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Table 1-1 Regulation of toxic substances in exhaust gas
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Fig. 1-1 Comparison of regulation level in 2009~2010
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Fig. 1-2 Percentage of CO, emission in Japan

Table 1-2 Features of toxic substances in exhaust gas
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Table 1-3 Newly developed technologies for emission reduction
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Fig. 1-3 Research history of variable controlled valves



Table 1-4 Comparison of characteristics of variable valve controls

Teve | Valve Lift Curve Continuous [ Phase — [Event it
e | E Control ontrol__| Control | Control
Variable Phase VTC
Phasing o o X x
Variable Event & Lift | VVL | Cam o . o
Switching x a o o
WE | N Verabe | | N o
Angluer o a o x
Velocity
Oscillating
Cam ‘ o] a e] o
Variable Phase & Event & Lift | VVL Combination | [
+VTC | = o o o
{ . SO
VEL Combination | [
+VTC o | o o ‘ [e]
| l |

VTC : Variable Timing Control, VVL : Variable Valve Lift. VVE : Variable Valve Event and Timing
O : Possible, & : Restricted, X : Impossible

Event (Duration)

EERAN L

=

Fig. 1-4 Structural diagram of a variable controlled mechanical valve system with 2 Profiles
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Fig. 1-5 Schematic view of an electromagnetic valve actuator

Fig. 1-6 Schematic view of an electro-hydraulic valve actuator
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Fig. 1-7 Impossible area to operate of CNG engine
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Fig. 1-8 Valve timing diagram of an intake valve



Table 1-5 Comparison of 3 types of variable valve actuator

Electro- Electro- Mechanical
hydraulic magnetic (Cam engine)
Speed X O
Power A A o
consumption
Landing velocity O A O
Stiffness O X ©
Freedom degree © A A

of control

DEFFERENTIAL
AR(REAR)

Fig. 1-9 Mounting of a toroidal CVT




Automobile Transmission

Manual Transmission (MT)

Automatic Transmission (AT)

Non-step speed change

Dual Clutch Transmission (DCT)
Automated Manual Transmission (AMT)

Metal Belt/ Metal Chain

Winding Element
B Multiple Belt

Full Toroidal

Traction Drive

Half Toroidal

Fig. 1-10 Classification of automobile transmissions




Fig. 1-11 Cut model of Lexus-LS460

Clutch #1 . Gears1,3,& 5

Fig. 1-12 Schematic view of a dual clutch transmission

YT-20hy FEFI



Fig. 1-13 Metal belt CVT
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Fig. 1-14 Difference of full- and half-toroidal CVT
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Fig. 1-15 Research history of half-toroidal CVT
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Fig. 1-16 Two targets on this thesis
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Fig. 2-1 Schematic view of the sensor-less valve actuator with a hydro-mechanical feedback slot

Cap
Oil Seal
Sleeve \%
Body
N/ (NI
Piston Y
Coupling i/ - HYDIS
Valve Spring
Valve
47/
[

Engine Mount

\

Fig. 2-2 Cross-sectional view of the electro-hydraulic valve actuator with a hydro-mechanical

feedback slot
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Fig. 2-3 Transparent view of the feedback slot

Table 2-1 Specifications of 2-port HYDIS (NACHI; HS-GO1-AR-D1-1)

Val 2 positions and 2 ports
N e
elve typ (Normally closed)
Rated pressure MPa 17.5
Rated flow rate m’/s 1.33x10*
Maximum switch frequency s! 50
ON time ms 4~6
OFF time ms 1.5~2.5
Rated voltage v 24
Plunger
Coil
Push pin
Stator
Poppet valve
Sleeve
Spring

Fig. 2-4 Cross-sectional view of a 2-port HYDIS

28




Table 2-2 Specification of high speed driver of a HYDIS (Tohoku steel; K-XM200)

Input voltage \% 24
Input current 10
Maximum controllable frequency s! 200
Input impedance kQ 1
Input signal type TTL (High)
O itation period ms 0.51
Overexcitation voltage v 140
Maximum overexcitation current A 4
Maximum holding current A 1
Demagnetizing period ms 0.51
Demagnetizing voltage v -140
Maximum demagnetizing current A -4
ON OFF
&) _———=
i
el
_—En =

BREENR (T1) FIEAI (T3)

3 KA (T2)

0w

AR % BHRE(V2)
%

Bl g

L

E
®

W

| &n HER0D
®

B oa

"

b

Fig. 2-5 Output voltage and current of the driver
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Photo 2-2 Cylinder head with Cam

Table 2-3Materials of actuator parts

Part Name Material
Piston SUJ22(RNTY) 7 §)
Sleeve S45C

Body A2017(AI-CuB &)
Oil Seal C5191(") > # )

Cap A2017(AI-CuB &)
Coupling S45C
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Accumulator

ReliefValve

Si Pum

Operating Oil : Hydro32
Temperature : 40~50°C

|Qp [ /s)=62.27x10 "JAP[Pﬂ

0 2 4 6 8 10 12 14
AP=P -P, [MPa]

Fig. 3-2 P-Q curve of HYDIS

Table 3-1 Specifications of the accumulator (NHK spring; PA1M065-09-21)

Number of port - 1
Gas volume m’ 6.5%107
Gas pressure MPa 9
Maximum allowable working pressure MPa 21
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Fig. 3-3 Bond model of the electro-hydraulic valve actuator using a 2-port valve
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Fig. 3-4 Piston displacement x by bond graph analysis
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Fig. 3-5 Piston speed v, by bond graph analysis
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Fig. 3-6 Piston displacement of prototype model
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Table 3-2 Specifications of the valve actuator

Supply pressure MPa 14
Supply flow rate m3/s 1.67x10*
Pump power kW 55
Diameter of the center part of the piston mm 143
Pressured area of the supply side mm* 22.93
Pressured area of the control chamber mm* 27.47
Opening area of the pilot valve mm’ 1.85
Number of the pilot valve - 1
Initial charged pressure of the lator MPa 9
Initial volume of the accumulator m’ 6.5% 107
Polytropic index - 1.4
Set pressure of the relief valve MPa 14
Resistance coefficient of the relief valve Pa/(m3/s) 4.1%x10°
Maximum displacement of the piston mm 20
Volume of the control chamber mm’ 3.01x10°
Mass of the movable parts g 430
Spring constant N/mm 7.65
Preload of the valve spring N 148
Damping ratio of the piston - 0.8
Flow coefficient of the FB slot - 0.7
Flow coefficient of the pilot valve - 0.7
Volumetric elastic modulus GPa 1.4
Density of the operating oil kg/m® 864.7
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Fig. 3-8 Effect of control chamber volume
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Fig. 3-10 Effect of supply pressure
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Fig. 3-11 Effect of mass on the step response of the actuator by bond graphs analysis at P,=14MPa
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Supply Flow : Q, [L/min]
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Fig. 3-15 Piston displacement against change of supply pressure
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Fig. 3-16 Block diagram of the electro-hydraulic valve actuator
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Fig. 3-17 Stable area of this actuator
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Photo 4-3 Coupling (Left; Aluminum, Right; Steel)
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Photo 4-4 Oil seal (Phosphorus Bronze)

Photo 4-5 HYDIS (high speed electromagnetic 2port valve)

Photo 4-6 ASSY of the electro-hydraulic valve actuator
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Fig. 4-1 3D cross sectional view of the electro-hydraulic valve actuator

