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P& T 115VA400HZ O AR BN BT Sh TRy, =Y B2V THEET
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Figure 1-1. Electric system in aircraft (Boeing 777)
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(1) —EE % EF X (CFG: Constant Frequency Generator) : Fig. 1-3

TV UG B A U CRER A BT 2 . = O U EEEHMER WAL
T B SRR IC e D K o lca v hr— v L, = P UERED E WA IS
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LT VDA L e D72, (BEMEICEND. 220 TIIEEBEE) 2L (CSD:
Constant Speed Drive) & FEEEN B & DT 0 ZIZB EZ D HHLTUWEDY, 1970 LI IX
e BN i & R EEME 7 — R {b S 7= IDG(Integrated Drive Generator)2S £t Th 5. Z il
X, AANOEE - GHIRONT D TR G T 5 2 LIC K DBERDBRE WO T
B % (-16),
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Figure 1-3. CFG system




(2) AR PO E— B E A2 # )7 : (VSCF: Variable Speed Constant Frequency) : Fig. 1-4
TV NG IEERE R EEERE) L7k, BB D EEE e ERANCA L, —EEEEK
L3255 CFG v A7 LD X O ITHEEHHEATEN Lz, BEIEERKROR R
DHIFFEH, MD0 O EFEFEIEE & L TIRM SN2, Lo, Ak L7z CFG A7 Ak
7, VSCF ¥ A7 LIEHEMEDE <, MD0 DEITRHIMIINIZ ISV TR« i 2 5] &
T LU F e, JAEEEROT-ODA N —H b o N— 2 INICER SN D T
W, TOPERL Ry 7 LD, MDO0 I H ST F & T, AU LR OfF M
FRELTWDEINTHWDHDD, ZOHOEMAFIZIZE AL LR,

(3) A JE B #H#E (VFG: Variable Frequency Generator) : Fig. 1-5

TV UNORER L EERET S A AT LY U EREE DO AV THE
THD, BELEZENOREEEILT 74 ORI L > TENT D, Fig. 1-6 [T-T X9
\Z, VSCF &IixHE7pY, EBEEKEEZ O E EHO LR ENRST U\ O aRIE 2 52
BT D) &, ERE R BRI LT OB D RE BB A 52 DI
T D 5RM), AU A B EN AR L TIEH T 5 /M bR S5, VSCF &
[FIERIZ, MERZSAEN LB, FEILEARDPELS TR D E WO RETRH
L. — 5T, BEORUZUSERWD Z 0D, VSCF & RIFRICEEEDOENR D 5
D, OB OEREMER B ELIZ IV, B787 X A380 IZERH STk A U100
B, 7275L, CFG v AT AL T 5L, FARESCELEOEICE &7 ) B 0%
KRR, HEROPRUCRE DL ERH L b D LS D.

b X5z hidenth -k -EHTHY, BEEIENLRGTANBRESND.
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Figure 1-4. VSCF system
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Speed 360-800Hz
. variable
Engine Generator
Figure 1-5. VFG system
CFG System 400Hz >[ AC Devices ]
VSCF System Constant ‘
Refer to Fig. 1-1 AC to DC;.[ DC Devices
( 9 ) Converter v ]

360-800Hz | AC Devices NOT affected by frequency
VFG System [ such as an ice protection and heaters
%AC Frequency AC Devices affected by frequency
Converter such as motors and pumps
ACtoDC :
> Converter 4.[ DC Devices ]

Figure 1-6. Electric power converters in VEG system
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A L7z CFG T ROBUTIER TH 5 IDG ¥ AT MOV TR 5. Fig. 1-7 12
AT EDIZ, IDG DT V7, MEEZREHEE(CVT), MRy, RS EEZ NS
L. FNENOWMER O AL LT TR~ %.

(1) HEBISHEEEIZ DU T

HE LRI OV TR, IR By 3 (HMT: Hydro-Mechanical Transmission)
L, KROMERRTHDL N7 7 ar T4 7R EK O 2 FA v E TEML
INTWD. HIFIL, Fig. 1-8 & Fig. 19 IR aNbH L 91, FVTIAER RN Z AT D
JEAR 7 L T — 4 & O 72 8 B 28 3B (HST: Hydro-Static Transmission & FEIZAL2)IZ,
ZET A 2 AL G DT b O T 501902000 A J il CERE) S 415 AR > 7 Dt
RErZEE5 2 L THAOMEE—Z DlElfEEE =2 hr—r L, A ORI
S L 2 LN TE D, AR B2 v C HST Z @3 2 8 /) & i 8 & S0Ed 4
5z T, RO LU E TN TS, v T v ar T4 7R, Fig.
1-10 & Fig. -1 IZREND KO ANT 4 27, MhT 4 A7, NU—wa—F D 3-DD[H
AN O SN D N—7 A ZABRIAN) =2 ZHH L TEBY, RU—1—7 Offix
S 5 Z LT A DEEEE L 2 R L T A (Table. 1-1). ik S 7z T-IDG
1%, Fig. 1-10 D X 5 ISR I L 2 2@ A2 V5 2 & T, CVT i3 28) /) 4t
H LB L, EEghEREom BN E IS TS HSTE R T 7 v a v R4 7Y
T— X DR Z el LT Table. 1-2 1279, DL FICHEE AR~ 5.

(45 7 D TERR N =R DiE ]

IDG ITFBWTC, MR EE ORI, IRORE I CEET G272 Tldiel, HE
BOBURT, 7 =P A XBLADA L7 P b RE WO EEETH,

HST TR T LET—ZDZNLRICBWTEERNEL 720, ZhThoiRz
90%FRE L F 2 020, | < &b 80~90%FEE DIEIZN R LI TE e, T 7 v =
v BT A T HATIE 90%LL OB RPN EFFTE 5022 Fz, HST ITEESHET &0
S TIEIRSC L > TN K E B L, FEOFRUEUN TR KDER G LN
W, N7 7vary RIA4T7HFRATIIEVERSGEG CLE L ERE L2552 LN TED
ZLENFETHD.

