogoooouoobbobboboobobbigdoooooouoobobobn
gobbobbobobbtbododoooooooobob 43000,

422 0O0OOOO

HEN

00 290000000 w, 2wy, ~2wp ~100000000000O000O
$p=Q~1000 000000000000000000 (42)0000 50
Byyz00pB,,sint-y0 0000000000000y 0O 1/2000000000
0000000000000 000000000 (410000 30 aygy?0 2
dogoouoooobbobi1dgguoouoobbobb0o0b0bbobbobbobn
goooooboooboooobboobobooobbooooboboeUnob
gooooboooon

gooobooboon

HEN

Q~100000000000000 e e=p,, 0000000000 O(e)
000000 MAOOOOOOOODOODODOOO O 000oooooooon
0000000000000 20000000000000000000000
goboodbd42100000000000000 0y, 0o OOOOOOOO
gobbon oOooogg

Wy = 2wy + €0y, w, = 2wy +€op, X =w, + €0 (4.37)

0000000000 41)~(43)00000000000000

Z:Gzl(To,T1,~~~)+€222(T0,T1,~~~)+~~~ (438)
y=eyi(To, T1, ) + €ya(To, Ty, ) + -+ (4.39)
02691(T0,T1,~~~)+€292(T0,T1,~~~)+~~~ (4.40)

oooodT,=€e¢t(n=01,2---)0000000000000000C0000O0O
(4.38) ~ (440)00000C0O0DOOOOODOODOOODOOOOODODOODOO

040 0OOOOOODOOOO0OO0OO0OOOOn 53



4.2 000000 00000000

gobooboobobogd

—

— .M)\ )
{—inzuZZAz —i——(w, + €)%

7
DA, = — .

2w,

_}_ayyAerfiayTl + ayeAyAeefi(O'y+O'9)T1/2

+aggAgZe 0T } (4.41)
DA, = —ﬁ {—iny@Ay — ingﬁ\y@Aeei(%*Ue)Tl/Q

By Ay AT+ By A, Agel (Tt o0 T2 (4.42)
DAy = —ﬁ {—ingﬁﬁAQ - Qz'wyﬁ\%Ayei(Uef%)Tl/Q

e Ay A etlovtoa) /2 o ’yngZA_geweTl} (4.43)

000 A;,A(i = 2,y,0) 000000D, =0/0T,(n=0,1,2,---) 00000
0000 (441) ~ (443)00000000000000000000000
0000000000000000 (a,¢:)(i =260 00000000000

A, = ta.et=eT A, = Layetvetloton) /2 Ay = Lageitoeiloton) /2 0O 00

040 0OOOOOODOOOO0OO0OO0OOOOn 54



4.2 000000 00000000

U000 ;000 s ggoooboobbobbobuogoga

, _ A/I\)\(wz + €0)?
a, = —HzzQz —

_L {O‘yy%2 sin(¢. — 2¢y) + ayeayag sin(¢. — ¢y — ¢o)

dw,
+agoag” sin(p. — 2¢9) } (4.44)

COS
% -

A/J\)\(wz + €0)?
2w,

a.p, = —oa, + sin ¢,

b {oyyay® cos(¢: — 2¢y) + aygayag cos(¢. — ¢y — do)

dw,
+appag? cos(¢, — 2<b.9)} (4.45)
Oy = —flyy Ay — /T\y.g?ae cos(dy — o)
)
1
+m {ﬁyzayaz Sin((bz - Q(by)
+ﬁz9azao9 Sin((bz - (by - (b@)} (446)

o+ oy
2

/\we .
Ay + iy —ag sin(¢y — ¢o)
Yy

ay¢; = —

1
——{Byzaya; cos(¢. — 2¢y)

4w,
+B20a2a9 cos(¢s — ¢y — do) } (4.47)

—_— /\w
bec) = —Heeap — Meyw—zay COS(% - ¢0)

1
+m {’Vyzayaz Sin((bz - (by - (bG)
+7z0aza0 sin(¢> — 2¢9) } (4.48)

o+ og W .
5 ag — ,Uey_yay sin(¢y — ¢p)
we

apdy = —

1

T {vy-aya cos(p. — ¢, — ¢g)

+720aza9 OS(¢- — 2¢9)} (4.49)

OO0o0O0'0chO000D0DOO00OD0OOCO00CDOOODODOO (4.37) ~ (4.40) O

040 0OOOOOODOOOO0OO0OO0OOOOn 95



4.2 000000 00000000

gooooboooon

z = eaysin(QU + ¢)
€ 2 2 2
+§ {ayygay + agp2ay + zz2075 + ayg2ayag cos(dy — dg)

—azz1a2 cos(2Qt + 2¢.)} + O(e?) (4.50)

Q
Y = €ay sin(gt + ¢y)

62

3
-3 { Byz1ay0a; cos(ﬁQt + ¢+ dy)

3
+0B.01000 cos(ﬁQt + ¢, + do)

MAQ?
—(u)giig_zg) COSQt} +O(€3) (451)

Yy

Q
0 = eag sin(gt + ¢p)

62

3
) {’yyzlayaz cos(ﬁQt + ¢+ dy)

3
+Y2010- 09 cos(iQt + ¢, + (bg)} + 0(63) (4.52)

0odddd 00000000 oogob Quoogdy,e00O0O
OoOoOO0O0oO00000 120000 @200000000000000R0O
DDO(GQ)D ;00000000 200000000y,00 320000
0000000000000 (4.50) ~ (4.52) 000000 Oays = ayy/w?,
oz = g /Wl — (wy — wp)?, agez = o /w2, Azt = —Qz/3W3, iy = @ /W2,
Byz1 = Byz/w; — (wy + w2)?, Beo1r = Bzo/w) — (w2 + wp)?,

’Vyzlz’VyZ/Wg_(Wy +WZ)27’7z91 :’7z9/W3_<Wz +W'9)2

ooono

goboobobobobodgad

00
0000 as,ay,60 0000000 ¢.,¢,,¢e 100000000000000
(4.44) ~ (4.49) 0000000 0000 Newton 0 0000000000000 0O
0000000000000 0000Routh-Huwitz0OOOOOODOOOOO

040 0OOOOOODOOOO0OO0OO0OOOOn 56



4.2 000000 00000000

4400000000000000000000MA=298,4000000000
000000000000000000000000000000000000
y0OD 000000 (451),452)000000000 1/200000000
000000 (451),(452) 0000 «2000000000000000000
000000y,000000000000 a,#0,a,=0,ap=00000000
0 a, #0,a, #0,a0 200000000 [30)00000000000000 y0O
000000000000 QO00000000000000 (4.50) ~ (4.52) 00
00 O() 00000 as,ay,0¢0 000000000000000000000
00000000000
00000000000000a,=0,40=00000000000000000
0000000000000 00000000000000000000000
00000000000000000000000004200000v000
00000000000000000000000000vO0O00000000
0000000000000 00000000000000000000000
00
00000000000000000000000 ay#0,a0#0000000
0000000000000 i~ivO0O00O0000000000000000 iiv
000000000000000000000000000000000000
0000000000000 00000000000000000000000
D0O000O0O0O0NNMsOOOO0O000000000000000000000
000000000000000000000020000000000000
000000000000000000000000000000000000
00000000000000
0000440000 000000 Q0 1000000000000000
D000000000000000000000000 (4.1)0@4.3)000000
0000000000000000000000000000Q=100000
»—y,2—000000000000000000000000000 20000
D0000000000000000000000000000000e.000
0000000000000000000000 (444) ~ (4490000000
0000000000000 (41)0000000000000000000
D00000000000000000000000000000

040 0OOOOOODOOOO0OO0OO0OOOOn o7



4.3 00

43 00O

dgdodobobobobobobobobooooboooooooan
gobobobbobobbobbobbbobobbbobobobbobbobbobbobobon
gobobobobobobbdooooooooboboobon