Photo 4-7 Driver for HYDIS
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Damper for
Potentiometer

Potentiometer

Photo 4-8 Damper device and potentiometer

Fig. 4-2 Damper device with friction seats
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Piston Displacement : x [mm]

-10
-12

=

-16

Table 4-1 Hydraulic equipments

Relief Valve

UPV-1A-22N2-5.5-4-17(5.5kW,3Phase)

R-T06-3-20
Controllable Pressure 3.5~21MPa
Rated Flow 170L/min
Supply Pump

Maximum Pressure

21MPa

Maximum Flow

33L/min

221 /min(at 14MPa)

Accumulator
PA1M065-9-21(1Port)
Maximum Pressure 21MPa
Gas Pressure 9MPa
Initial Gas Volume 65cm’

P,=12[MPa], f=5[Hz], T, =45[C]

A
\ 1A%
\
%
\ I
/
\
\
[ ] command ||
| Ll L] |
o T
-20 0 20 40 60 80
Time [ms]
Fig. 4-3 M of piston disp without hanical damper
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Piston Stroke : x [mm]

Piston Stroke : x [mm]

/ [/
Expreriment \

Simulation
(BGSP)

-10 0 10 20

30 40 50

Time [ms]

Fig. 4-4 Conformity of experiment and simulation

60

70

/}C

/ Command

4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56
Time [ms]

Fig. 4-5 Piston stroke by BGSP (C.= 0.7 at x <-0.7mm,C,= 0.2 at x =

69
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S

o » >

/ Command

AT

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56

Time [ms]

ST SIS

Pressure of Control Chamber : P, [MPa]

'
()

S

Fig. 4-6 Pressure of control chamber by BGSP (Cy.= 0.7 atx <-0.7mm,C,= 0.2 atx = -0.7mm)

) / Command

Piston Stroke : x [mm]
&

4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56
Time [ms]

Fig. 4-7 Piston stroke by BGSP (Cy.= 0.7)
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Pressure of Control Chamber : P.[MPa]

Reynolds Number : Re [-]

1400

1200

1000

800

600

400

200

4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56
Time [ms]
Fig. 4-8 Pressure of control chamber by BGSP (Cy. = 0.7)
A
-10 0 10 20 30 40 50 60
Time [s]

Command

weSERiE:

Fig. 4-9 Reynolds number (P, = 14MPa)
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Piston Stroke : x [mm]

Reynolds Number : Re [-]

1400

1200

1000

800

600

400

200

-10 0 10 20 30
Time [s]

40 50 60

Fig. 4-10 Reynolds number (P, = 10MPa)

'
<

10MPa

14MPa

| T

-10 0 10 20 30 40
Time [ms]

Fig. 4-11 Effect of supply pressure
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Piston Stroke : x [mm]

2 4 6 8 10 12 14
Supply Pressure : P, [MPa]

Fig. 4-12 Piston displacement against supply pressure without valve spring

’ i I' | —~6Hz
o |
. I ]

| (|

EI I \
% N \ ] 12Hz
\ [ \
. i {7
\ ] V]
12 U \J
\\ I/" \ I | ~18Hz
] \
i V]

Loy ey
0 40 80 120 160 200 24 6Hz
0 20 40 60 80 100 120 I12H.
0 20 40 6 80

KN

o0
T
3

Time[ms]

Fig. 4-13 Piston strokes at three operating frequencies
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Piston Velocity : v, [m/s]

Leak Flow : 9, [¥10°m’s]

0.9

0.8

0.7

0.6

o
%

o
=N

=
=

=
o

0.0

+ 0428 #0501
3
*
*
.
* *
o &
* . *
»
* 3 b4 ”
¢ H
. .
10 20 30 40 50 60 70 80 90
Oil Temperature : 7', ['C]
Fig. 4-14 Thermal influence on maximum piston operating velocity
* 0428 #0501 .
.
.
'S .
.
*
10 20 30 40 50 60 70 80 90

Oil Temperature : 7', [C]

Fig. 4-15 Thermal influence on leak flow
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Oil Temperature : T, [C]
Fig. 4-16 Volumetric efficiency of this actuator
Opening Holding Landing
A —
tr| 12 ton 13 ts
> >« > >

Fig. 4-17 Command shape of multi-pulse control



Valve Stroke : x [mm]

Power Consumption : L [kW]

Command

3 I /

4 1 on = Omsec

7

t,, =30msec

-4 0 4 8 12 16 20 24 28 32

Time [ms]

36 40

44 48 52 56

Fig. 4-18 Piston stroke by multi-pulse control (m = 180[g])

N
193

t,, = Omsec

[N]

Command

/

n

0.5

0

on = 30msec

4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56

Time [ms]

Fig. 4-19 Power consumption by multi-pulse control (m = 180[g])
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Table 4-2 Optimum command pattern

Command Span ) t t3 1
3msec X A - ©
4msec X A - o
Smsec AN - X A
6msec @) = O A

Piston
As
Accumulator
» o.r.
EBSlot Control Relief Valve
ax(x +x)cosd Chamber
X L L
X+ 4
Pibot

o i Vale

Ac

O P.

[9)
8 Valve Spring

gl

Valve

Fig. 4-20 Schematic view of variable valve actuator operated by 3-port pilot valve
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[ Signal OFF (Closing Assisl)J

Fluid Flow |

SF ()

Signal ON
) I\J’ Accumulator
\/

='(A,,f)1e|4—o;m;o\\/
/ I -
-
(xaxWe ")
TF

(Ae) TF
\\/// 1 V,\ (1/4))
! \/ \ SE(47)

. . R €
Piston Motion| k)

Fig. 4-21 Bond graphs of the EHVA controlled by a 3-port switching valve

(Ve/K)
i

Pressure
Control Valve

P =14MPa, Q... =10L/min

2 3
0 2
A
e X,

_ 2 f E Q-
=] 2
E 4 . V1 0 £
i fh ] o
g -8 \ 2 E‘
g / 2
£ 10 \ / S
A -2 N 4 g
é 14 mi = command| 5 &
£ 6 E 6

-18 -7

-4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Time[ms]

Fig. 4-22 BGSP simulation of piston displacement and velocity using a 3-port switching valve and
multi-pulse control (m = 274[g])
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Pinax =14MPa, Oy =10L/min
2

: 3
0 ‘ 2
2 A *p 1
'E‘ I
£ 4 \ I 0 E
= ]
HE / AR IS
2 8 A\ 58
] / 2
= -10 |+ \ / - -3 )
8 -12 A = 4 5
§ 14 com}mand 5 &
= 6 H 6
-18 7
4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60

Time[ms]
Fig. 4-23 BGSP simulation of piston displacement and velocity using a 3-port switching valve and only

one pulse (m =274 [g])

Pinax =14MPa, O =10L/min
16

14 - : .
P
12
10
= 6
e
< 4
< 5 T
l, L
0
B command _|
4 i T
4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Time[ms]
Fig. 4-24 BGSP simulation of supply and control-chamber pressure using a 3-port switching valve and

multi-pulse control (m =274[g])
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P =14MPa, Oy =10L/min
16

14 T
12

=

Ps, P.[MPa]

S N & &
\
|
/
/

command _|
i

o

IS

4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Time[ms]

Fig. 4-25 BGSP simulation of supply and control-chamber pressure using a 3-port switching valve and

only one pulse (m =274 [g])