T2V DEFEREHN TOMHE L > T, B MV o BWEBT S Z LI
DL, 121 HIZTRIR L2 K 51, MZEOER T AT LTI EOFEEMI L=
BRI, &ORFTOREENENEZBNRDOYV T LI ENH LT, BHIEIRO {5 Vil
BRI TOBIRNER I HW10. =0 X 5 22IEEOEIRGA IS L TRV ahE 2 5 fE
THEVWIRTHE, FF77vary RIAT7HFAPMENLTWDLEEZILNS.
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Figure 1-7. Schematics of IDG system
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Control Units
inside airplane

Eicllg)re 1-8. IDG using hydro-mechanical transmission developed by UTC Aerospace Systems
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Hydraulic Motor Hydraulic Pump

(Fixed Displacement) (Variable Displacement)
h h
lo
Input
(Variable Speed)
\
Y Output
Differential Gears == (Constant Speed)
Figure 1-9. Schematics of Hydro-Mechanical Transmission for IDG.
Traction Drive CVT
(Speed Ratio 0.5~2.0)
Input Shaft
(4500-9200rpm
variable)

Main Generator
(90kVA ; 24000rpm const.) r\

Output Terminal

Figure 1-10.Traction-drive IDG (T-IDG®) developed by Kawasaki Heavy Industries a-1n.
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Input — B —. =mmp Output
(Variable Speed) (Constant Speed)

Input FoaN Output
Disc '

Figure 1-11. Traction-drive CVT for T-IDG.

Table 1-1. How to maintain constant frequency of T-IDG by traction-drive CVT.

Flight Takeoff, Climbing, Cruise Taxing, Descent
Phase
Engine High speed Low speed
Speed (Approx. 10000 rpm at high spool) (Approx. 5000 rpm at high spool)
CVvT
Speed
Ratio
Speed Decreasing Mode Speed Increasing Mode
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Table 1-2. Comparison between HST and traction-drive CVT for IDG system.

HWER 7 &F—% J7(HST)

Ko7 varRI47CVT H

55
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OBSIREN )12 E# S 2 Z & D, “HICHK
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L3 5HL, HST DRI 81%E 72D,
HERASAR(E IR ER B ORAEE S & <, Fes
VRPN TE DRMFIIRENTH S.

BinD.

fhaA XNV CVTIE, T4 A7 ERT—
0 — 7 OERENE T 1T H A B KR
72, JRWERRFEIK T 90%LL E 0@ )
RIERERHFTE D,

el

IDG & U CliL[aIREEE.
WEALD7=DIZi%, mEM, RKEEEER, B
JOH Lo EBOm ENKLEL 25

BREDOT-OIZIX, b a A AL
D NZ 7 va AR, ERETEL O,
B L OEBKREHEEE O EARAGEL L 72 5.
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\¥

JRVN. (HST B CIIMARIER ~15 1k~ [mlds &
THIEICATA D)

L, EERLEICB O THRLALR
RO EMEE L.

IDG [T ICEAEEN T D b OE, =l
HEMWTHMT & 752 &C, JAWERL%E

B L TR EAMAEL [ ESETWD

g

Bh.
CVT B CIX, Rz L - T

EHLV > UNEIREN S, (BB EHE
TIE 1.7 FE % 0)

FF 7Y ar R4 T HRICHRSD 5D L
EZ2 5P, BITOIDG HEIcB W TIEX
FE 72

BHIZBIT 58U — o —F OfEERENME
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EOFPALNE D ZENTERY. BEHEMARTHERRN 7TERETHS. —FH THST DX
L U VIFIEFICRE L, A7 OMHRELZFMRAEIZ L > THET 2 Z L TAERE
Wb E LD N TE D, R ZERICENENEE—ZIXEEE L2z, Bl s ¥
LT HZENTELL, fREFEFWICHIT A Z & CREES S\ Z KT 52 & HTX
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72721, IDG HiglcB W TIE, = VU EEHIC K DT EWIEEBAR DN 5 57
O, HSTZ#Z O E FEHAT 5 &, FHEEDMELS 221220 TEWES TiEiR T 2 BN &
5. REHEE CIXE LD TRWES THEEET 2 Z £ 1272572, HST % HA T IDG 123 H
T2 EEHEVBEENTI AL, ZiFEAAAEG 2 HMT 23 L TW\Wd. HMT IZ
T5Z LT, HST DIEEWERIITEIEIC 2D L DD, HST OIAARZK ST Z &8 T
&, PR ANERYN ETE 5.

K77 vary RIA47HFRTBNTYH, IDGIZEREINDEH L v P (1:2 FEEI0) %
LI 02mnd s, WEREHEEZHAWZ AT =270 v M FRERA L, 2N
EERIENoTVS.

[ 7 RO ZEHIEENENZ DN ]

IDG IZBWTIE, =r P U EEO TR BEAM DL LT, ZELICHE
JAW B E MR T AN H D720, M HENEN BRI NS,

HST O #IE, fREZMIET 52 L THIh) . FMREIRIZITMEE A b2 W5 Z
EDR—IRIITHY, HOMAREICE > TEREENEE D, FRVWEERELIB IR 2D
IZ1E, KTEDOR L TRV T 28T 5.

—F, N7 varRIA47HRE, RNU—e—FDRA fu— 7 8{EIC L > TEHEEIE
AT D (42 HilZ THIR). ZHICHWAEIIE CVT B DRSS ) Th 5729, fid
TIERLWERHEENHETH 5.

2) HigHR L 7IZoONT

HEARY 7, BERZEOMEEHREZBZ 25272000 THY, CVT O FitICHE
INTWDHTe, =P EEHIC L ST —EDOHEHRE TAA NV EAHET 2 2 &N TE
%. IDG NOHPEBIZ X » TEL 22 o 7oA A /WL IDG AN OB HRERIZ L » THH S =
B, BOIDG IZHAT D, Bsgags l LTlE, = YV UiaiiivdZERE W20 b
WREHE W= B VO B VD . (R T ACOC: Air Cooled Oil Cooler, ## 13 FCOC:
Fuel Cooled Oil Cooler & FE{XAL %)
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(3) FEEHIZHOWVT
[FIIR IR, KARAIEERE, IR, BERGREE, FRERIOERIhD 7 7

L AR EMS VSN S, A K% Fig. 1-12 12737, ULTFTO70—CREZB IR

ZENTED.

O =7, KABARKEEIZL > T, EEFICKRERPBEET D, ZHITEREFIC
THERET~ & A I, FEEROFIEIER & O R ERE L THW LS.

@ WIZ, R DEE FIZ BB 5 2 By, WRANEET H. I L o Thbiétk
DEIFEF AR BT SFHEL D .