431 0O0O0OO

HEN

goouobobodgd4ebbbgboooobtb21bbboooobobn
OO000000000 (78 x 120 x 125mm,4.5kg) OO0 DO ODOO0O0O0COOO0O
oot «bbOb0odoguobbbbooboooooobobbbboooa
gobdoboboboboobobobobobobboobboobooboobn
gobobobobobbobbobbobobbbobbobbobbobbobbobobobon
gobobobobobbobbobbobobobobbobbobbobbobbobbobobon
gobobobbobbdgooooooboboobobobbuoouoooooaon

432 0O0O0OO

HEN

O00OMA=29800000 4.70 Q=080(0000 122Hz) 0 y,0 000 O
O000000 480 Q=093(0000 142Hz) 0 y,0000000C0O0O0ODOO
dogoduguoobbobbob oo 4rguobbbzybo00O
Oo000000o0ooO0oD/2000000000048000000000O
0000y, 000000000 1/200000000000000000DO
gebbbooooobboobobbooobbooobbooboboboooob
gobobobbobobbobbobbobbobobbobobobbobbobbobbobobon
gobobobobobbobbobbbobbbobobobbbbobbobbobobon
goboooboooon

godod490040dn ]\/4\)\:2.98,4.00DDDDDDDDDDDDDDDD
OO0000000O0000y,¢00000000 1/2000000000000
00 Q=100000000000000O0O00D0DO0O :00b0000DO0OODO
goouobobodoobobbobodoobbbboooobboooobbboboboo

040 0OOOOOODOOOO0OO0OO0OOOOn 58



4.4 00

gobobobobobbobbobbobbobbobobobobbobbobbobbobobobon
gobobobobobbobbobbobbobbbobobobbobbobbobbobobon
Oo0od0d @<10d0boooobbobobobooobaes>1o0oboogooon
gobobobobobbobbobbbobbbobbobbobbobbobbobobobon
gobdoboboobooboobobobobbooboobooboobn
gobomoodbobod y,p000000O0OO0DO0ODOOODDOODOOD
gobobobobodoooooon

4.4 [0

dgdoboboboboboboboboboboboobooooodn
dgoouoobboboooooobooooooobbboo 2.1 g0ogooon
gobooboobbobbobbobbodtbddUdNNMsOOOooooooooooo
gobbobobobobbdodooooobbobbobobood

e UUODOODOODOUOLOUOOOO NNMsUUUOOUOOOODOODODOOO
gobbobbobobobbtbduodooooonooobooboboobbooogad

e IO OUOUOOUOOUOUOUOONNMsUOUOOUOOOOUOUOUuo4oog
gobbobbobobobbtbdodooooonooobooboboobboooog

e NNMsUUOOUOUOUOUOOUOUOOooooooooooooooouoouooga
gobbobobobbbbtbdbodooooooooboboon

e JUUDODOODOOOODOOOODODOODOLOOODLObLOODLDO
goboobobobobbdogooooooonbon

oot obobobobobobobooooboobooooodn
obodeebbooooobboobobbooobbooobboobobobooob
gobobobobodoooooon

040 0OOOOOODOOOO0OO0OO0OOOOn 59



4.4

0.1
Stable
- - - Unstable
Mod? I . Mode 11 nstable
SHE Mode 111
N T I I e
Mode IV
-0.1 .
-1 0 1 2
Oy
ol
Model — .--°-" """ 777" -
-, - Mode III Tt
el Mode TT Mode IV _  _ .
P S .
3 0F
(5]
-0.1 .
-1 0 1 2
Ty
0.1 Mode IV
""" Mode T
D
s 0 . Mode T
v Model . .-" """ "7777 -~
E— " T e
-0.1 .
-1 0 1 2
Ty

Fig.4.1 Effects of o, on NNMs

040 0OOOOOODOOOO0OO0OO0OOOOn



00

4.4

1.2

61

0.1

© ©
o o
N
\
\
\ \
\ = \
\ \ \
v \ AN
= [ T
\ \ \
\ \ /
\ \
\ \ AN
\ \ \
\ \ \
\ \ N
\ \ AN
= \ 2 \ P m
IIIIII B \ I_rM, = \ F -~ //
llllllllllllll.'lhf: — n l'llllllll"llhf- 5I_| lll!\V- 2
\\\\\\ I~ e e
| _4A--" 1 = ] ./.W \\\\\\ — \\
= ] ~
! 1 )
I} ! ’
= 1 ! /
' / P
! !
/
! ! /
/ ! /
! ] /
! ! \\ —
! !
’
] / ’
1 { -~ V4
1 ! \\
[ l
/ ! ,/
! !
1 1 1 8 1 L 1 =t I I AJ
10 o © — 0 o °@ — 0 o @
< o < o =
() () (e}
e ['n] > | 0v] o

Wy +

Fig. 4.2 Backbone curves

040 0OOOOOODOOOO0OO0OO0OOOOn



4.4

00

t=3n/2v t="Tr/4v

Fig.4.3 Motion of Mode I

040 0OOOOOODOOOO0OO0OO0OOOOn

62



4.4

00

0.1 —
stable — Ve - — — Backbone
e } 20| 3 Hone
. |
stable o , vor kL
2 - 'unst,able} MA=4.00 0 : !
S 0.05 !
|
|

S 0.05 }

>

]

0.4 0.5
0/2

Fig.4.4 Frequency response curves (]\/4\)\ = 2.98,4.00)

0.6

040 0OOOOOODOOOO0OO0OO0OOOOn

63



4.4

00

(a)front

(b)side

Fig.4.5 Experimental setup

040 0OOOOOODOOOO0OO0OO0OOOOn

64



4.4

00

FFT
Analyzer
Personal Computer—= L
(A/D Converter) |
Controller > Low Pass Filter
Sensor A
Power A
Supply Unit | ‘ P.S.H
i 1 Power Supply]
Rotary
Encoder
DC Geared Motor P.S.H
with LENS
Digital
Tachometer

Fig.4.6 Schematic of experimental apparatus

040 0OOOOOODOOOO0OO0OO0OOOOn

65



4.4 00

., 0.03 0.03
S | 3
T
g g |
-0.03 : © 0

0 time 200 0 freq. 4
-,0.03 £.03
S 3
< O MWV -~ =
g z |
-0.03 : ® 0

0 time 200 0 freq. 4
< 0.03 _0.03
B B
= =
-0.03 : © 0 A

time 200 0 freq. 4

Fig.4.7 Time histories and spectra (£2 = 0.80, M) = 2.98)

040 0OOOOOODOOOO0OO0OO0OOOOn 66



4.4 00

., 0.03 0.03
3 ‘ -
g U | =
: |
-0.03 © o -
0 time 200 0 freq 4

0.03

amp. of y
(@)
(] %
amp. of y

-0.03 oL
time 200 0 freq. 4

- 0.03 _0.03
S B
s 0 g,
= =
-0.03 : © oLl

0 time 200 0 freq. 4

Fig.4.8 Time histories and spectra (£2 = 0.93, M) = 2.98)

040

goooboobobobodogod 67



44 OO
0.1 —
o MM =298
N Pl
e o M)\ =4.00
. 0.05+ °
o ® o0
Z *® ooes 2°9°99 20070%8
:o(ltxx)dm
() Beeee o 00t \ .
0.6 0.8 1 1.2 14
9
0.1
>
3
g 00000
<
°
0 beese—0000000 PO L1 17 008080060
0.3 0.4 0.5 0.6 0.7
/2
0.1
>
3
> 0.05
= 88888as0 000°
0 »0008—00000-D-0 L 0000 -0000— D ———
0.3 0.4 0.5 0.6 0.7
/2