Ponax 14MPa, Qo =10L/min i Energy consumﬁﬁ(;n7=53.6J

’ [
1
1.5
/ L
- 1
3
=
~ 05
0 A
i
-0.5 command |
bt
1 1 T [
4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Time[ms]
Fig. 4-26 BGSP si ion of power ption using a 3-port switching valve and multi-pulse control
(m=274[g])
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Panax =14MPa, Qo =10L/min ! Energy consumption=54.6J

’ [
] Py |
1.5
1/ L
- 1
B
=
< 05
0
0.5 command
T e e
3 p i i —1Y _,_*_ | i
4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Time[ms]
Fig. 4-27 BGSP simulation of power ption using a 3-port switching valve and only one pulse (m =
274 [g])
Py =14MPa, Oy, =10L/min
2 T 3
0 : 2
2 A Xp 1
g I
E 4 \ 7 0 &
=
o6 H-t, IR
2 3 A 2.8
g / 2
< 10 \ 3%
-] =
a -12 4 g
]
S 4 5=
2
£ command -6
Ll
18 [ 7
-4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Time[ms]

Fig. 4-28 BGSP simulation of valve displacement and velocity using a 3-port switching valve and only one

pulse (shortest valve opening)

81



0
= /
£ 2
o]
= 4
£
S -6 /
= x [mm]
% s \
2 - [
g 10
z \ L
-12
f 1.
J
-14
-10 0 10 20 30 40 50 60
Time{ms] Ps=14MPa
Fig. 4-29 of valve displ by a 3-port switching valve control (Long valve opening)
2
0
Bl
g 2
=
£ 4 /
Q
g % \ x [mm]
=
& \
5 ® ]
=
S /
% -10 \ -
= ¥
4
-12 Cc d—————tt
I | M o)
/ - — t
14 T
-10 0 10 20 30 40 50 60
Time[ms] Ps=14MPa
Fig. 4-30 N of valve displ by a 3-port switching valve control (Short valve opening)
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D=2, +r,)=2r,(1+k,) (5- 18)
kv, BERIT

. - l1+k, —cos¢g
' 14k, —cos(20, - ¢)

(5- 19)

ThHbH. RU—a—FOFEAG LHEEAME LN EELTHIZ 1 THY, ¢>9n L &
BHEIE 1 KO RESARY, CVTIIHE (o1 <ws) ZITRI. FT2, ¢ <00 L ZIIEHE
1 E0/ha<<iy, BE (or>w) 2725, ZOKFEZRS11IIRT.

© CVT O#fhm TOH LT /1% 10,000N LA E LFEFIZKE W e, U —n—F s
% 40 2 K 0 SREIIC S B B IiE e D KERDDMKEL 20, il ORI
RICb 72D THE LRV, £ TEERAE, B512 085 XU —a—F 2 Z 0
BB A F BB L, AHDT 4 27 L O E P Onb A7y FERS. ZhC
EoT, "U—m—F L AHHT 4+ R/ ORFEDOF AN —H L7200, BEIHicERs
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DEAFEOWMDRIEBY (A FRY o) NMELSE. ZOVA KRRV w7 hickn o
—n—7 ZEIRS YD, NU—o—FEEREN A NS x I EMTHEY A KARY &
A S

v, /u, =0.8x/r, (5-20)
EREIND. ZIZT, wiIANT 4 A7 DEEETHY
u, =rno, =r,o,(1+k, —cosg) (5-21)

TRIND. FRNT—a—F LT 27 OEMEO, ANAOHRFE 1, HAROEF
Z2LLTRAHTDE, A KRV v 7N FI

F\'i = lul max JSIF (;/2]%'? i=1 or 2> (5_ 22)

TEEIND. 22T, Y [ TZBTORK T 7 ¥ a URE, FASHEATOER N EZ R L,
THEe—F 4T ALY ML OEKE L TEZOND. u—TFT 4 T LDOHET]
NILIERDOFELY KEWVWE X FIIROD XS IZEXRIND.

2T,

Foser (5-23)
3L, sing

7o, SIEEATYA FAY v FHEERT. F4 FR Y v 7 A, 2%UNTIRIZE L
BT 2 L RDh o THWBDT, ZORBIERE b &T5 L ZNERIETEOTTE
LT
v,

=k, (5-24)
U

']5

ThbH. NU—n—F 3, FRY vy 7OAL D FMICBIREER T 50T, £OozEL
51< &

J5,‘ — sz (Vs - r0¢) (5_ 25)
u,
&%, ThaXGE22NRATDE, T4 FRY v 77 K
2 k,T
= ety (D85 ? (5-26)
3L,sing r, ,(+k,-cosg)

TRINS.

91



5.7. AT

R —a—Z O, NV —a—F OREREE AH T+ A7 OBEREZ LA T
v FEEDHZELICKVITRS. A7y FEREDZZEIZEY, T4 R OEERK R & /T
—an—ZORESAICTREA T SE, XV ERESNDHESS (A4 FRY v 7T
F) BEATDH. TORE, NU—o—J 3L P OICERIHES. LT —R
— I BNBEREOEEAICR -T2 T, RNU—u—F OEERiE TIc b & UHEERIZK 7 5.
UEDX > B2 AW TEELITR>TWDEN, AMBElEEFRE AV —a—F% ETFE
LA T Y hEEDINICE ST, XU —n—FOEEZHFHNPRESIND. Lo TAM
EdE N HEER TS &, T —a—F H W ACES .

X 5-13 OFlE S AT AR RIS K H i, FXU— m~7®§ﬁﬁi@FtX$/T
XREINTEY, Z05H 1 2OER M OZANPERIES, o s SIFEERKEIC
VIR —HES TR IN TN D, RKEBHE B (e/=N,/N=0.745) 2 & Lo CVT D HIF gm
(ean)l 2K 9D EEEL (A SEERE I e = N,/ N) DIRZECHBILT, 78y FEHl
BT D7 40— KNy JHlERTHERINS.

UL ENSSMD X DI, EERAORIENZIZA 7% v b & x Ol & B A g #7325
12725, fEFK, CVTIZBWTIIAIE & A 2 BRI LESKMELFIFRIZT 4 — A
v 7T HH A — REIEF B HO STV, BEMEEGEAL NG 605 &, EBEOM
gl ODEICHHITHEEA T Y Fx. VAT IN, SHICENEEREOLX 7y FEx
EOEIE L TETFMELFIRENR AT —a—F 2R L TWDMELE A b &S %
177297, AFEIZBWTIL, BERAEZREETIC, BEk 2 ZThICs S & Tl %
1172 5 B HEE VT E 1T/ 572, ZHUZOWTE 8IFITHEL <k 5.

Fiz, ERXMCONESIEEZITE S E FHERGIRIE, EEGSIEICKE REEEL RITT
728, FERINERNSVERT YR ERVERENERIND. ERIE, EFHEL
BIEDHER & L TEBSRY) =7V —REZHOTW, ZOREY =7 —F CTEHER
F— VR EERET AR T, HIEEE L EBOEEENE SESICLERLTWA. -
VE IR a VICEWEEEFFo TS, BRI VT, 27, EfERER
TELHVEMRIENRETHD. £ TR TIE, HBHBRMMTHL G L/ A
K&\ 3 R— MEEHRHIFE 2 SHASDETHY, MEZHIELEZ. FHLEE
THHFICONWTIE 83 HTEE L <R D, TERD 4 R— MY —R % 7o 48 sl
BHEROMES AT LZHOWTE EH-M%E 5.8 HilorRT.