@ FA LT RIREIRILERARIC N S 28 L > CTHERER~E A I T, &
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Controller <DC Rectifier
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) Rotating
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Figure 1-12. Brushless synchronous generator in IDG.
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UTHE, B787 X° A380, A350 [ZfAFE X B irAMize ik, AT 2 EEOEEML
(MEA: More Electric Aircraft) 3 L T 5. Fig. 1-13 12T X 912, A THEH IS E
INFAFE A HIMEMICH 5. e b B LD EA SRR To 5 B787 Tl, EMH ) 250kVA D
REMEZT V2B TOBEH L TWDH-0, RREREIT IMVA LS. 2T,
[ A XOREIKTH 5 B767 D 5 (FLLEIZF Y5010,

Table. 1-3 12T L DIZ, =PV RAE—%, Z2E0H, 774 har ha—, Pk
ECHEG T L —X e 80, ERAVON TWIHEREREY AT AWWTILh =2 ¥ VB
FNNOLBER VAT LANELERSNTND., ZRUZE - T, UTFORENMESN D),
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- BRER O ERRZNER D M) |
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Figure 1-13. Power capacity of the main generators of commercial aircrafts (-16).
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Table 1-3. Progress of MEA until modern airplane.

Boeing 737 Airbus 380 Boeing 787
Engine Starter Pneumatic Pneumatic Electric
Environmental Control Pneumatic Pneumatic Electric
Flight Control Electric &
Hydraulic Hydraulic
Hydraulic
Ice Protection Pneumatic Pneumatic Electric
Wheel Brake Hydraulic Electric Electric
Thrust Reverser Hydraulic Electric Hydraulic

LrL, %S bR BEMENERT H720I121E, LUTO XD B2 e ik 9 5 44
R 5.

1) FEEEOE b & B E(L Oz
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BV TEAHCASHL 2 38 2 72 9 #B5h(LRU: Line Replaceable Unit) Cd 4 72 8, 185 72 8 &I N
FFEEIERIC BT EE KT, ﬁﬁ@mG@MﬁaEi,kki%lﬂng&
72> TEY, Boeing777 M 120 kVA FEIEE TiX 80kg DE X (2725 (710, FEL[bA i
&T2%HA77X®DG@%E&@5%Q,%@E%ﬁB%g&ﬁoftiw,%ﬁ
SEAFEIEDBEALITRET DRV, LRS- T, ZRETICHLELT, Lo, HAOBE
DR WIEE I RD LS.

2) FEMSEHT A AOEFRENMERN L
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Table 2-1. Comparison of traction-drive variator specifications.

for 90 kVA for for aircraft | reported in
T-IDG automobile @1 this thesis
Max. input speed
. 15000 7000 20500 20000
of variator [rpm]
Peripheral velocity at
) 39 24* 51 70
traction contact [m/s]

* estimated by the authors from the specifications reported by Machida et al. 19,

Maximum Torque on Variator [Nm]

450
400
350
300
250
200
150
100

50

Target ‘

N

for a

utomobile
Higheyspeed and torque |
\//

for 90kVA T-ID

G

0

5000

10000

15000

20000

Maximum Rotational Speed of Variator [rpm]

Figure 2-1. Comparison of traction-drive variator specifications.
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RPN HSE, [Bq. 2-9 IS < @mEfbic X 2B/ ML) &, TEq2-21 (23 <IE
EEFICED N T 7Y a MREOIRT 2B LG 0/ b % g L C Fig. 2-5 IR
T mEGIZ Lo THA XIS 250, FRFHCIERE EFELRE< b2, Zic
Ko ThI 7 v a U RBUKERT 5. ZOREE, MO LMIT IR0EL e D720, A
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Speed: u
/N
Speed: u-Au

Transmitted Force: Fr

Drive Rotor
(e.gNnput Disc) /
_
Driven Rotor Shear of Oil Film
(e.g. Power Roller) Creep (Slip Ratio): AUU

Figure 2-2. Principle of traction drive.
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0.12 2-Roller test
Pmax 1.24GPa
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2 —+—AN
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Temperature °C

Figure 2-3. Traction coefficient of various lubricant base fluids as examples
of decrease in traction coefficient at high temperature (2.

High Speed Ideal weight reduction by
1 increasing speed of CVT.

Weight Reduction (Eq. 2-10) fa=--=----mememeemy

v
High Power Density

{Weight reduction by a
thigh-speed CVT is
ipartially canceled by a
\weight increase due to a
rdecrease in traction

v icoefﬂment.

Decrease in Traction Coefficient (Eq. 2-18)

v
Temperature Rise (Eq. 2-14)

.
Weight Increase (Eq. 2-21) |----omooomooiooceeos i

Figure 2-4. Flowchart to show how to estimate a weight reduction by high speeds
when considering a decrease in traction coefficient due to temperature increase
caused by an increase in a power density.
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Weight reduction without the effect of
decrease in traction coefficient due

g to temperature rise
T 40
»n Weight reduction considering =~ =~~._ _
3 decrease in traction coefficientdue " TT=-L__
to temperature rise -
30
5000 10000 15000 20000 25000 30000

Speed: N [rpm]

. Temperature increase 0.09

? due to small heat capacity 0.085
3 0.08

T: 0.075
© - - - 0.07

o Decrease in traction coefficient

3 due to temperature increase 0.065
ST 0.06

5000 10000 15000 20000 25000 30000

Speed: N [rpm]

Figure 2-5. Size reduction by high speeds when considering the
decrease in traction coefficient due to temperature increase
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Thrust load on
power roller

Thrust ball bearing

Contact Force

Clumping Force Clumping Force

Figure 3-1. Thrust ball bearing in power roller supporting clumping force of CVT.

Figure 3-2. Photo of thrust ball bearing in power roller.

Ceramic balls are applied.
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Section A-A

Figure 3-3. Schematic and notation of a thrust ball bearing.
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Figure 3-4. Schematic of the clamping system.

46



Excess clamping force
for traction drive.

Force
Case of| high preload \

kTT

Clamping

Preload
ning force) Cam Clamp
(Clamping force is

proportional to power)

(Constant clamy

1
1
1
1
e 1
1
1
1

Ppre Power Transmission

Figure 3-5. Typical characteristic of clamping force.
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Preload should be

determined by this point.

Necessary Clamping Force [N]

20 40 60 80 100
Tilting Angle [deg]

Figure 3-6. Necessary preload for CVT whose specification is shown in Table 3-1.
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Figure 3-7. Calculated effect of the output speed on the preload, the

power transmitted by only the preload and the size.

Table 3-1. Analysis condition.