Fig.4.9 Frequency response curves experimentally (]\/ﬁ = 2.98,4.00)

040 0OOOOOODOOOO0OO0OO0OOOOn

68



L] 5 [

Joboodduboodti
] [

69



5.1 00

5.1 0O 0

00000000000000000000000000000000000
0000000000000 00000000000000000000000
0000000000000 00000000000000000000000
00000000000
00000000000 2@P@B]O000000000000000000
00000000000000000000000000000000000
000000000000000000000 2:1:100000 (Internal
Resonance)[16) 00 000 000000000000000000000000O
00000000000000000000000000000 [7][8)[32]000
000000000000000000000000000000000000
000000000000000000000000
0D0000000000000000000000000000000000
00000000000000000000 [17)[33)34]35)0 00000000
00000 ¢000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000 (190000000
0000000000000 00000000000000000000000
00000000000000000000000000
00000000000000000000000000000 200000
00y0000006000000000000000000%2,4,000000
0000000 ¢,00i000000000000
0000000000000 0000000000000000000000
0000000000000 00000000000000000000000
»00000000000000000000000000000000000
0000000000000 00000000000000000000000
0000000000000 00000000000000000000000
0000000000000000000000000
D0000000000000000000000000000000000
000000000000

sl ODOOODOODLOOOOOOOOoOn 70



5.2 U0O0OO0OO0O00000O00000O00O0D000000

52 OUOOUbObobooboobuobooboouonod

0210000002000 (25)~2.7) 00000 Ky, =w?, Kgp =w, 00
0 Kpy=Ky=00000000000002000000000000000
0000001000000000000000000,000000 20y00
000000 A00000000000000000000 y0000000
DMDDtDzDDDDDDDDDDDD¢ﬁm@ﬂﬁa+@$ﬁ@mmmm
000000000

54 2= 2%+ MAN—pcosd+ $2 sin ¢)

+ ayyy® + ayeyl + aget” + ..z’ (5.1)
i+ w;y = =2y Y — 2/@.99 + MA((b sin ¢ + ¢2 cos ?)

+ Byzyz + Bz020 (5.2)
0+ w20 = 211900 — 2p19,y + LM%

+ Yyzyz + 72020 (5.3)

O00AmOO000O0O00O0O00O0O00O0 o000 ;00000000000
doooooooad.
¢ = —pppd + Kgii — Ly (% cos ¢ — §jsin ¢) (5.4)
i+ Kt = —pigd + Kyjv
O00+:00000VW%WODOOOOO RODOOO WROOOODOD o0 VWO,
doooooooooboon.
OO0000 wy, - fazy 0y s Byzs 2 Yyss- 000000000 H =
hl, B=0b/l, L=ml2/J, K = ky/kg, M = Am/m, A =r/l, 00O
_ p
T \/Qm(kp0052a+kqsin2a)
Cq

q prm—
\/Qm(kp cos? a + kg sin® a)

0

Y

0

OO0000000000 2000000000 wpee, Keiy, Ly, Kii, pip 00000
gooobooon

C k:Vo Amrl
= K= 2l = 2
Hoo = 7 w2 9 = T Rw? T
R kR

Kii = ——, pip =
Lewz ,U¢> LeVO

sl ODOOODOODLOOOOOOOOoOn 71



5.3 OD0O00O0O0O0000000000000000000

oo cuoboooboobooJ,gboobooboboooboobkO0bDO0OOOn
L.O0D00000ODO000D0kRODODOO0DODOODODO B1)~(BsDOOOOO
goboboobono ~gboboon

53 U0b0Obooboobobobbbbuooooouoooon
0o

Ddoododooouooooooooooooooooooooooog
Dodoodoooooooooooooooooooooooooos.20d
Oo000000o0gooooo (s1),b400000-000D000D00000
OOooO00ooooOoooooog (.ybooooooooooo ke)OODO
j=0000000 (51),(54) 0000000000

fé+2uzzz'+z:M)\(—écomb—#(b.gsin(b)

$=(Lr — Rr) — Ly cos ¢

0000Ly, RPROODO0O0D0D00000 KpiDO OO OO pged 00000000
00000 @=00000000000000 Dimentberg 0000 [8]0000
00000000000,00000000000000000
D0000000000z=Acos(p+¢), 2=—-AQsin(¢p+£€), =v 0000
O000A¢O00D0 400000000000000000000000000
0000000000000 00003000000000000.

M

A=—p.. A— 50 (v cos € — sin€) (5.8)
E=Q—v-— QJ\éi\l (VQCosf—i—l)sinf) (5.9)
p:aﬁ—Rﬂ+l§)@mu{mmg—Am%} (5.10)

0000000000000 0000000000000000000000
0 (5.8)~(5.10)0 000000 0000 §A00O0O00000 Ly, Rr0 v00
00000Q=10000000000000000 S(») 0000000000
Dooooo

,uZZMQ)\QLl/3
4((v = 1)+ p2,)

I
e
=
P
+

(5.11)

sl ODOOODOODLOOOOOOOOoOn 72



5.4 00O0000000000000O0

0000000000000000000000000 10000002000
0000000000000000Ly(v»)0 Sp)0000O0510000000
000 Ly(») 000000 (5.11) 0000000000
L»000000000000000000000000000000000
D00000Lp00000000wy,1,, 00000000 »,,0000000
N00000000w,000000000000000000v,000000
00000000y, 00000000000y, 000000000000 0,
00000y, 0000 v, 000000

Lr»0 S()000000000000000000000000000000
0000000000000 Lp,00000 SO000000000 Ly(v)
0000000000000 00000000000000000000000
0000000000000 T=Ly(v)—Rr(v)00 (5.11) 0000 v=100
000000000000000000

2

00 7T000000000000000000000000000000000
gooo

54 OUOOOOOOOOOOOOOCO

541 0O0OO0O0OOOOOOOO

dgdoboboboboboboboboboboboobooooodn
gobobobbobbdodoooooboboobobbtd cggoboboboo
gobobbobobbbootodooooobooobobooobood

oot obobobobobobobooobooboooooan
gobobobobobbobbobbobbobobbobbobbobbobbobbobobobon
goboobbobobobbbodooooooooon

gdgdod;gbgbooodoooooooooobobobobobn
gobdobooooooogobooobobobbooboboboooboon
30%, 000 20% 00 00000000000000D000000O0OD00O0O0OO
bbb s2~s40000000000O000 200000000 noO
ddododoooouoobonobbbbs3bbbibb z.000uonooon

sl ODOOODOODLOOOOOOOOoOn 73



5.4 00O0000000000000O0

dibododoogouoooooobooooboobbobbobbbboboon <0
gobobboos4bddgboodooonoobobobboobooodu-boon
obooobooobbesobooobooobuooobo

000000000000 000000Runge-Kuttad OO0 4000000
gobobobobobbobbobbbbob4bbbbb1bobbobbobobon
dgogoooobi1gogbobbooooobbobooo,goboboooooon
gobobobobobbobbobbbobbbbobobbobbobbobbobobobon
goboboobobogd

542 0OUOO0OOOOOO

goboobbobobboboooooouooobooboboobon

001t trz Ly

S(v)

Torque

Fig.5.1 Torque balance

sl ODOOODOODLOOOOOOOOoOn 74



5.4 00O0000000000000O0

0.1+~

N O%H SN

-0.1-

I I I I I R B
0 200 400 600 800 1000 00 200 400 600 8001000

time time

0.1

0.1+
S S "

0.1+

I I I I I R B |
0 200 400 600 800 1000 0O 200 400 600 8001000

time time

0.1+~

T 0 0.5

0.1+

I I I I [ N B
0 200 400 600 800 1000 O0 200 400 600 8001000

time time

Fig.5.2 Transient time histories without an internal resonance (Current i is not

limited, simulation)