58. 4R— I MEY—RRPICLDZRT—a—FDFT7 &y MElHEE

3 rNEDEAKIETZ AW TEHBAICOWTIIBRIRT A, 22 TIIEERD 4 R—k
KOV —RfErHOEBEIT O VTR~ S.

REZHET 5 4 F— MNEOY—RBIE, RSN REREN S ZFOWHE 013, Bk
BTAV k, AL DMEORD 2R IR k2 HNT
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0 = kqi—kch

(5-27)

LEED. —F, MOEFHEZEEL, R REEE 4, LTS —a—F DA

Ty hxFERRUB609HD I L EHIERE O % AT

dx
=64 =
Ql P dt

(5- 28)

CHEEL, TR NATEMEO N T 7 a L HORDE XETAEE > TWAD

TARMESN PLIX AR T

L5 L,

(5-29)

(5-30)

(5-31)

ERTENTED., AT UN—TIIBTLHERI T L EZEXBLHI TS A &L T

i=k x,

(5- 32)

ERED. LENK-T, V—ARILELDZNNT—m—=FDA Tty F&EHEITkD X 572K

TRIND.
64k kx K
dr ]
EHLT
&1 L
dr X,
[ERPE-EET - Yn

(5-33)

(5-34)

(5-35)



K, =24 (5-36)
Thsd.

59. /U —n—J OBHRES)

PR — 11— 5 ORI ST AT — A b & T LT, ST — o — T OfERES)
OISR AT,

dz
Id[?:ru(E, +F,) (5-37)

LgREND., kWU —o—J OHEEES O KA,

d’¢  ,d¢
1 +B—=K 5-38)
dr’ a7 ¢
ERB.
pe— ol -
o, 1+ k, —cos¢)
(5-40)
0.8
K = kr'|TI|7
Ty
(5-41)
k= | Potimax k)i + ks
A L, sing  sin(26, — ¢)
Thd.
BELH

(1) T. Imanishi, H. Machida and H. Tanaka, “Development of the 3-Roller Half-Toroidal CVT
Featuring High Power-Density”, FISITA 2002 Helsinki, Paper No. F02V283, 2002, p1-8.
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Elastic Deformation

Cramping Force

Driven Rolling Element
Driving Rolling Element ~ Lubricant Oil Film

Fig. 5-1 Traction drive model
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Fig. 5-2 Shear stress characteristics of Santotrack 50 (P¢;: Glass transition pressure)

95



o [/\
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Fig. 5-3 Traction curve
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Fig. 5.4 Geometrical parameters of half-toroidal variator
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@ Input shaft ® Output disc

@ Loading cam @ Output gear

@ Cam roller Thrust ball bearing
@ Input disc (@ Angular ball bearing
® Power roller Loading nut

Fig. 5-5 Structure of a half-toroidal CVT
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Outputdisc
Inputdisc rf Inputdisc

Power roller

Transmission direction Outputgear Transmission direction
o ey

s

Fig. 5-6 Structure of a double cavity half-toroidal CVT

Bevel gears

o)

Fig. 5-7 Safety gears to prevent gross asynchronous state
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Fig. 5-9Axial view of 6-power-roller half-toroidal CVT
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Table 5-1 Specifications of the 6-power-roller half-toroidal CVT

Cavity Diameter : D [mm] 120
Input/Output disc Diameter 148

Cavity Radius : 7, [mm] 36.5

Half cone angle : 6, [deg.] 62.5
Number of power roller: n 6

Tilting angle of power roller: ¢ [deg.] | 27.5~97.5

Cavity aspect ratio : &, 0.644

Loading cam lead : L, [mm/2 7 rad.] 32913
Speed ratio range of variator : e 0.427~2.344
Speed ratio range of CVT : e, 0.318~1.745

Maximum input speed : N, [rpm] 6000
[Nm] 430

Maximum input torque : 7

Table 5-2 Specifications of a power roller

Material Cr-Mo steel
Density : p, [kg/m’] 7800
Specific heat: C| [J(kg-K)] 456
Heat transfer coefficient : k [W/(m-K)] 424
Young’s modulus : E [GPa] 207.5
Poisson’s ratio : v 0.3

Table 5-.3 Specifications of a traction oil

Density : p, [kg/m3] 888

Specific heat: C, [J/(kg-K)] 1928

Heat transfer coefficient: k,  [W/(m*K)] 0.2
Coefficient of viscosity : 7 [Pa-s] | 1.89x lO"exp(AOé/(TMO)}
Coefficient of pressure-viscosity : «, [1/Pa] 4—231x10°7)x10*
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BOEFE o, >0, B o <o,

Fig. 5-11 Pattern diagram of the tilting angle

Output Disk ~ Power Roller Input Disk
Offset Direction

Offset Direction

Fig. 5-12 Pattern diagram of the offset
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Fig. 5-13 System diagram of 6-power-roller half-toroidal CVT
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6.1. IXL®IC

N—=T baAf ZNECVT O 6 /30— —F1{kiL, {5 ML 7 O R LAziE L7 (2t
LRI AI vy a VIRREBMERITTE D E W) ZOoOKERAY v FRHDL. —HT, [
HIRANIC ST A 2B L LT, R F 4 U —0—F CVT CTHWTE =8 7F 4 —T
L XITRDY, DEFHETOLZENRE LD EERY, LVRAIEORWESH, WER
IRV AT LB ROOND.

AETIE, BERFETTHLIARY v LAEVWE S KRt shlz6 XU —a—FD
B2 ERCE, Fain & OEARMEL T & 4 R— MEY — Rz AL HHR
R, 4 RT—a—F CVT & DOEREIT2 5.

6.2. 63U —u— CVT DOERERENT

6 /%7 —n—F CVT %t T AL XWCEHELRLION, FuARY v 7 &2ERETE TH
Lk b rvar—7 NTROERT IV =T CIZdTD T 7 v a AR
DR THRRTHZETHD. £, DESLHMEMTEIZTHIL T, BEFO CVT LD
WA 1T72 9 ZLIXBERZETHD. 2T, MBI 6 XU —1—F CVT OMREL
PRI FERE T

621. +Frvarvh—7

G232 ay RIA4T7TIE, bF7272arBTOrsaRRY v 75T 5 RWEZ Wi
WCLTHELZEMRETHD. N—7 haA XA CVT T, 8%, ZFEte=101238
W, ALY EST ARSI R RA B RREIZZ2 Y, BT 0 5. B 6-113, ik 140C
CBITBRNT I varh—Tk, BEAELERL-BEN NS 2> a e YT EHL
AT L7=fC, AH M2 % T,=430Nm, AAEEEE N;=4000rpm & LTV 5. GHRET
X, NU—n—FOENY BERAFROMEEE R, %, T 4 A7 MFEE ry=36.5mm T
L2 E LT80%E 85%DEDERLTHD. 85%D/T—ua—Fi%, I 7 arh—
TONL LR RO TNERLNTH DN, BKEEZNEEELT, JnARY v 7T
HZELRNETRTE, L, EMEMEPKE K RO THMOE THATH S0,
AEBCEHILLERATHZEICLE. u—FT AV I AIE > TRESIDORE M T
7 va N, R TERE VT2 a v h—T L ORERVIMER L RLDT, ZOK
M ARY v IR ST, BEICEBNBENITRADLD I EPHERTE D.