Ball Radius Ty 8.334 mm
Pitch Circle Radius Ry 30.8 mm
Density of Balls P 3200 kg/m®
Number of Balls n 9
Angle of Rotation Axis a 74 degrees
Friction Coefficient* U 0.055
Cavity Radius 7o 45 mm
Output Speed wo 9000 rpm
Half Cone Angle & 58 degrees
Aspect Ratio ko 0.65
Tilting Angle @ 25 to 91 degrees
Traction Coefficient* 7 0.05

* Can be estimated using elastoplastic theory -,
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341 HEBREE

FRBREEE T Fig. 3-8 [Ov T L D18, ®—4%, FT7IHE), CVT, XA 7L > THERL
b, BE—HXIZLoThHEZbNIZEHREI )X, FT7ICX > THE S, 5K 20000 rpm
Lo T CVT O AR ZBREI§ 2. CVT %, itz BIEIC#S Z LT, ANEERHKIC
E67, R 8944 rpm —E L 72D K HICHIEH A 272 5. CVT O JHhIXiRE
MDA FEEHEBINT S, 44 FTEEZHANTHEEDAMAE 5252 LT, IDGIZBIT5
FEAMERT 52 LN TED.

CVT OWNERDOFET-% Fig. 3-9 12, A-X» 7 % Table3-2 127”37, CVT L2 F ¥ 7 4 HD
N=T7 hrA XL CVT THY, 2 OODAHNT 4 A7 %E, 4 0O/ —0—F Bk
Ihb.

7, Fig.3-10 12T L 912, NU—a—FORAT A MNlsz s IR 2 ZVE x4 BE
L, BEHNZRSZ 2o, ZHICk-T, YUy A vt OREOHEZIRELIC
Lo THET L LM TES.

Table 3-2. CVT specfications.

CVT for Protptype
90 kVA T-IDG high speed CVT
40 m/s 70 m/s
Max Speed
15,000 rpm 20,000 rpm
Torus Diameter 110 mm 148.5 mm
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Figure 3-8 Test rig.

Figure 3-9. Prototype of high-speed traction drive CVT.

52



Inner Ring
(Rotating Side)

Retainer \
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AN / AN /

Outer Ring - —

(Fixed Side)

Thermocouple

Figure 3-10. Measurement position of temperature at power-roller bearing.

342 HEBRRER L EEOREE
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Tx AT R ORERELFAE Lz, ZOR, HEEREIE 8944 rpm — BT RIZAL T
5. 7Um—RIiE, 11.6kN & 20kN O 2 A #Ef L, 7V r—RFOREINI v A 1T
RY OFAELRST SCHZ DB ERRATEH I T L.

Fig. 3-11 1%, 11.6kN OV m— N& 5 2 7REET, AJ)EEREZ 14000 rpm 725 15000
pm ~E AT I HE TV o ZBEORBIER 2R LT\ 5. [FIHEEY 14300 rpm (22 L 72 BE
2, AR OS2 EADPHERTE, Ux A e T RO REE L EHEESND. —
75T, Fig 3-12 1XAEEDREBREZ 20N D7V n— FE2 52 TR IR T-fRTH DN, 4+
BREOZELITR SN, BEL TS, @07 a— FEETIE, Vv A md 0 %
ELTnhnEEZIOND.

Fig. 3-13 1%, {EE ERANBONIZH%DO AT A Nilisz 2458 LT, SMmofisiiig 2822 L
TWAERTEZR LTS, BENLDLND X DI, SMmOERENEIZIX, ARKOER Y Fi
LR D HAAEICK L TOMNE TR ONTWS Z ERbhsD. 2k, aeoliE
BMEWTZZ E TALTETRVEELEEZON, Uy AT X0 ORAEZIHEHL TN,
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o
13800 0
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Figure 3-11. Measurement showing temperature increase of the power roller due to gyroscopic

sliding of the thrust ball bearing above 14,300 rpm at an insufficient preload of 11.6 kN.
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Figure 3-12. Measurement showing stable temperature of the power roller without

gyroscopic sliding of the thrust ball bearing at a sufficient preload of 20 kN.
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Direction of raceway

Direction

of streaks

Smear

streaks

Figure 3-13. Photograph of the race of the power-roller bearing after gyroscopic sliding,

where the smear streaks are observed.

R U2 HEDAMNC S, 7Y = FPZ i AR 2 THEORBRZ ER L, Vv A n
TRYOREFGWAEFE L. TORREE E LT Fig. 3-14 [ d. KO, FHHEMHE
Z JCICARE U QWi REERIEEE(D v A v T X0 BRAT HEEL)TH Y, B,
EERICRBR T v A 0T RO (AL L ZDOEEEKZ R LTS, FHRE L RBRR 2T
A E < —H L TEY, Uy A g XOBEIVICL 2D LI L CVTIZE
WL, BAE[EERER0 20000 rpm (ZEET D Z LA TE .

UEXY, KFFECiRaRs LT, MERGETICB T2 7077 ) n— RonEE, ¥
YA T XY ORETUHEORE N LR T H LN TET.

55



calculated input speed where the gyroscopic sliding
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28000

24000

occurs [rpm]
g =
8 8

2
8

16000
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10000
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OK (Not slide until maximum speed)
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Theoretical line where gyroscopic
\sliding occurs based on Eq. (18)

Gyroscopic sliding occurred

Maximum
speed of CVT

12000 14000 16000 18000 20000 22000 24000

Input speed achieved in the test [rpm]

Figure 3-14. Comparison between test results and the calculation of the input

speed when gyroscopic sliding occurs.
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L2xL723 5, Fig. 3-14 128 L7 BB R & GHRIC S SHEEMEIC TN ER N A5
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A uTR_RYICEHLTERLE.
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FINCAH G s s, 2 b o@nZ2 st U CORERE O LI Z S NRIZIHI 35 720
ﬂ,w‘@Eﬂﬁﬁ%iﬁb,@ﬂ@ﬁ@%@zé%%ﬂ%é.mGka@<,M®%
EUT A ATFICBN T, BRI SR 0 <, AR HEIC X o T o%
WEMEZSD Z LR OND.

N7 273 ary RIATCVTIFNRY—m—F LT A7 LOMICAE 7|8y haehbhx bz
EThI v avhaEBEL, BEMELBI /29 2N TE S, BEERICBON LS
DBENE L, BNt 7y b2 DT CTREREFEIIENEL 5720, HMMER
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4.2 FEDIRE & Eiw

CVT OZHEIE, Fig 4-11Z7- TR Y—n—J OFisf &2 A2 52 L1280 &t
(Fid¥ouw) BZEZTEB IR, NU—n—7 OFHEE)T, Fig. 42277478y b&Ex
AT HZLETBIR>TWD., ZOF 78y EBRYA KRR v 7 LRI D80T
D ZAAE S, HliR) Fs AT, LRno T, 728 2 X DREEEA B R EIZ w72 72
WAL, BAMACHEBLS > TH 7y N HEXZ TN —0—F 2 HizrSH, FrEo
FEIEEICE LR TE A brolaikiE, £78y MRBEOIGTOSERICRET, &W\ho
Tl 2 H IR 2 72> TN D

ZORY —a— T OBEERBNMEIC BT 2 5L & 2 D ERAREE, HR DKo TRl b
TRVED, ZOBEZ 421 FIRT. RIS, TEFE S B 7 @R BRI RS 24 3
WA 422 HTIRARD.