Runge-Kutta O O OO0 QO QOO

O0O00000 b.)~(bs) 0000000 O00DO00DOO0O0ODOO 20%00
015%0000000000000000000

O000000000000005500000000000000 ¢000
gobbobbobobbdodooooobboboobobood

O0000 2% 0000000000 560000000000000 ¢0O
o000y, 0000O0DO0DDODOOO0ODODODODODODOOO0ODODDOOO0OOOO
000000 20%000000000000000000D00D00D00000O0
gobobobobobbobbobbobbobobbobbobbobbobbobbobobobon
gobobobbobobbobbobbbobbbbobobbobbobobobboboboboon

sl ODOOODOODLOOOOOOOOoOn 75



5.4 00O0000000000000O0

2

0.1+~

N 0_% = 1

-0.1-

I I I I I R B
0 200 400 600 800 1000 00 200 400 600 8001000

time time
0.1

0.1+
~ 0—~JWW~_ —

| |
0 200 400 600 800 1000 00200 400 600 8001000
time time

0.1+~

T 0 0.5

0.1+

I I I I [ N B
0 200 400 600 800 1000 OO 200 400 600 8001000

time time

Fig.5.3 Transient time histories without an internal resonance (Limit on current

i is 30%, simulation)

gooooboooon

000000 15%000000 5700 000000000000000O
ooooobboobob zb00b0b0bb0db0y,p000DOO0OODOO0OOO
gobobobobooobboooooaad

gobooboobobogd

Dimentberg DD DU OUOO0OOOOODOOOOOO0OOOOODODOOO
OOooOoO0opooogoooog (ayyoooooooooooooooogoooo
gobobobbobobbobbobbobbobbbobbobbbbobbobbobobobon

sl ODOOODOODLOOOOOOOOoOn 76



5.4

goodooooooooogog

0.1+~

-0.1F
| | | | 0 | | | |
0 200 400 600 800 1000 0 200 400 600 800 1000
time time
0.1
0.1}
~ OMJWWWWW o~
0.1 [
| | | | 0 | | | |
0 200 400 600 800 1000 0 200 400 600 800 1000
time time
1
0.1}
> 0 0.5}
0.1}
| | | | 0 | | | |
0 200 400 600 800 1000 0 200 400 600 8001000
time time

Fig.5.4 Transient time histories without an internal resonance (Limit on current

i is 20%, simulation)

goboobbobob,gjggooooobobooboobboooog.
() DOO0ODOO z0000000CO1000DOO0ODDOOODOOO
googoouooobobbobbobodoouo. boooooooobobobn

O0z=a.cos(¢p+&), 0 y=ay,cos(¢/2+&,), 0 0 =agcos(¢p/2+ &), 0 ¢ =v

sl ODOOODOODLOOOOOOOOoOn

7



5.4 00O0000000000000O0

O0000000000 27000000000 OCOOOOOOOOOOOOO
M
dZ:—,uZZaZ—T(Vgcosfz—l)sinfz)

1
~1 {ayyai sin(€, — 2¢,) (5.12)
+aygayagsin(; — & — &) + aggag sin(E, — 2&9) }

: A
& =1—v+ g (1/2 sin&, + Dcosfz)
1
i {ayya cos(&: — 2¢,) (5.13)

+aypayap cos(&, — &y — &o) + aggag cos(§, — 259)}
1 2
v=— (,u¢¢ — iLraz cos&, + ELrwyay cos fy) v
1 )
+Kgyit + §LT <dz sin&, + a,&, cos fz) (5.14)

4 .
+§Lrwy <dy sin&, — a,&, cos fy)

i=— il — WipV + K;;v (515)

gobobbobbdogooo-goobobbbbboddzu00ooooon 20

sl ODOOODOODLOOOOOOOOoOn 78



5.4 00O0000000000000O0

U4r 0D 0OD0O0O0O0O0OO0O0O0O0O0OOOOODOODO

. wo
Gy = —lyyly — fyo ——ag 08(&y — &o)
Wy
1 .
+m {ﬁyzayaz Sln(fz - 251/)

+B.0a.a9 sin(§, — &y — 50)} (5.16)

. v we .
CLyfy = - <§ - Wy) Gy + [y w_CL@ Sln(fy - 50)

y
1
—m {ﬁyzayaz cos(&, — 2&y)

+Bz9aza cos(§, — &y — 50)} (5.17)

. W
ag = —Hoeay — Meyw—zay cos(&y — &o)
1

+m{7yzayaz sin(§. — & — &o)

+7z0a-a0 SIn(§: — 259)} (5.18)

. 1% w .
aplp = — <§ - we) ap — poy—=ay sin(&, — &)
we

1
_m{yyzayaz cos(§. — &y — &o)

+7z9a.a0 cos(§. — 259)} (5.19)

(p)yODODOODOODOODODOODOOODODOOODODODODOOz000000O
dogoouoobobbbodoooogussuouobooobobobn
000 (.14)00000D0OCDOOODOOOODOOO

: 1 2
Kyt = (,u¢¢ — iLraz cos§; + gLrwyay cos fy) v

goboobobobobbdooooooooonbn

guobdobdoboobooboobooboobuoobooboobn
doddouguoobboboboooouobbz00doutbv=100000
0000000000000 00000o0oo0oo0oDoooD 6e3% 000
gooobooboon

goooooobobbo zx0000b0bbo0ubobbyobbebbOOO
oo0ooooob z0b0b00000o0obbbooooboboooooboboboooe
gobobobobobbobbobbbbobbbbobobbbbobobobobobobobon

sl ODOOODOODLOOOOOOOOoOn 79



5.0 00

0.1+
N Ohﬁh SN i
0.1F I
| | | | 0 | | | |
0 200 400 600 800 1000 0 200 400 600 8001000
time time
0.1
0.1+
~ OW ~
0.1+
| | | | 0 | | | |
0 200 400 600 800 1000 0 200 400 600 8001000
time time
1
0.1+
< 0 oy 0.5+
0.1+

| | | | | | | |
0 200 400 600 800 1000 OO 200 400 600 8001000
time time

Fig.5.5 Transient time histories with an internal resonance (Current 7 is not lim-

ited, simulation)

gobobobobobooobooodgd

dgdoboboboboboboboboboooboooooooan
gobobobobobbobbobbbbobbbobbobbbbobbobbobobobon
goboboobobooooooan

55 OO

salidduobobooooobbobooooboobbooobobbboooon
dooguobbodoooboboobooooo,bboboooobbooooon

sl ODOOODOODLOOOOOOOOoOn 80



5.0 00

0.1+~

o

-0.1-

I I I I I R B
0 200 400 600 800 1000 00 200 400 600 8001000

time time
0.1

0.1+~

AOH&WWWW”W"WW_ .