6.2.2. ZhEHEHE

a. HELEZDE

XK 6-1 123WT, mhER¥R 85% L L7-0E, B{ERTHOIZ U —71EC=18%L720, A
FEE HAEID 2 SO CHEEIMEEIN D DT, HEDEOFHEIIRAD L HITITR
2B5DT,

77s = (1 - Crin )(1 - Crout ) (6'1 )
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WY =—Z OB ERENRIL =96.4%TH D ENR0ND. LRI, PRI E
80%IZ L7- L XX, 7,=968%TH5. ~J, AL DFEE R EKHIER ¢,=2.344 TlT,
Fo 7 varB—713M 62 1R XL OIT, R 80%, 85% W ThOLA b AN
A D 7V — 713 02% L 04%TH DD T, EELEDFEIEIN=994%E725. Tk
RIBOEERF S A B NIRE L R2VDOT, AHAAEERE D 7 U —7 1% 02%E 0.6% T, #HE
REZEIEN, =99.2%L 72 5.

b. FAIIREFE

Ke63nEoic, ANhhbnrzT, HAT4RZA7h6NY =45 LTHAISND
M2 % Ty L, AMITEBOMSZEOBK M I % 1, 6T 5. iz, XU——7F |
S0 D, ERNEIFFTDATA NEMZ L, BERANEZIFFT5=—NL@#Z 4245
VIHEEMIZEL,ETD. ILIZ, N7 aOREANZED M IZBRIHDD
T, ADE BAMBERERIZIIT D M I EEDREZENEN, ny, np B THHOD
M OBREBELIEGEDON) =2 O M7 REDEn; 1T TR ERD.

T,
T,, =— .
ey (6-2)
T —t

T, =E[’711 —1—1—_6't2j"t3 (6-3)

2 €

T, t t t
7713:F;:ﬂn'7712(1_?11]_6'77:2'31'?j“el'ez'%l (6-4)

RE, e IANIT 4 AT LT —n—FHOHBREEL BELETD), el Y
—u—7 M NT 4 RAVEOFEERERST. 22T, T 723 VIO ML REDRI
KBOE, BT gy, 7013 BICALZE 9% ETH DA, i 1 TIE 98% L HT
NS5,

NI ==, T4 A7 UAHTICED AT R M LB BRI S BB 3@ %,
ATEIIA T A P EMZ T, BEIT=— FABIS TR EIND. M EEDRE FICKIE
THIEOEEBIIREL, BEOREIVRN. 22T, AF7ANE#MZOEEL ML IO
RV %, Palmgren DXOZHEAL LT, FF27 v ar A A NV THELT.

HAME—A L N MR TRTZENTES.

2/3
M, no
e 6-5
d f{p) (6-5)

m

Jo sz DGR & BRI R LI2ER
P I O K EUE & RKJED ZE [kp/mm’]
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d,  [EEREOMYHEE

n 8 MO EREYELR B [kp + s/mm’]

o RO A EET]

n [z 44 [rpm]

v B [cSt)

NRU—B—FEXFLTVHAT R N L%, =— VIO I Eihl5L2~3T

HY, ven=2000 OEKAREEFIZIE, M IiER(6-6)T, v-n<2000 ORFIH(6-7) TP
Enb.

M,=£-10"-(v-n)"”-d, [N-m] (6-6)

M,=£,-10".159-d,> [N-m] (6-7)

— 7, FTROREERL L 2T Y U RRIED & EITERA D REE & i L C, B TR <
WEICEFT D, MERFET—A 2 b M

M =f-g-P-d, [N-m] (6-8)

fi W DFEIR & AR B AT 3 5 5K
g WEHMIEFT HEK

Py ERRYEAHATE

Cy  HHSZDERSTE

AT A N EMZORE, IR TRbEIND.

0.33
a=90° f = o.omz(%j 69)

0

—J, =— F/EZO £ 1% 0.00025~0.0003 THD. bF 7 arFANMIBITDHAT
Z b EEZOBKL ML 7 IE2FICR2B T ERMOLNATNDDT, Hit

t,=2-M, +M, (6-10)
Thsd. H641E, NYZ—FBOEELL e (e,=N:/N)=112BTF 5, b7 {5EDE@)
CRIET, =— N, AT R NEME, FT2 Y a Ll no)PORBE T LG
BHITHD.
62.3. FHmitHE

Palmgren DA b L AR Y 2 —AFHIZ LY, 6 3V —n—F CVT OFm TR&E1TR>7-.
HRENAIC A = v Ly R RAET D ETO 90%EFFH4a L (100 TRE) %
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K.Zh 1/e
L=| —— (6-11)
7, -V

EFHE, ZIZTe=1009, h=7/3, =313 Th 5. D K ITERMIZ K=1.428 X 10 L 4
HILTWA., &H(6-11)D Vi
V=2-m-r-z-a

THY, ZIZT, ridBEfED A b L 22T HEEREER, o ITHEMERORED Y B A 5
R TR IR LERKREAMIISS, 213 DEUDIFEIZRLTWVAS, ILITHBE
B THEIN, IIEHAT ALY MK LV E XS,

K=

a
b

1
P —1)21-1) (¢-12)
e -1f

LY, 1, RO L H D,

r=| 2L (6-13)
21t +1)

Z _—b 6-14

*(t+1W2e-1 (&19)

ZthFF e L, 1L Miner DEERI L 0,

-1
L,z[L+ ! ] 619
L. L

rin Fout

ERYE, 6 XU —1—F CVT OFEMIARNT 4 27 OFfm H),, H; LU —ua—FDFH
it H, #B§RE[hTE T &

L x16667
H="""" .
| 3N (6-16)
L, x16667
H. = X 10067 )
2 N, (6-17)
L. x16667
H,==2""""" ]
3 3N, (6-18)

Z T, Ny~Ns R rpm] TH 0, HEREO H, X Weibull OEANC XY, kA TH
aha.
108



¢ e e ~1/e
QIGEGED
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UbkXv, 6/8U9—a—7 CVT OFMEHE LIEREZE 6-5 Y. RRKMLI AN
B (7,=430Nm) (ZIXBOFIREE (e,~0.5) T 78.3 BfflOFMTHDH T LD, Tk
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Z eSS T

6.3. 6,3U—1— CVT OMERERER

6 /87 —u—3F CVT DEREBEHE 6-7 17T, RELHL T, SEIZMEORREA ¥
v REMA, MRERBRAITRY ZLic L. MERCToOMRE B, ANEEESIT 1600,
3000rpm & “EXBEICYI 0 B X ATV, ASI M IEIRK250Nm TH L. 6 /30 —n—7
CVT O L KBREDOTHZFH 6-1 L FH 6-2 1R

6.3.1. [RIHIZEHERR

a. ZELHIEOERE
SHREREICHTZ>T, 6 2OV —u—F DORIHZHRTILERHDLDT, HEEAH
WO & ZAWIGE, AT v IREERANT. REBOBEEEFRINNY —o—=FD b
Sy a4 RRY v 7252 CEBLTNSD. A FRY 7131 DO U—n
— S OMEEEPLERKRTOSmm BEA 7'y M (77 va e AOEIN G222 il
EALMICBEITOE) 25252 LIk 0Eond. BEHERIE, 1 SONTU—
0—35 DALY —REE THE SN, Lo —a—Z [ 3ERNIBELIRD LI, WE
HNTHFFEN TV D, AEBEOEELOHIEIT, ﬁ%ﬁi(w%m@=MH%ﬂH%)%
BELALELO BEE ey 25 %, AMABOERRE N SHEE SN D EROSEHL e
(eq=N,/NY2 T 4 — KXy L, ZORZEIHE L EERESHOHDOF 7y FDOER
Bx %52, MEF—FEETH 7y bx ZMEHIEL TS, ZOX I L THIES
DI D A R OFRHERBAE R AR 6-8 12T, M5, B AT U LRI S5%UT
WCIRFE > TWABZ ENRROLND.