421 R —O—S{EEBEOERR (EFERIZH 1T 2 {EET )
Hp 5L, NU—a—JOMizEEEZ H 6 b3 EE R U T THE LTS

(@j +B( ¢j Kox (4-1)
dt dt

72720, ¢ XU —1— T OFHLAE

x: NNU—ma—JDA IR —7 &

I ERENE OB EE— A b

B: AR EL

Ks: RU—a—FF 7%y ML o> THlE SN DEEE BT 571
HERIZBI D DIEMEE— A ¥ F BTN I WA, Eq. 41 BT TRl TE 52
ERIMBENTNG @2,

d¢ —ﬁx 3 0.8(1+ k, —cosg)w, .
dt B A

(4-2)

72720, ree XX BT 4 R
ko: ¥x¥ 7 4 T AT Mk
¢ /T — 1 —F OfFlRf
On: ANTJT 4 A O [RlE A 8

INBFEFICTOWTIEFig. 43 2B Z L. AXE Y, BRI L2 HGEX, A b
— 7 & x &R @, (2T 5 2 Enbns.

728, Eq. 42 1%, HEEAEENRY A A v 7OFT_ROEFIC KT HIEE2EMRLT
Wb, A RRY o FEAE ST THEEEIMEZIZ U O D &, BEREHE DT T 4 A7 &R
U — 11— ORI L(ZnF B ZICHY), EESEE Eq. 42 THDHD
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ENDHEICET D ZAIIIMHSHEE T L 20, iR RAEL RS, 5%V, Eq.
4-2 [ IEERENEICBI T A ImEE L S 2 5.

—A Contact Point ¥ Offset

Fout . —
Force to Tilt — :
Fs '

Vin

aln

| Power-Roller

: Servo Piston
*A !

Section A-A of Figure 4-1

Figure 4-1. Basic Structure of CVT.

Figure 4-2. Ratio-changing mechanism. Offset of

contact point x generates tilting force Fs.

Power Roller

Wour

Win \
ko= 6‘0/ Iy \
A N @ "

\L =N T
X0
I HEA'
v fol i \ [ out
. Input - Tour Output
Disc Disc

Figure 4-3. Schematic and notation of a CVT.
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AR U7z X 91, 2B e p L CTEE 5720, mliEis 2 BV T e A
b —27 CERVMEEGEELZ T 5. 10pum A—F DA b —27 TH -+ 72 B HEEN Al fET
HDHID, HMEREZLD CVT OBUNEMNERTE 22D, &5, @l F i
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AETIE, BHECLDENE, FOEMIC L AEESER DO ZEIZON TR S,

T, BMAERICL DT —a—F T 4 A7MOF 7y hEEbAa BRET D E, H
HHE DX Eq 42 1L FRUICEE B2 D Z LN TE S.

@ :ﬁ(x _ AX) _ 08(1 + kO — COS¢)CUM (x _

Ax 4-3
dt B A ) 43

AL A VTIBGRIZ & B 72 D BN K > THE U DA TH Y, Fig.4-4 TRTNRU—m—F
JEDOERNEERNTHD. Lo T, B iZBIT 5 LU FOEB) RN LT 5.

d’(A)

dr*

d(Ax)

2AF, =M, + By + K pAx (4-4)

7L, AF BB VT v a v Bk

Mpg: XU ——ZH &

Ber: 877 v a VHEMONRT —a—Z BT L X e T ESE

Kpr: b7 7 v a1 FRIO/NT —1—F LR
2%, Eq. 44 OEDTHONWT, AMAT 4 A7 OFEFEEN ORI —a—F 1T 7 v a
BN B0, NF7 7 a N2 #F U=, @%, Eq. 4-4 00O F~ ZARDEAGHR
I~ HE Hz A—F THHZ LD, b TRBREHEEE 2R\, T Tt
felcxs.

2AF

Ax: tr (4_5)
KPR

DN, NEEEEICE 79 bT 7 > 3V HEAbAF, %, 1% DRIERENE 2359
HZETHRLNLD.
do

out

1l
AF, = —di__ (4-6)
4r

out

727120, Lu: CVT H1ROEMEE— Ak

Oour: 1) [T A S

rour: CVT ()7 4 A 7 OEEflEPE(Fig. 4-3).
CVT T2 2 ¥ v BT 4K (NU—m—F 4 o) #fEL, BEML7 % 4 TR
L7z. 7ok, ARRUTEBWTIE, Fig 4-5 1R TR EEEHEZEO K747 b A 248
ELle. DFED, AT (=P A OEVEINFIERFICREZ V=D CVT ORI K 5[]
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AR ENZAE U3, WAl GEEMM) DEHEEOANZENT H DL Lz, €V, Eq.4-
61XCVT 2HEHT 7V r—a il ko TRRDZEICHETS.

KIS, WA 0o & VT A A7 FfAAE row 1d, CVT OFARGE ST (Fig. 4-3)) & W
TUTD L IZhEZLND.

o 1+k,—cos¢ @)
o 1+k, —cos(26), ¢) _
Fou =14k —c0426, -g)l; (4-8)

PLE®D Eq.4-3, 4-5, 4-6, 4-7, 4-8 ZH\T, NMEGEHFEOEMEZ L 580 — 1 —F 2L
BA L, BHSHEE dgdt 1T T X ) IchbbIhs.

A = Low @ (9) (d_¢j

4-9
1o Kpp dt e
@: K, X (4-10)
dt  B(1+A4)
=77 L

Ao 1, o, {0.8 sin 6, (1 + k, — cos ¢)[(1+ k, )cos(¢ — 6, ) cos 6?0]} (4-11)

r02 K, [1+k0 —cos(200 —gé)]3

IEHEEDOIEAEX (Bq. 4-2) &8 L2 (Bq. 4-10) &5 &, R A THDS)
TSI ENEL 72D Z E b D . NT A —H A TIEHESENE Ly & RESEE @, O 2
BT 57280, T DBAKREWIGEITITMBHESEE B U, W, RIEME DR R dmE
Ti, A (Bqd-2) ITEVWVBEESEHE L 720, B0 EBL BT Ll d.
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Traction Force
— 2V Deformation of shaft

Xy

%mn of bearings

Figure 4-4. Displacement of power roller due to the deformation of the shaft and bearings.