-0.1F [
I I I I 0 I R B |
0 200 400 600 800 1000 0 200 400 600 8001000

time time

0.1+~

S OEMWWWWWWMWWV 0.5

0.1+

I I I I
0 200 400 600 800 1000 OO 200 400 600 8001000

time time

Fig.5.6 Transient time histories with an internal resonance (Limit on current i is

20%), simulation)

googuobbodgoooboooooo,bbooooooboooooon
doogoobbodgooo. obbboooto2ddoouoobooooooon
dogoouoboogoobobboboobooog 4o bbobbbn
goooboobon

551 0O0O0OO

dooub40gdgoooboboboooooobbsobsiogononon
dodoooouoooobboby—z000000000000o0bbobbobn
gobobobobbobbobbobb20bbbobbobbobbobbobbobobon
dogoouobbobbbodododddpbbdd g @

sl ODOOODOODLOOOOOOOOoOn 81



5.0 00

0.1+~

o o

-0.1-

I I I I I R B
0 200 400 600 800 1000 00 200 400 600 8001000

time time
0.1
0.1F
= OWMWMWNW ~
0.1+
| | | | 0 ‘ | | | |
0 200 400 600 800 1000 0 200 400 600 800 1000
time time
1
0.1F
% O Mﬁmw"‘ MWWWWUWWNW QO.S_
0.1k I
| | | | | |

| |
0 200 400 600 800 1000 OO 200 400 600 8001000
time time

Fig.5.7 Transient time histories with an internal resonance (Limit on current ¢ is

15%, simulation)

cp,cg UOOOOOOO ky, ke OOOOODO

552 0O0O0OO

gobdobdoboboobgobouoboobouoboobouoboobn
gobdobodoboooogbooboboboboboobobobooobooon
OO0000000D0000D00000D 40%000 30%00000000000
gooo

oot obobobobobobobobooboobooooodn
gobobobobbobbobbobbobobbbbbobbobbobbobobobobobon
gobbobbugooooobbobbdoogggsnnoobbooooobon

sl ODOOODOODLOOOOOOOOoOn 82



5.0 00

0.01

Resonance
= = =[nternal Resonance

Torque

Fig. 5.8 Torque curve

Oooobobooobob0o«.:00bboobobbo0obb0o0ob0oOn 0.85AMMO 5.12
0000000000000 40%00000 034A0000 5130000 30%
Obo0odoo2A000D0000DOOD0DODOODODOOODOO0ODO0 AmUODbOOO
gobodogobbobbbobibdgooooon

O0ooobooboo s1100obd zy,f00000000DO0OOODOO
O0000000000000000000 ¢000000000000000
gobododg..bobbbbbbdb oo oouoouooobooon
gobbobbobobobbtbooudoddrtbdodoooooobbobobbn

gobdsi12zdddu0bogoduodddododooooooooon
goooboooooboboddy,e 00000000 DODOO0O0ODODODDOOOOO
gobobobobobbobbobbbobbbbobobbobbobbobbobobon
gobooboobobogd

gobogb sz oooonoon
gobooboobbOoooobbbodtbdzoobobbooooobo yo e
gobobobobobbobbobbbbobbbobobobbobbobbobbobobobon

sl ODOOODOODLOOOOOOOOoOn 83



5.0 00

Flywheel )
Bearing

Rotary Encoder

Center of Gravity

DC Geared Motor
N

Joint _—

/ Unbalanced Mass

Joint

X stage «——
(FRONT) (SIDE)

Fig. 5.9 Experimental schematic

goooon

Uodddss~s.7000000000000000000 51100 5500
goboobobodsi2ziddsedgdonoonsii2bodgoooonoon
gobobbobbotboooooooobo s srougoooonoonbon
ddododoooouooboonbbbs7hb -.00000oouobonon
oooooooobobob2000000z000b0b0O0O0O0O0bDDOO y,600
goooobobooobooooobboobobooobobo 20000 w000
gbooooobobooobobobuooobobos3bd z000bbbOo0Uyg 6
gobobobobobbobbobbobbobbbobobobbobbobbobbobobon
goboobobobobodgad

sl ODOOODOODLOOOOOOOOoOn 84



5.6 00

an trol FFT analyzer
Driver
A Y J A A J
Y
Power :
Supply Unit LO}V I"ass Filter
Controller
Sensor
Head

135mm

Fig.5.10 Experimental setup

5.6 OO

dgdoboboboboboboboboboboboobooooodn
gobobobbobbobbbbobbbobbbobobobbbbobbobboboboon

gobboboboboooooon
dgdgdobobobobobobobobooboobooooooodan

sl ODOOODOODLOOOOOOOOoOn 85



5.6 00

0.2
N ow*{_ S|

I I I I I R B
0 200 400 600 800 1000 0 200 400 600 8001000

time time
0.03
0.2+ I
0.02
~ 0 e "~
i 0.01}
0.2 i
| | | | 0 | | | |
0 200 400 600 800 1000 0 200 400 600 800 1000
time time
1
0.2+
S o =0.5}
0.2
| | | | 0 | | | |
0 200 400 600 800 1000 0 200 400 600 8001000
time time

Fig.5.11 Transient time histories with an internal resonance (Current i is not

limited, experimental result)

gobobobobobbobbobbbbobbbobbobbbbobbobbobobobon
gobobobbobobbobbobbobbobbbobbobobbbobbobbobobobon
goouobobbodoouobobooobobboboooobbbooobobboooo
gobobobbobobbobbobbbobbbbbobbobbobbobbobobon
googuooboboodz:.1.1gguobodgguooobooboooooobn
gobbobbobobobbbodddoooooboooboobooobbouogoa

e JUOUOOOOUOOOODODODLDbLDLOODLDODODbObLOObODOOOOg
godododoooouoooooobobobbbboobooooodooa
gobobbobobboood,ggobobobbobboobood

e JUOUOOOOUOLOOODODODbLOLbODLDbDODbObLOOODOOOOg
godododgouoouoooooobobbobbbbobboobooodgaoa

sl ODOOODOODLOOOOOOOOoOn 86



5.6 00

0.2

-0.2 |
0 200

I I
400 600

time

(I Y |
200 400 600 8001000

time

I
800 1000 00

0.03
0.2

r 0.02-
N L | s

L 0.01+
-0.2

I I
400 600

time

[P B
400 600

time

I R B |
200 400 600 8001000

time

I
200

(=]

I
800 1000 00

0.2

=0.51

-0.21- |
0 200

YA R B B
OO 200 400 600 8001000

time

[
800 1000

Fig.5.12 Transient time histories with an internal resonance (Limit on current i

is 40%, experimental result)

gododoooouoouoooooobobbobbbobboobooodgoa
gobboboboboooboooooaad
godododgouoouoooooobobobbbbobboobooodgoa
gddodgdoooouoooobobobbbobbooooodgada
gddoooouououoooobobbobbbobboobooodgaa
gdododoouououoooooobobbbbbooooodgada
gdododoouououooooboobobbbobbooooodgada
godododgdoouguoooobobbobbbbbooooodgada
gobbobbobbobbdouooooouobobooboon

dgduboboboboboboboboboboobooboooooan
gobobbobobobbbdodoooouooobobooobood

sl ODOOODOODLOOOOOOOOoOn

87



5.6

00

0.2

0.2k
| | | | 1 | | |
0 200 400 600 800 1000 00200 200 600 8001000
time time
0.03
0.2+ I
r 0.02|-
e Ol -
i 0.01}
|
-02- {
| | | | 0 | | | |
0 200 400 600 800 1000 0 200 400 600 800 1000
time time
1
0.2+
S 20.5¢
0.2+
| | | | 0 | | | |
0 200 400 600 800 1000 0 200 400 600 800 1000
time time