b. fEEE A # R O IR

LISHEE eq &, 6 DD/RT—1—F ODEERA (¢~ )P BRE =M AT X DR~
FEHAH 6-9 1TRT. 6 DOMEIEMAIL 1| SOBMMICEH S TEBVFEMLTWAZ ERR LN
%, 7k, i gl 2EEL e, ORICIX, BANRE T, XG-13)DOEERHY, X
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c. fHEEAXT v 7INEORBIRER
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e,=1.0(e=0.75) % e,=2.14 (e,=1.6, HEHMANTD, LK e, &, MM LT HABKS
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6.3.2. ZhEHE
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ERENEE OB N EERRAOD, AHD ML7 ORKEE 200Nm & L TEM L. CVT
DR (EHoEEELZ ST A S S E TOR) 2FRDI2Y72 - T, FHELED
Fn b M IIREDNER, 2V TILERDH S, 22T, /i gd, BEsREHEE
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ETHZLICk0, HEHRESCUNVEEREOEROMHEMN LY ERICIERETE X1
otz

6.3.3. FItEABR

a. ZE LTI OB R

ZIZTE, 6 2O T—u—FMNEM L TEHET HHEOEELICRIET vy O
ERD. BEEHIEZRO T 2 v 7RKIE, ZNETORITICEY, A2 T, 8¢
e, K620 THREND. Ihnb, Bt e I RITFT MV T, OREE R R,

e, =K K, [K.e,,~(T /K, JIs(T,s +1\T,s +1)+ K K, K,] (6-23)
ZZIZ, Kp= ridpkiky kAT E A b B XA D HERIE, T=64,/(k k)R T,=IB 1%, Zi
FRMEE A o4 7y @B E, ST —n— T OEEBORERERT. 4,1TH
JES VY FDOYER N ZIERE, r AT 4 A7 OEEER, kb, k TV —RFOME
AL EENTA YV, kJHIBRIEROLEI S A o ThD. K dF U —u—F i L&
EI L OBMRERTERBEE KT, KITEFELORIHERZE (ew-e)ICMT DA T v b
BAE x. OBERT A v 2R, K=K/B 1330 —n0—F DL A » TANEHEE O
BEies.

K, _ o,(1+k, —cos ¢)
B r,/0.8

(6-24)

2L, o IANEMEARE THD.
K(6-23)L Y, AT v TROAW NI AT, BAD &, itk e, DA E e, 13
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Ae, = AT /(K (K, (6-25)

PO TaZ &5,

b. EHHIZKIET MLy DS

BRIDNENDHE, CVT OEBILOFBNE(LR&IIR(6-25)TRIND Z LB phroTe. £
T, EFRREOLHLE ¢,~0.5, 0.75, 1.5 L LT, M7 aRAIIEZEERLOE(E
BELMAERER 6-21 1Z/RT. bk D2 AL D A VXUl (e,=0.5) 0D J5 73 B s Al
(e=1.5)E VWV RENVWZ ENROND. ZHUIR(6-25)T, KRN K A EIEREPE ) DBIEUT
2o THEY, WHANZE, KAVNSLK R LEFALTVS.

Wiz, ASEEREL 1500rpm (28T, AJ) bV % 150Nm 25 kL7 BEMIME 30Nm &
AT o TIRICAR LTZREOBE I RIETHEEZ R LR 6-22 10T REEICR
DT VEGHEI CORBRTH DM, Biittide, = 15 M0IFEAEEDLDZ LT/, E
D bVT BMENTKEEND O V7 OZEAGITRIED 2N &b o T

Wiz, WHARD CVT #4774 5 IVT (Infinitely Variable Transmission) % EBL§ 57291
X, 77 v FICLHE— FOIEA R EOAROEGAWERBIRIC T 5 ZH 2L 21012
THMERDD. I A = va—T 0 v THEBICBOTA LI NI RHE > T
fer b —F 0, IEOAN M7 S Ao, 1E M ZRNCINBER DT, ZEED
REGETBRENBRLESININSETHS. 22T, AR M7 2D TN TIEH DI BADIK
REEMNOIZIERT v TWRIZIE ML 0T e HEICEFH N EO X 5127 5 i~ 7.
6-23 1%, AJ1hv7 %-3Nm 225 80Nm F TRIKIZ ML 20T ERERTHH. AN
kL7 8ONm IZKF L C, ZE@#IIFFTED ey = 047 £V 009 1T EETF LTS, ZHhiTK
6-21 DN LR TRORKERETH DA, B 6-24 17T L OIS, AT rBrzlElc
EAICIRE > TEHLZ T ERERDL AT, ADOEMIZA - -RIIIEE I OZELD
BENEVORESRDILIZEDBDEZZ TS,

6.4. 4/°U—n—3F CVT & OMREHE

2T, LR FRETEREYITR > T4 3T —a—F5 CVT S PEREE 21772 5 .
2 O0D CVT OIEREDENE R 6-1 (IR, F-IZHEINTZ 6 XU —a—F CVT iTF%~
BT 4 B 10%/ N L, 26%(55E L7 B L T\ 5.

a. FHHE

4T —n—F CVT OFmER 625 12”3, 22T, A ZiE4 30— —F CVT
DEEKRIGE MV Y THD T1=340Nm & L7z, U —a—FDHEMT 6 /3T —1—FDHH
B, (R IZAEALTWAEET, ARHT 4 27 OHEMBEL RoT W5, 3
BEEOHFME, XTV—o—FOBEBN 15ETHLIENEELT, 63— —F CVT
DFMIT6, T%EHMEL TWDDRDLND.
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b. ZhRLE

ASEEEE 2000rpm, ZEEEE 1, BT 2 v a A A VOME S0CE Lz & X Ogh#E g
i o7-. 625 ICRONA X H I, EEICIZ 6 XU —a—TF DD LEl-> T D
ZEBRGDD. N FXET A HIEVONRNT—a—TOERHEER LI L T—2DNNY —
a—7OMEEZEHTE, MI7BERO-FBDOERTHL AT A NE#MZO ML HEE
FRBCTELIENERTHDLEEZD.
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(1) HPFHBA, baA XL CVT, = Ff, 2000, p.23-46.

(2) H. Tanaka, “Power Transmission of a Cone Roller Toroidal Traction Drive” , JSME
international Journal, Series T Vol.32, No.1, 1989, p.82-90.