H

Inertia of input system: 7, (>> L) Inertia of output system: L.

Engine

Figure 4-5. Configuration diagram of IDG system.
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Figure 4-6. Speed control diagram.
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Table 4-1. Specifications of prototype CVT.

Maximum input speed - 20.000 rpm
(70 m/sec)
Cavity radius o 45 mm
Half cone angle 6o 58 degree
Aspect ratio ko 0.65
Tilting angle @ 25 to 91 degree
Power-roller stiffness Kpr 5.5 x 10° N/m
Moment of inertia (case 1) Low 0.118 kgm?
Moment of inertia (case 2) Lout 0.070 kgm?

9000

'E' 8950 -
g ! Case1
T 8900 i h‘ / (High inertia)
2 !
(2] 1
. 1
2 8850 !
S . W by SOSPSEY  epe” S —.
o /

8800 T 1 \ Case?2

Command
(Low inertia)
8750 :
-1 0 1 2 3

Dimensionless time

Figure 4-7. Test results of speed-changing response of the high-speed T-CVT at a tilting angle

¢ of 73 degree. The response of the CVT with high inertia is slower than that with low inertia.

(Dimensionless time in this figure and following Figure 4-8, 4-9, 4-11 and 4-13 is defined as the

ratio to the 10% settling time of the step response of case 1 in this figure.)
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Figure 4-8 Simulation results of speed-changing response. Simulation results show the high

inertia lower the speed-changing response, which shows good agreement with test results.
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Table 4-2. Comparison of speed-changing response.

Conventional Case 1 Case 2
estimation (High inertia) (Low inertia)
0 kgm?
Inertia Lo 0.118 kgm? 0.070 kgm?
(Not considered)
Constant :4 0 8 5
Ratio of speed-changing 1
0.11 0.17
response : 1/(1+A4) (Baseline)
9000
N 8950 L Simutation result of high-inertia
o :
< i . .
o 8900 ! Simulation result of low inertia
& :
g ]
a2 8850 !
Lol ]
S
(@]
8800 / i i -
Command \Simulation result of no inertia
8750 | (Conventional estimation) |
-1 0 1 2 3 4

Dimensionless time

Figure 4-9. Comparison of speed-changing responses between a conventional estimation

without considering the effect of inertia_ and a new estimation with considering it. The

response time based on the theory proposed in this paper is much slower than the response

based on conventional theory.
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Figure 4-10. Remaining deformation of power roller, caused by traction force

during speed change.
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condition speed change after speed change

Figure 4-11. Test results showing hysteresis of power roller’'s displacement caused by speed

changing. Stable position of the power roller has changed by 4um during speed change.
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"""""""""" (Hysteresis loop)
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Figure 4-12. Deformation of power roller (4x) by traction force (AF), when considering the

remaining deformation of the power roller.
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Figure 4-13. Simulation results of speed-changing response considering the hysteresis of

deformation. Simulation results show better agreement with the test results.
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EELH LD HERFM CLRE LA RIMEZRB /) LN TE D,
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bERENMSILaVERSATCOVT OREN
51 XL &I

NT7 v ary RIA47 CVTIdERDO AV —a—F 2N LT hEEL, ThTho
R —0— T PN RN ERET D ZENEEND. DTN T —a—F [ZARR
Wb &, Z2ONT—m—=IRNEHHEFELSCTL, £2, hF 70 ar RIAMTRT B AR
U XD R AR LT D720 Th H(Fig. 5-1). B 2H%ICEi ST 5
Oz, NU—a—J7 DA EZFRMEIE T, T A7 ENT—a—FOROBY i
L EOMERH S .

NRU—a—F ORI, CVT OZEFFHEZIEH LI EX0 7 4 — RNy 7 o2
T AN EOIZHNDLN TNV D, ZORBIT AT AOREMHIZONT, ISP,
MEREICHBEENZ2 525 28T, Frer 7 LTHMEL, ZEdnmbEdso s
RULTECDGD RFIEFEH CVT IZBWTHAENIZ- 6. L, F4ETHHBR
728912, CVT OEEFHEITEEIC L > TRENED L7720, mEEiR I E TEE
SN TWRD o T2 K5 U N2 BN R L EPEC 7 5T 5.

L7 o CTRE T, mulEis IR 2R AT ADOREWSITE2B T2, EiE T
THARNU—n—7 ORI ZMERF rTRER TEZRFT 5. S 61T, AIERZ 7R R
oL, BEEmGEEA B 2.

Power Roller B

Even Torque | Uneven Torque L

Input / Output Input

outpu

LD

Different
Large Slippage ‘\_

P Tilting Angles
Power Roller A

Same Tilting Angles ~ /

Synchronous Asynchronous

Figure 5-1. Asynchronous tilting angle unbalances the transmitted torque.
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52 A AT LDIRE
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BN CVT 2IEROAMEENMET 5 Z L1125, HinfAORYIOZDIZ, Fig 5-2 1R
T RBIHERD 7 4 — Ry 7 VAT ABEENTEY, XU —un—FDv ) v
S NEE CEFE SN D K OIS TS, 2OV AT A X - CRBIERN RN S
o EE0FEHE, UTTHAT L. (Fig.5-3 2HDOETSERED)

1 EF, HisMmIERNS SREBAIEET 2 FERBNREE
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il IZBIT 5T RV ERREVHINKRE RAMELEL, W, TR0 @SN
DAMITNS 2D,

3. RU—a—JMOEEAMOERIE, M7 a0zl LTV —a—F Z/EH
L, EXAMCEENES T4, RYRECIIMENRHV A Z L TER MALEIX
20D, EICENELD E B R URMERNT 5.

4, NRU—a—IN"BENTLHZ LT, T4 A7 ENRXT—a—FDMIZHA RRAY v 7 0R4E
U, 42 HiCili Rl mmIc O X, NU—a— T 3EIEEEL B 2 e, KKE
(R EAITE SN D, (B OLEIEL TR, NU—m—F [ TAEWIX
HHFNMIR L LD & THZ LICHET D)

VL B Gk, Fig. 5-3 OF S ITxHET 5.

0o, VI UEABEEME LGOI NIRRTV AT ATHDLN, RNT—1n—F
OFERHEE 9 E<TEAT 52 6T, BRIV —n—J A S, BWEREIE S
ERELTND. LL, KRUVATHINRD BISEE T A ) Th D72, Bl L7-Z
TOEMEAT v 7IZBNWT, PRAZEBE THIET 52 &350, MUIIEREHL72T
XV O E TH A TICRIREIOCR BRI 25 S 2 3. 2 LT, A6
HI Fig. 5-4 DL 91, VU A OBFICIEIEI 2%, X ey 7iErmn L4 5
ZETREANESEDLFEEREL TS, ZOX U 73T AUV ERI A7
LELFENSED LN TE L0, WERREEIUIHIEROIGE LR TIED 2 LITH
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Power roller

Servo

< Valve

Piston
< A Section A-A
- Each cylinder is connected

via hydraulic line.