Fig.5.13 Transient time histories with an internal resonance (Limit on current i

is 30%, experimental result)

e JUUOUOOOOUOLOUOODODODLDbLOLOODLDODbObLOObODOOOOg
gobbobboboboooooon
e 00D UOOOODLObLODbOODDLOODObLODLDOUbODOUODObLODLOO

guoboboobobdoobogbuoobobdooboobuoboboo
goooon

dgddobobobobobobobobooboboooooooan
gobobobobobbobbobbobbobobbobobobobobbobobobbobobon

gobobobobobbobbobbbobbbobobbobbobbobbobbobobobon
gobooboboboboogod

sl ODOOODOODLOOOOOOOOoOn 88



L] 6L

] [

89



oo oboboboboboboooboobooooodn
gobobobbobobbobbobbobbobobbobbobbbbobbobbobobobon
gobobobobbobbobbbbbbobbbbobobbobbbbobbobobobon
gobobobobobbobbobbobbobbobobobbobobbbobobobbobobon
gobobobobobbobbobbbobobbobbobbobobbbobbobbobobon
goboboobobooooooan

gdgdodgbobbbobobobbbobbooboboobooooodan
gobobobobobbobbobbbobobbobbobbobobbbobbobbobobon
gobobobobobbobbobbobbobbbobbobobobbobobobbobobon
gobobobobobbobbobbbobbbbobobobbbobbobobobobon
goboboobobooooooan

g b bbb obooooodan
gobobobobobobbobbbbobbbobobobobobbobbobbobobon
gobobobobobbobbobbobbobbbobbobobobbobobobbobobon
gobobobbobobbobbobbobbobbobobobobobobbobbobbobobon
gobobobobobbobbobbobbobbobobbobbobbobbobbobobon
gobobobobobbobbobbobbobbobobbobbobbobbobbobobon
gooobooo

bbb oboboboboboboboobooboooooooan
gobobobobobbdgdgddNNMsUDODogoooooooooooo
gobobobobobbobbobbobbobobbobbobobbbobbobbobobobon
gobobobobobbobbobbbbobbbobbobobobbobbobobobobon
gobbobobbobbdguouoooduboboboboobuoooooon

. obobboobbogoooooooobon

allOUOUOOODOODOoooooouooobobbbooooooboboboooa
gobobbobbobboboooooooooboobon

Updbdoouoobbobobooooobbbbobooooooobobn
goouoguoobbobooooooouoobbobooooooobobn
gobooon

2. 0000doooooobobon

allOOOOODOODOODODOOOO NNMsODOODOOoood

UObUNNMs DO UOODUOOOOODOooobobooooboboobaoogn

ged OO 90



guoouoobbbododboooouoobbbooooooobobn
ERERN
UcONNMs OO OOOOoooooooooboboboooouogoon
goboobbobbobbooboooooooon
ddbdoouobobbobobooooobobboboooooobobn
gobobbobbbbdotbodoooooboboon
. 0ddodooooooboobon
allOUOUOOOOoOOOoooooouooobobbbooooooboboboooa
goboobbobbobbobdooooooooboboboboobood
Updbdoouobobbobgdooooobbboooooooobobn
googoobbbooooooooooobbboooooobobon
goboobobobbbodgod
edbODOOOO0ooobbobbbbbooooooobbboooooon
gobgbobooboobobbodoood
dddbbobbouoboodgooooobobbbodooooooboobobood
googuoobbbodoooooooobbboboooooobobon
goooobooon

g oboboboboboboboobooooooodan
gobobobobobbobbobbobbobbobobbobobobbobbobbobobobon
gobobobobobbobbobbobobobobbobobobobbbobbobbobobon
gobobobobobbobbobbbobbbbbobbobbobbobbobobon
gogboobobobobbtbodbooooooooon

bbb oboboboboboboboobobooooooodan
gobobbobbogogoobobbbobod NNMsOOOoogooooooo
goooobooon

dgdoboboboboboboboboboboboobooooodn
goboboboboboobbodooogad

ddgduboboboboboboboboboboobooooooodan
gobobobobobbobbobbbobbbbbobbbbobbobobobobon
gobooboboboboogod

dgdgdoboboboboboboboboooobooboooooan
gobobobbobbdgooooooboooobobbuoouoooooon

ged OO 91



] [

godgboboboboboboboboboboboobobooooodan
gobobobobobbobbobbbbobbbbbobbobbobbobbobobon
gobobobobobbobbobbobbobbbobbobobbbobbobbobobobon
gobobobobobbobbobbobbobbbobbobbobbobbobbobobon
gobobobobobbobbobbobbobbbobbobobobbobobobbobobon
gobobobobobobbobbbbobbbobobobobobbobbobbobobon
gooon
gdgduboboboboboboboboboobooboooooooan
goubboogbbgoogb 4000 0bobboobooobooobboboboo
gobobobobbodoooooooobono.
dgdodobobobobobobobobooooboooooooan
gobobobobobbobbobbobbobbobobobobbbbobbobbobobon
gobobobobobobbdgoooooooboboboboboobooaa
bbb oboboboboboboboobooboooooooan
gobobobobobobbobbbbobbbobobobobobbobbobbobobon
goboooboooon
bbb oboboboboboboboobooboooooooan
gobobobobobbobbobbobbobbbobbobbobbobbobbobobon
gobobobbobobbobbobbobobbobobobobbobbobbobbobobon
gobboboobobobbobogooooobobooobooood
gdgduboboboboboboboboboobooboooooooan
gobobobbobbdooooooobobobobobbooood
gobobbobbobbbobuodoououoouoboobooobouoogd

92



[]

1]
2]
3]
[4]

[5]

SN

[14]

[15]

HRERN

O0o000oDoooooooon

OoOoO00o0Doogd (1979), 0000
00000000000 (1969), 0000000

00000000000 000bOoO00oo0ooooobooooooOoon
22-283, (1983),9-16.

Tokoyoda,T.,Miura,N.,Shibuya,T.,Nagasawa,H. ,Elastic Mounting of Four-
Stroke Low Speed Marine Diesel Engine, Proceedings of ISME Yokohama’950]
vol.11(1995) 7-12

0000000000000 0O0(1982)

0000000000000 000ooooooooobobooboobooa
O00O0000O0000DODODO(1998),Vol.118-D No.11,1266-1271.
Dimentberg, M.F., McGovern, L., Norton, R.L., Chapdelaine, J., and Harri-
son, R., Dynamics of an Unbalanced Shaft Interacting with a Limited Power
Supply, Nonlinear Dynamics, (1997), 13, 171-187
OO00O000DOOoO000oooOooooog(198e6), 00O
00000000000 (1988), 000 O 58-60.

Nayfeh, A.H., Method of Normal Forms, (1993), John Wiley & Sons, Inc,
35-49.

0000000000000 000OD90-825(1987),41.

Rosenberg, R.M., On Nonlinear Vibrations of Systems with Many Degrees
of Freedom , Advances in Applied Mechanics, (1966), 9, 155-242.

Shaw, S.W., and Pierre, C., Normal Modes for Nonlinear Vibration, Journal
of Sound and Vibration, (1993), 164, 85-124.

Vakakis, A.F., Manevitch, L.I., Mikhlin, Y.V., Pilipchuk, V.N.,; and Zevin,

93



ool

A.A., Normal Modes and Localization in Nonlinear Systems, (1996), John
Wiley & Sons, Inc.

[16] Nayfeh, A.H.,and Mook, D.T., Nonlinear Oscillations, (1979), John Wiley &
Sons Inc.

[17] Evan-Iwanowski, R.M., Resonance Oscillations in Mechanical Systems,
(1976), Elsevier Scientific Publishing Company.

(18] 0000000 300000000000DOO000OoOoOo0ooDoOoooon
0000 930-63, E(1993), 428-430.

19 00000000000 0DO0O00000O00000((1990), 0000

200 0000000000 0DOOO0OO0ODOOO0ODODODOOODOOOOODOOO
OO0D0O000(1995).

[21] Wolfram,S.00 Mathmatica,A System for Doing Mathematics by Computer(d]
(1991)0 Addison-Wesley Publishing Company]

[22] Wiggins, S.O Introduction to Applied Nonlinear Dynamical Systems and
ChaosO (1990)0 Springer-Verlag New York[] 211-217.

23 000000 200000000000000D00D0O0O0O0OC0ODOODOO
59-5580 C (1993)0 353-356.

24 OO0DOOOO0O0OODOCOOOOOOCOOOODOOOOOOOOOOOODO
O000000No.01-460 00O

[25] Vakakis,A.F.0O Nonlinear DynamicsD (1992)0 30 123-143.

[26] NayfehO A.H.OO and Nayfeh[ S.A.00 Nonlinear normal modes of a continuous
system with quadratic nonlinearitiesl] Journal of Vibration and Acousticsl]
(1993)0 117(2)0 199-205.