(3) Palmgren, A., “Glundlagen der Wilzlager technik”, Frankk’sch Ver., Stuttgart 1969
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Fig. 6-1 Comparison of power roller curvature ratio of 80% and 85% on traction curves at e,= 1 and

T, =140°C
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Fig. 6-2 Traction curves of inner and outer conjunctions at e,=2.344 (maximum speed-up ratio)
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Fig. 6-3 Torque loss flow

™ Needle bearing loss only
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D Traction surface : 77,, 77,
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\ Thrust ball bearing loss only
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5 9 Torque efficiency : 77,3
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Input Torque : 7; [Nm]

Fig. 6-4 Calculated torque transmission efficiency of the variator, and portion of torque losses of thrust ball

bearings, needle bearings and spin loss on the traction contact at e,= 1, N, =2000rpm and 7, =50°C
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Fig. 6-5 Calculated life time of 6 power-roller CVT using the Palmgren’s formulae (f,=0.85)
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Fig. 6-6 Calculated life time of 6 power-roller CVT using the Palmgren’s formulae (£,=0.8)
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Photo 6-2 CVT test rig by hydrostatic drive units

17



0.5

&)

0 0.4 0.8 1.2 1.6

€510

Fig. 6-8 Measurement of hysteresis of the total speed ratio e, (e, =N,/ N, including the reduction gear of
=N,/ N;=0.745)
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Fig. 6-9 Measurement of the total speed ratio e, and 6 tilting angles of power rollers ¢~ ¢ at
N;=1500rpm and 7, = 54Nm
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Fig. 6-10 Relation of tilting angle and speed ratio
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Fig. 6-11 Step response measurement of speed ratio at e, =0.75 for confirming the synchronization of

tilting angles of 6 power rollers at N; = 1500rpm
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Fig. 6-12 Step response of speed ratio at e, = 1.6 for confirming the synchronization of tilting angles of 6

power rollers at N; = 1500rpm
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Fig. 6-13 Measurement of CVT efficiencies at e, =0.4 and N, = 1500rpm, where 7, : speed transmission

efficiency, 7, : torque transmission efficiency and 7, : power transmission efficiency
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Fig. 6-14 Measurement of CVT efficiencies at e, =0.75 and N, = 1500rpm
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Fig. 6-15 Measurement of CVT efficiencies at e, = 1.5 and N; = 1500rpm
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Fig. 6-16 Comparison of calculated and experimented CVT efficiencies at e, =0.75 (e,=1.0), N;= 1500rpm
and T,; =50°C, where 77 5= 1713 1]
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Fig. 6-17 Comparison of calculated and experimented efficiencies at e, = 1.5 (e,=2.0), N;= 1500rpm and
T, =50°C

122



12
E
z 10
=g
B
Z
5 6
[
2 4
=

2

0

0 500 1000 1500 2000 2500 3000 3500

Input Rotational Speed : N; [rpm]

Fig. 6-18 Measurement of input torque at no load including final gear set for each speed ratio at 7,,; =50°C

B _«— Needle bearing loss only
98 |~
9% Traction surface : 7,7,
= % eoaNm T N e
= % Thrust ball bearing loss only
Iy Traction efficiency : 7,
5 9
£ 88
5 £, .15=0.3Nm , gear 1055(98%)
86 1)ty =15Nm N;=2000 rpm
84 . . gear loss(98%)
experiment o
8 T,4=50°C
80

0 50 100 150 200 250 300 350 400 450
Input Torque : 7', [Nm]

Fig. 6-19 Influence of seal losses and gear efficiency on total transmission efficiency
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Fig. 6-20 Block diagram of speed ratio control system influenced by torque
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Fig. 6-21 Measurement of speed-ratio changes against torque at three speed ratios

124



300 2

250 .S

200 1

Input Torque ; 7; [Nm]
€y

150 0.5

100 0
0 5 10 15 20 25 30 35 40
Time [sec]
Fig. 6-22 Experiment of influence of step torque on the speed ratio at e, = 1.5, 7; =150Nm and N, =

1500rpm where the step amplitude is 30Nm
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Fig. 6-23 Experiment of influence of torque change on the speed ratio at e, = 0.5 and N; = 1500rpm where

the input torque is —3Nm to 80Nm
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Fig. 6-24 Measurement of the speed ratio change when the torque changes from minus to plus at e, = 0.5

Table 6-1 Comparison of previous and current CVT

Name/Symbol 4PR-CVT 6PR-CVT

Cavity Diameter D 132 [mm] 120 [mm]

Disc Diameter ro 40 [mm] 36.5 [mm]
Cavity Aspect ko 0.625 0.644

ﬂﬁispee:i R;tgo (EV'IV')V & 725 707.4_3-9:2.280 [ 04272342

Ratio Range 5.19 X 5.49

Max Input Torque Timax 340 [Nm] | 430 [Nm]

Max Inpsuptelzi;tational L 7000 [rpm] [ 6000 [rpm]
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Fig. 6-25 Calculated life time of 4 power-roller CVT using the Palmgren’s formulae
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Fig. 6-26 Comparison of Calculated torque efficiency of 6 and 4 power-roller CVT
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Fig. 7-1 Normal operating condition

Fig. 7-2 Asynchronous operating condition (Sudden external force on No.2 power roller)
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Fig. 7-4 Asynchronous stability simulation of 6Power-roller CVT at N;=1500 rpm, 7,=320Nm and

torque deviation of 10%
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Fig. 7-5 Asynchronous stability simulation of 6Power-roller CVT at N,/=3000 rpm, 7,=380Nm and

torque deviation of 10%
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Fig. 7-6 Inadequate damping by using choke of d=1.0mm with 40mm in length in the piston 2 and 3
(BGSP: N;=3000rpm, 7,/=190Nm/cavity)

by X s 77 T

Fig. 7-7 Adequate damping by using choke of 0.6mm in diameter with 80mm in length
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Fig. 8-1 System diagram of 6 power-roller CVT using a 4-port servo-valve
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Fig. 8-2 Structure of the servo valve

Table 8-1 Specifications of the servo valve

Model

Linear motor direct drive servo valve

Rated flow rate

2/5/10/20/40 L/min

Rated pressure 28MPa
Control pressure range 0~28MPa
Rated spool displacement +0.5mm

Frequency response

80Hz (90" phase delay point at +25% input)

Transient response

15msec (@ 0~100% input)

Hysteresis Within 0.5%
Supply voltage DC24V
Rated input voltage =10V
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Table 8-2 Specifications of the pressure control valve

Model

Electromagnetic proportional and directional pressure control valve

Rated voltage

DCI2V
Rated current 1.0A
Coil spec. Resistance 5.9Q +5% @20C
Turn number 600T
Inductance 120mH
Maximum supply pressure TMPa
Pressure control range 0~4MPa
Rated flow rate 10L/min
2I) \z-)vj HILIAE AR E

70

99.8

Fig. 8-6 Structure of the pressure control valve

Table 8-3 High-speed responded current amplifier

Rated voltage

DC*12V (+5%)

Current control range

0.1~1.0A

Dither amplitude

About 0~0.4A,,,

Dither frequency

About 50~250Hz

Input command voltage range

-10~+10V

Response

Over 20Hz
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Fig. 8-7 Flow force on a spool valve

Fig. 8-8 Block diagram of a speed ratio control

A

Fig. 8-9 Block diagram of a speed ratio control
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Fig. 8-11 Pressure Characteristics of the valves
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Fig. 8-12 Influence of control gain (minimum)
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Fig. 8-14 Influence of control gain (maximum)
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Fig. 8-16 Step response (e, = 1.2-0.4)

155

Py, P; [MPa]

P;, P, [MPa]