Figure 5-2. Synchronization system of power rollers.
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Traction

Coefficient]

Normal state
(synchronous condition)

Creep

2) A change in the contact point unbalances the creep which induces the traction

force. The transmitting torque increases at point A, while it decreases at point B.

4) Each power roller tilts to the neutral position.

Figure 5-3. Mechanism of power roller synchronization.
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Servo Valve
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S __ _______ -
H H

Orifice g

7

Piston

Figure 5-4. Orifices between pistons to stabilize the synchronization system suggested

by Goi et al. and Tanaka ¢-1:(5-2),

53 RS R T LDMFEHT

WRDFRYI> AT LOMEHTIL, Fig. 5-3 ([2ESWi=boTHY, NU—n—F DA ha—
7 WE & BHRENE A BB AR ThH b bT Hikx Lo Tnd. LA, FEERICITIERBIE
RICBITD NI 7 v a REMEDT /T VA TT 4 AZITHIER L, /N2 % 5]
TEZT. BERMICBNTIIZ ORI OB EHT L5 LATE RV, £ ZTAEIT
L, T4 AT OEMNEEZE LT-EITET VEREL, BEMOHT 28279,

531 RS R T LDOBRFTETIV

Fig.5-512, T4 A7 OEE ZMK LT, FHZET MU LRI AT 2% Rmd. fEk
ETU(Fig. 5-3) L DERIL, FT 7 a VRREMBIZL DT 4 AV MLBEOEA L, FhiZ
b RO NT—n =T DMEIETH L. BE, T4 AZIFZICE > TEHRENATND
72D, TAATITMOAWMEIZENELD E, umA—FDOEMPAELSD. KETILZ
NIC K DBLZ MK LT, R AT LOES) XL HET 5.
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Support

of disc

? Traction
H‘ Coefficient A
. N 7’ Normal state
l/ (synchronous condition)
% Inclination: m | B i
& —_— Change in Creep: ACr
>

Reaction of transmitting force Creep

2) A change in the contact point unbalances the creep which induces the traction force.

The transmitting torque increases at point A, while it decreases at point B.

4) Each power roller tilts. When the system is unstable, the power rollers overshoot the

neutral position.

Figure 5-5. Synchronization system of the power rollers considering the displacement of

the disc due to the change in the traction force.
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£, FRHREBEZEEL, NV —n—JHEAIEAM DL BDEEFRD. T OMER
ADEIZL ST, T4 A7 eNT—a =T OEMENRULTOL BT S,

Aty = A ‘Zp = A (ry sin ) 5-1)
AToue = A d;‘(’;f = Aplry sin(260 — ¢)] (5-2)

2L, e AT 4 AT ORT— 1 —Z BEfSICEB T B [ElR2

Four: T 4 AT DRU— 11— Z Efil I B 5 AR 28

Ari: BHRAFEDIEFWULANZ & & 725, AT 4 A7 [BIERNAR riy DEA L

Arour: MR FEDIEFRBULAJC & B 725, T 4 A7 [BHRNEAR rouw DAL

ro: ¥ BT 0 PR

¢ /XU —nu— T OffifiEf

¢ NY =—XDOFTEA (Fig. 5-6 = 5MH)
ZOEHREEROEIZE ST, NT—m—F LTy RAIMDNTF 7 a vy RTA T DT
DY =T EERDEL, ZTRUSESTRT 7 v a VRENDEPELS.

ACr = Arinwinr;(itloutwout _ WinTp Sin ¢ +;:;o:)ti:o sin(26 — ¢) A (5-3)

AF = F.mACr G5-4)

=720, ACr JERBUICE > TEL B2 )V —F D% L E

On: NFTT 4 A 27 D|aliis i

Wou: HIIT 4 A7 DRI L

AF: FEFRIEHEIC K > THELD N T 7 v a VREMEOT /3T VA

Fo: 74 A2 LRU—1—Z [ OEMMERR R EE L2 E)

m: 7 V=TT D N T 7 v a AREOEAL

(Fig. 5-5 12T L9118, T 7 v a v h—T7OEEITHYT D)

B, TITOACr ZANT 4 AT ~RXU—a—F e XU—a—F~M7 4 A7 HO
TFTOBERIZBIT D7 V=T OBLEORITHI LD LT 5.

WIZ, NT77 v a MNRENEOEICE DU —a—F LT 4 27 OEN %= H LT iE
B 5L, Fig. 5-7 OBEENICESWTUTO L I2HEbT 2 LR TE D,

d*xpp d(xpg — xp) dxpg
Mpr———+D D = 2AF 5-5
PR ™ 42 + Dp di + Do at ( )
d*xp d(xp — xpg)
Mp e + ZDDT + Kpxp = —2AF (5-6)

f:fib, XPR: /{y\__‘j\__ﬁ@/zjé{i

xp: T A AT DEfL
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Mpg: /N7 —11—F L XU —n—F TERROE &
Mp: T 4 A7 O &
Dp: "7 v ariciba T 4 A7 U —a—FWDOF VTR
Do: /XU —m—F A hu—7@fED X 8 TR (REEHER )
Kp: 7 4 A7 ZFFRBOMmIE
BUREMEEZHR T 24 72y FEXIE, RNTU—0—F LT 4 A7 OMIENTHD Z & h
5, UTFTRXTHLNS.
X =Xpr — Xp G5-7)
INBHDEQ 55565712 FE LD E, AFDD x DIGEREE Gs) 2155 Z LN TE 5.
2[(Mp + Mpg)s? + Dys + Kp]

5-8

G(s) =

ZZT,
X = G(s) AF (5-9)

KBIC, NU—a—FLF 4 27047ty MINTY—o—F OEIZEIEAZFiERT 5.
A28 THIRARZ L D1, HEHE I TN Thobans.

d¢ 0.8x
i T(l + ko —cosP)wyy, (5—-10)

72120, ke ¥ ET 4T AT Mt (Fig. 5-6 &)

Pk, RECHRRTZAFEZT 7y 7BEICE LD D L Fig. 5-8 DX 2275, ZHFE
Y 27 LOBFEET LV TH D.
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k=e,r,

Inpu
) Output Disc
Disc

Figure 5-6. Definition of variator-rerated symbols.