[27] Nayfeh[UA.H.Chnd Nayfeh[5.A.[0On Nonlinear Modes of Continuous Systems[]
Journal of Vibration and Acousticsd (1994)0 116(1)0 129-136.

[28] Nayfeh,A.H.O Nonlinear Interactionsd (2000)0 John Wiley & Sons Inc.

[29] RandOR.H.O PakOC.H.O and VakakisOA.F.OBifurcation of nonlinear normal
modes in a class of two degree of freedom systems Acta Mechanica[Suppl]/O
(1992)0 300 129-145.

30 000000000100 00DO000C00O0DODO0OOODODOOOO
O0D0O00D0063-6130C (1997)0 2967-2975.

31 OO00O0O00O0O0O00O00C0O00O0OO Nonlinear Normal Modesd O O O
68-6710 C (2002), 1950-1958

gooo 94



ool

[32] Rand,R.H., et al., Dynamics of Spinup Through Resonance, Int. J. Non-linear
Mechanics, (1992), 27, 489-502.

[33] Quinn, D.D., Resonance Capture in a Three Degree-of-Freedom Mechanical
System, Nonlinear Dynamics, (1997), 14, 309-333.

34 D0OODOOOO 20000000000 0DO0O0OOODOOOODOOO
OO0D0O00, 52-478, C (1986), 1764-1771.

35 OO0 COO0ODOOOO0ODOOOODODOOOOOOOOOn, 63-610, C (1997),
1835-1841.

gooo 95



oot

gobooboobooogd

1. 00000000000000000000000000000 300000
000000000000000000000000000000000 (™
0000000000CO0660 6500 0 pp.3242-32490 (2000-10).

2. 0000000000000000000000000000O00 Nonlinear
Normal Modes0 0 000 000000000000 O00000COOES
0 671 O O pp.1950-1958, (2002-7).

3. 0000000000000000000000000000000000
00000000000000CO0720 7190 O pp.2034-2041, (2006-7).

goooon

1. 0000000000000000000000000000000000
0000000000000000000000000 (CO)570 53300
pp.100-105, (1991-1).

2. 0000000000000000000000000000000000
000000 Vol.12, No.2, pp.149-162, (1992-2).

goooon

1. Ryo KAWANA*, Tetsuro TOKOYODA, Kazushige SATO, Masatsugu
YOSHIZAWA, Toshihiko SUGIURA, PASSAGE THROUGH RESONANCE
IN A THREE-DEGREE-OF-FREEDOM VIBRATION ISOLATION SYS-
TEM, 2005 ASME International Design Engineering Technical Conference
CD-ROM Proceedings, 85171, (IDETC 2005, Long Beach, California, USA).

2. Tetsuro TOKOYODA, Nobuyuki MIURA*, Tsuneyoshi SHIBUYA, Hideki

96



NAGASAWA, Elastic Mounting of Four-Stroke Low-Speed Marine Diesel
Engine, The Fifth International Symposium on Marine Engineering, (ISME
1995, Yokohama, Japan), pp.7-12, (1995).

3. Zhili HAN*, Tetsuro TOKOYODA, Kazushige SATO, Yoshiaki ITOH, Mata-
sugu YOSHIZAWA | Yasushi TSUJIOKA, TRANSIENT NONLINEAR OS-
CILLATION OF A DIESEL ENGINE ON A SIMPLE ELASTIC FOUN-
DATION (PASSAGE THROUGH RESONANCE IN CASE OF STOP-AND-
START), Proceedings of 2nd International Conference on Nonlinear Mechan-
ics, (ICNM II,Beijing, China), pp.769-772, (1993).

o oooboo 97



goooon

1.

10.

11.

00000*0000000000000000000000000000
000000000 (©No930-63) 0000000 710000000000
(Vol.E), pp.428-430, (1993-10).
00000*0000000000000000000000000000
0000000000000000000000MOO00000 (No.95-8 1)
00000000000000 (Vol.B), pp.70-73, (1995-8).

.000D00*000000000000000oo0oooooDooOooon

0 0O O O Dynamics and Design Conference 2004 CD-ROM O OO, OO OO
658, (2004-9).
OOooO0*xooooooooooooooooooooooooooooo
O00O000D0C0C0O0O000O0(No940-54) 000000070 00O00ODOO
000000, pp.136-1370 (1994-11).
OOooO0*o0oOooooooooooooooooooooooooooog
(No.95-10) 0000000 730000000000 (V), pp-83-84, (1995-9).
Ooo0OoO*XOooOoooooooooooooooooooooooooo
O0O0O0ONo96-1, DO0O0O0ODODO @BO000OOOOOOOOOO (1),
pp.153-154, (1996-4).
OOooO0*xooooooooooooooooooooooooooooo
O00000000000000O0No97-1, 0000000 M4O0DO0ODOO
OO0oOoOooo (I), pp.212-213, (1997-3).
OOooO0*xooooooooooooooooboooboooono sgoooo
O000000000ONo9S-1, 0000000 7000000000000
O (I), pp.9-10, (1998-3).
OOooOoO*XOoooooooooooooooo30oooonooooon
O0000000D000D00O0MNo99-1, 000000 1990000000
Ooogo (1), pp.167-168, (1999-7).
OOooO0*xoooooooooooooooooonooooooooooo
000000000 00D000000MNo.99-1, 000000 199900
OO00O0O0ooOo0d (I1), pp.199-200, (1999-7).
OO00*x00000000000000000000000000 Nonlinear
Normal Modes 0 0000000000000 00O00 (No.04-5) Dynamics and

o oooboo 98



Design Conference 2004 CD-ROM OO0 0O, 000 0O 435, (2004-9).

o oooboo

99



] [

100



OO A

HRERERERN

Oo0oO00oooO0 39OoooOoooooogooopooboOo 89yooooooo
0000 3.13)0ogoooooooo

(1 = iwi Gt + Fio(z, @) + eF11 (¢, G, G2, G2, G5, G3)

+62F12(C17517C27527C3753) (Al)
ooon
A 02
Fio=- 41w1 (z — )
Fi1 = —i[fll(ChC17C27C27C37C3) - 2#11iW1(C1 o 51)]

Fip = —ifu(ﬁ, (1, ¢2, (2, (3, C3)

Oo0oooooo (B1)yoboooo

¢1=mn1 + hio(z, T) (A.2)
gooon

. : : Ohio . Ohyo . -

M = iwim + iwihio — 6;037 - aéox + Fio(z,z) + O(e) (A.3)

gooobooboon

. (f[;wlhlo . 8]110.t B ahlo x) — Fm(l’, .f) (A4)

ox oz

000000 hle,z) DO0O0 Fe(e,z) DO0000O0OOCODO0ODOOODOO
(B4)ODOOOO he(e,z) D000 O0ODOOOOOOODOCODOODODOOOO

101



0d
Hy = span{z[kt}

O0D0O00000hg=011z+62200000ho(z,2)0 HoOOOOOOOODO

. Ohio . Ohio -
h10|—>—(zw1h10— 6;0.77— 6;0.77) (A5)

0 HOODOHODOOOOOOOO 22000000000 (B2)00 (3.16)00
gooo
00000 (BSHOOODODDODOODOO

ox ozT

Lo(hio) = (iw1h1o —

O00oooHyOO
Hy = Lo(Ho) & Go

O000000000Go0O Ly(Hy) OOOODODOODODOOOO F1o 0 Lo(hio) O
Oooooooodbo(y)yoooooooooooo Byooooooooo
Oooogooooooooboco()yooooooO »,z00000D0COODOO
000 3.18)yooogoo

00 O DOOODODOOOODOOOO (B)ODODODOODOM)OODODODO
OO0o0000Oooo00ooO0o00n0 8®)ooooooooooo (3.21)00
gooobooo

m — & + ehi1(é1,&1, 62,82, €5, &3, 2, T)