Displacement of Power Roller
Relative Displacement:  Xpp- Xp XpR

Piston

Displacement of Disc '—»

Support

Figure 5-7. Modeling of motion between the disc and power rollers.

Ag
i‘ Win0SINQP + Woriosin(2 G- ) ACt Fem AF (s X 0.8(1+kop-cosdam |
> (s)
Winl'in r'n S
T Eq.53 Eq.54  Eq.59 Eq. 5-10

Figure 5-8. Block diagram of synchronization system.
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Figure 5-9. Bode plot comparing the open loop transfer function of the

/ | |
o il VWithout approximation
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synchronization system between with and without the approximation of Eq. 5-13.

Table 5-1. Specifications of the variator in the prototype CVT.

Output Speed Wout up to 10,000 rpm
Tilting Angle ¢ 25-91°
Half-Cone Angle 0 58°
Cavity Aspect Ratio ko 0.65
Cavity Radius ) 45 mm
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6000 ¥ w120-140
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47 4>
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Figure 5-10. Necessary natural frequency of variator support to maintain the stability of

the synchronization system. Higher speed requires a higher natural frequency.

5.4 FHER

CVT A 1E# A2 W C, AR TR AT 2O ROBRIEEZ B Z -7,

541 BRER¥EE

BRI O AR L 34 HiO b0 L7 L Th 5O THAKT 5. ke LTIE
HIREH O RADERD Y =— 5 2 L, SRR OB RIS AL 52 5
BABETHITE 5 £ 512 Li=(Table 52). BATREIEIL Fig. 5-11 (o= £ 512, 7> %=
TEMZOFEXEETH L THEL, 0%, N~ Ik o THETETVS
CLEHRLE. RBPICEBSRAE L LEI, FAAOMEEESS—TES L
5, WERROF ¥ v TR P oGOV IR, T4 AT WE L OBOX Y v T %
RE U7 (Fig. 5-11). sBRFEMIFFO CVT ST AL, HAREE —EHEss, ~U—
7 ks TR “REECIRL, B 47— A ORUBRE SRl L 72(Table 5-2). i
H1E, ANEERE B SETEH, ZAUCE L TAY —0—5 DM 2 KT 5 2 & T
HIDEES e — L T HHIE R TH Y, H#L, ANEERICE ST, <v—a—F%
i OGRS (—IE DAL THES T 2 R Th %

BB, KETHEHOINEITT 4 ZAZIMEICE bR ) S T CORBEIETH D 2 L b,
TEROARLZERBLRCNIRL S0 E 9T, RS 2T Ao eiBikiig 52 T 5.
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5.4.2 ABRFER

RERE RO FEFI & LT, Table 5-2 @ casel Ok R % Fig. 5-12 (289, A S [Alink
0 LT o LRI TV, BB 9800 rpm T EICHEFRF STV D, &2 A
2%, ANEEREDN 15200 pm 2 2728 Z A0 D, U —n1—7 OFfEA N 2UIREINIC
720, FFHZT 4 27 OB E T HIREN S b, 0%k ANEEERZ IS ETn
ST, EENIBSE 5 Z LAk LTz, A LEEBOFNKIT, T4 270N
NEREEIZ L > TEELTEY, ZOHET% Fig. 5-13 127, ANEEEDEL 72 51%
E, RBIOFEREITE L o> TV 2y, 18300 rpm 2> 5 18900 rpm 7= ¥ T_EF-H3— B A%
THEREN R b, 20 L X OREEWE 163Hz 1ZH )17 ¢ A 7 OIElEfE #9800
pm) & —FH L TW5, AKBSRE, HEMEESOF] X AR(FHULEE)THD LEZ V5.
Sl & IARIZONTIL 5-5 Hi Tk 5.

I DR (case2, 3, DN T b [AREDIRENBIG A FHAl S 7. IRENDSIEAE L 7o iEfis S
% Fig. 5-14 [ZF & O CORT. AIEICBWCEH L2 L B0, KRS SV E
BEEEN AR CH D Z L 2GR T 5 2 LN TE . IBERAEOLKME LRI L I - 72
23, DI MIEEPEU. HlZL, case2 1% 6500 rpm F TIRE)Z L - S TEIZFRETH
B ETHIL TR, FEBIZIE 5400 rpm > SIREN SR A L 7=,

Table 5-2. Test cases.

Support stiffness

Case Number CVT control method

(natural frequency)

Case 1 144 Hz Constant output speed
Case 2 106 Hz Constant speed ratio
Case 3 129 Hz Constant output speed
Case 4 64 Hz Constant speed ratio
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Figure 5-11. Support stiffness controlled by preloading of angular ball bearing.
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Figure 5-12. Test results for case 1. Vibration, which appears to be self-induced,

occurred when the input speed exceeded 15200 rpm at the tilting angle of 42°.
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Figure 5-13. Measured vibration frequency for case 1, which is almost proportional

to the input speed.
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Dotted Marks: Calculation & m20-40
— ™ 0-20

90 85 80 75 70 65 60 55 50 45 40 35 30 25
Tilting Angle ¢ [deg]

Figure 5-14. Test results showing the conditions under which the vibration was

observed compared with the calculated criteria. The variator with high support stiffness

was able to operate at higher speeds as expected.
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—TEITHERE L7 RE A B 2 BB I BN S 1, & F CIRE N 844 D4R Il A 4L
LT, Va2l —TalryOfRE LT, T4 A7 OEAL(Fig. 5-7 O xp \ZFH*Y) % Fig. 5-16
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Figure 5-15. Block diagram of simulation model. The nonlinear stiffness of the bearing support and the forced

vibration due to the whirling of the output disc have been added to the original model in Fig. 11.
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Figure 5-16. Simulation results for case 1. Self-induced vibration occurred above an

input speed of 14000 rpm.
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Figure 5-17. Frequency analysis of the simulation results for disc displacement.

The graphs correspond to the sections A, B, C and D in Fig. 5-15. The self-

induced vibration was synchronized with the forced vibration in sections B and C.
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Figure 5-18. Simulation results for frequency of self-induced vibration. The

characteristics of the vibration are in good agreement with the test results in Fig. 5-12.
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Figure 5-19. Calculation example of natural frequencies of the conical mode of rotor

vibration considering the effect of gyroscopic effect, assuming that the rotational inertia is
0.01 kgm?, the tilting inertia is 0.03 kgm?2 and the support stiffness is 27000 Nm/rad.
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Figure 5-20. Asymmetric support stiffness of the variator. The four power rollers support the

disc as well as the bearing in the left diagram, while they do not in the right diagram.
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