OO00000 3.18)000 (3.22)0000Oo0oOooooooooooooooo
HEN

Hl - Span{flv5173;75175%75%75%75%73327@27
U 0 U 282,383, §283, 8283, §283, §283, §a, §2,
ood 52.77,fgf,fg&?,fg.@,fg&?,fgf,wi}
OO0o00b0OAm0000000 3240 FLO000000D00000O

. Ohi1 . Ohiy -
L = — - — O
1(h11) (2w1h11 7€, 1 9, 1

_Ohi, 5h11§ _Ohi, Ohai

96, &2 95, 2 0g &3 085 &3
Ohi1 . Ohii .
oooo - e LT oz a;) (A.6)

O0OA 0O0ODOO0 102



gobobH O

Hy=Li(H) &Gy

00000G, 000000000000000 Ay, 00000000000
(3.18)00000

G1 = span {51, :1:2}

1 :
™ [2p11w1&1 + i(022T T, + asT12l1s + asslis)a”] € Gy
1

00000 32) 0000000 000000000000000O00OO0
00000000000 00OoOo0ooOoO00O0O0O00 Lk(Hg), (k=0,1,2,--4)
goouobobbodoouobobooobobboboooobbbooobobboooo
O00Ly(Hy) =H, OOODO O 00000000000

O0OA 0O0ODOO0 103



00 B

Jooboodddbob ot

] [

HEN

Oo0oO00ooo0O0 39OoooOoooooogooopoog 89yooooooo

0000 3.13)0ogoooooooo

G =iwiC + Fio(z, @) + eF11(Cry Gry Co, Go, (3, G3)
+ €2 F12(C1, Gy G2, Co, (3, G3)

oooOod
A 02
Fio=- 410)1 (z — )
Fll = _i[fll(ChCvaQvC27C37C3) - 2,LL11’L.W1(C1 - 51)]

i _ _ _
Fio = —2—f12(C17C17C27C27C37C3)
w1
dodoodogno (B.l)DDDDD
¢1=mn1 + hio(z, T)

goobn

Ohio . Ohug - _
a;% — 551;0”” + Fio(z,Z) + O(e)

N = iwin1 + twihio —
dodoooodno

) Ohip. Ohio - _
— (2w1h10 — 8:11;0:1; — 6;01’) = Fio(z, )

(B.1)

(B.4)

104



000000 hyl(e,2) 00000 Fo(e,2) 0000000000000000
(B4)OOOO0O ho(r,2) 00000000000000000 R'OOOOO
De,=1000000000000000#,20000000000000

Hy = span{z[kt}

0000000000 0000R g =3z +6200000 hyo(z,z) 0 HyODO
gooobooo

(B.5)

hip — — | twihig — ahloi:— ahloi’
10 1110 Or EE

0 HyOO H,O0OOOODOOOOO 22)0000F(z,2) 00000 HyOOOO
000000000000000000 (B2)00 (3.16)000000
00000 (B5 000000000

ox oz

Lo(hio) = (iw1h1o —

gobbobibHy OO

Hy = Lo(Ho) & Go

0000000000GyO Lo(H) 00000000000 F0 Lo(hie) 00
0000000000(1)000000000000 (B.1)0000000000
000000000000 0(1)0000000 220000000000 (3.18)
Dooooo

00 O() 0000000000000 (B1)00000 010000000
D0000000000000000 (3.18)00000000000 (3.21)00
Doooooo

m — & + ehi1(é1,&1, 62,82, &5, &3, 2, T)

OO00000 3.18)000 (3.22)0000Oo0oOooooooooooooooo
HEN

Hl - Spa’n{flv517xv£7€%7€%7€§75§7x27£27
O 0 O €&, €383, £2€3, £283, €085, E283, Eo, 65,
000 &y, EF, E3, E3T, €3, E3T, T }

U0 B O0dooooobobobbobon 105



OO0o00b0OAm0000000 3240 FLO000000D00000O

. 6h11 : 6h11 =
— - - = |:|
Ll(hll) = (zwlhn 3 & 3 &

_5h11 L Ohi11 = B Ohi1 ; B Ohi11 =

9¢, &2 0%, &2 363 S 9%, S
Ohi1 . Ohi1 -
oooo - e LT oz a;) (B.6)

O0000H, C
Hy = Li(H)) & Gy

00000G, 000000000000000 A, 00000000000
(3.18)00000

1 .
Gy = span {1, 27 } 50 [2u11w1&1 + (22T T, + aosT1al1s + asslis)2’] € Gy
1

00000 32) 0000000 000000000000000000OO0
00000000000 00OoO0o0ooO0O000O0O00 Lk(Hg), (k=0,1,2,--+)
goouobobbodoouobobooobobboboooobbbooobobboooo
O00Ly(Hy) =H, OOOO O 00000000000

U0 B O0dooooobobobbobon 106



0o C

Joboodduboodti
HRERERN

HEN

032)000000&000220000000000000 (B6)0OO0
00000000000 20000000 000080000000 2200
w0000 ooouobobobobbodooooo11gguooooooon
OO0 000000000000000 402200000000000000
godmoboooooooooooooooooooooouoooooguogoaa
gobobobobobbobbobbobbobbbobbobobbbobbobbobobon
0000000 (B6)ODOOOUOOD &0220200000000000000
0L()D0 KR O00000000000000000 (3.13)0000( 0000
0000000000000 0D000 Ly()O HeODODODOODODODODOODO
gobobobobobobb2b000bdodooooooboboobon

span{&;0z%} € ker (Ly(Hy))

107



00 D

Joboooddi

oo b bbb oboonoooan
OO000000DO000O000oOO00oo0ooooOoDooDO uooooooo
gobobobobobbobbobbobbobobbobbobbobbbbobbobobon
gobobobbobobi1gboboobobobobobobobbobbobbobbobbobon
O000000000oO0oO0oooooooooOooOoDo BwWhjOOOO
dogogubbbdoooubbooobobooobobbooada ét[rad]DDDDD
OOoO00oooo«q¢A|]D0O0DOO0000DOO000OoOooO0oooooOoooDo
gobonrd

T = abBisin ¢t O O [Nm] (D.1)

D0000000em)0bm 0000000000
000000000000000000000000000000000000
0000000 ¢frad/s] 00000000000 ¢ 000000000000
nooo

eq = abBdsingt 00 [V] (D.2)

gobobobobobbobbobbbobbbobobobbobbbbobbobobon
:0dggobobbobbbibdddgd .o n e, oo
000000000000000000000 ¢0000000000 e,00
gobobodg.0bobbbbbbdbdodoooouoouooobooboon
-o0bbdgodoooooooboobooboboboobbuog ~robobbbon
gobobobobobbobbobbobbobobbobobobobobbobbobbobobobon

108



gobbobbobboouoooooobbobobbuobbbh -~O00bbobOn e,
0000 ¢000000000000

T=KpriO0O [Nm]
ea = KpoO O [V]

—~
o
N—

0000000000000 «000000 BOOOOOO00O000000
00000000000000000000000K,0K;0000000 K70
Kg0OODOODOOODDOOOOOOO0OOO0O0O000000000000000
0000000000000 (P.1)0000 (P2)000000000000
Kr=Kgp0OOOOOOOOOOOOOO BOOOOOOO 0000000
(000000)00000000000000000000000000000
000000000000000000000000000000000000
00000000000000000000

00000000000000000000000000000000000
0 p10000

0D0000000000000000000000000000000000
000000 (0000000000)L0000000000000 (0000
0)RODOO0O0000O000000000000O0000000000 2000
(26)000000

0D Ooboboboo 109



Fig.D.1 Equivalent Circuit of DC motor
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