3.5

s e [-]

ey e [-]

e
P,
€50 st
~\
-2 0 6
Time[sec]
Fig. 8-17 Step response (e, = 1.4-0.4)
o
‘-/Lﬁa
)
P
€510 st
"\
2 2 . 4 6
Time[sec]
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Fig. 8-20 Stability of a speed ratio at e,=0.4 when the load torque was changed (7;=10~50Nm)
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Fig. 8-21 Stability of a speed ratio at e,=0.75 when the load torque was changed (7,=20~50Nm)
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Fig. 8-22 Stability of a speed ratio at e,=0.75 when the load torque was changed (7/,=20~100Nm)
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Fig. 8-23 Stability of a speed ratio at e,=1.0 when the load torque was changed (7,=20~100Nm)
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Fig. 8-24 Stability of a speed ratio at e,=1.5 when the load torque was changed (7,=30~100Nm)
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Fig. 8-25 Stability of a speed ratio at e,=1.6 when the load torque was changed (7,=30~50Nm)
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Fig. 8-26 Characteristics of speed ratio and pressures to the input torque
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Fig. 8-27 Measurement of CVT efficiencies at e,=1.6 and N;=1200rpm
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Fig. 8-28 Force balance of the pressure control valve
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Fig. 8-29 Characteristics of Pressures - Input torque

Fig. 8-30 Block diagram of output torque control system
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Fig. 8-34 Step response using digital control (e, = 0.5-0.6)
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Fig. 8-35 Step response using digital control (e, = 0.5-0.7)
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Tilting Angle: ¢ [deg]
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Tilting Angle: ¢ [deg]
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Fig. 8-41 Launch test
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Photo 9-2 Electro-hydraulic Valve Actuators on the Cylinder Head 1
(Nissan Diesel Motor Co. Ltd.)
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Photo 9-3 Electro-hydraulic Valve Actuators on the Cylinder Head 2
(Nissan Diesel Motor Co. Ltd.)
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APPENDIX-2 ¥ I a2 lb—¥a I ZHWEZ BGSP V—2X

BOND SYMBOL EXPR OUT DEFIN PARM INIT
SFAS 1

SEAF 17

[IMV 6

CIAC 15

cicc 13

CIKS 8

REAP 14

REFS 11

REBV 7

RERF 16

TFAS 4 5

TFAC 9 10

ZJ -1 3 4 15 16

ZJ -10 -12 13 14

0J 5 17 6 1 8 9
0J -3 1 12

/
OP: Ap
RV: XXAP
OP=XXAP
EOD
BC: X DP8 FHEM
BG: Ps EF1 BiGEN
OP: Qs
FB: XGS1 FL3
FB: XGS2 FL4
OP=XQS1+XQS2
EOD
BC: Pc  EF13 avhrO—ILEEH
BC: Qc FL11 arv hO—-ILERE

BC: Gp  FL14 A0y FAFERE
BC: Va  DPI15 FX¥aLlL—2&*E

BC: Vx FL7 EXrUEE
/
SFQS HigEN1
PA: PPS 14. 0D+06 #t61E H (14MPa)
PA: PGS  10.0D-00 BRXEHTE (10L/min)
F=PQS/6. 0D+04
EOD
SEAF nAhi
PA: PAF1 1. 78D-03 MALVJERIZSEEE(RA1.78, %K 1.17)
PA: PAF2 1. 85D-03 NIV TFRIZEEE (RS 1.85,. K 1.24)
PA: PPF1 0. 0D+06 BRENEA
PA: PPF2 0. 0D+06 SEREN
E=PAF1+PPF1-PAF2*PPF2
EOD
TNV FHIRE:6
PA: PMV 274.0D-03 —— FIL#EE (430g, NEW 274g)
L=Z/PWV
EOD
CICC avhkOo—NLEEHI
PA: PBE  1.4D+09 RO RIEEE R
PA: PPS av bO—ILEMESN (BREH)
PA: PSU  20.0D-03 Z—FLAEESEKER
PA: PAC 27.5D-06 AREA AC
PA: PVCO 3.01D-06 # R bO—49 BREOMREIEIE
FB: XV DP8 HEME
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AA=PBE/ (PAC* (PSU-XV) +PVCO0) *Z+PP$S
IF (AA.LE.0.0) THEN

C=0.0
ELSE
C=AA
ENDIF
EOD
CIKS A bwyin—:8
PA: PKX  7.65D+03 IE435E#K (7. 65N/mm)
PA: PXKO  19.3D-03 Xt DMHAEH (19. 3mm)
PA: PSTS 1.0D+09 S R %% (1. OD+09N/m)
PA: PSL  0.0D-00 Z—FLAEEEXRTR
PA: PSU Z—FAREEZKLER
AA=PKX* (Z+PXKO0)
IF (Z.LE.PSL) THEN
C=PSTS* (Z-PSL) +AA
ELSEIF (Z.GT.PSU) THEN
C=PSTS* (Z-PSU) +AA
ELSE
C=AA
ENDIF
EOD
CIAC F¥aLlL—%:15
PA: PPAO  9.0D+06 B7 X2 LL—328Fv—2FE D (OMPa)
PA: PVA0O  65.0D-06 W7 %2 LUL—3 YA (65cm2)
PA: PPS EENRRARE D REEEH)
PA: PN 1. 4D+00 R ba—FiE#H0.4)
AA=PPS* ( (PPS*Z* (-1. 0D+00) ) / (PPAO*PVAQ) +1) #+ (PN* (-1. 0D+00) )
IF (AA.LE.0.0) THEN
C=0.0
ELSE
C=AA
ENDIF
EOD
REFS a2 bO—)LEADRE 11
PA: PWG  0.3D-03 @7 — KNy xOy Mg
PA: PXL  0.5D-03 o7 -5y TR
PA: PAFS 0.25D-00 @7 —Fnys20v MEN
PA: PCDC 0.7D-00 REREG@YFO—-LE)
PA: PROU  869. 0D-00 ESHOEE
FB: XV DP8 REUE
IF (XV.LE.0.0) THEN
AA=0.0
ELSE
AA=XV
ENDIF
R=PCDC+PWC+PAF S (AA+PXL) *DSQRT (2. 0xDABS (Z) /PROU) *DSIGN (1. 0, 2)
EOD
RERF
PA: PPS OmKHHRIE 51 (14MPa)
PA: PRR 4.1D+06 1)) =D HOBRER
FB: XPS  EF1 H®IEH
IF (XPS.LT.PPS) THEN
R=0. 0D+00
ELSE
R=(XPS-PPS) /PRR
ENDIF
EOD
REAP nNA4oy fE:14

“A4-



PA: PAP  1.86D-06 @/ 1 0y FHRAOEEA

PA: PNV 1.0D+00 @810y bNLTOH

PA: PTS  00.0D-03 R4y b REF—To8 44
PA: PTP  30.0D-03 o1y bfFA—F LRI
PA: PCDP  0.7D-00 REFHE1OY )

PA: PROU {EEhm D E

FB: XV DP8 REME

RV: XXAP

ATE=PTS+PTP
IF ((T.GE. PTS). AND. (T.LE. ATE)) THEN
XXAP=PAP+PNV
R=62. 27D-09+DSQRT (DABS (2) ) *DSIGN (1. 0, ) xPNV

ELSE
XXAP=0. 0D-00
R=0. 0D-00

ENDIF
EOD
REBV FEEER T
PA: PZETA 1.0D+00 HAEESHOBEEL (-]
PA: PSL Z—FLHEMEXTE
PA: PMV ——FILAESRS
PA: PSTS PR % (1. 0D+09N/m)
PA: PKX OlEhEH
FB: XV DP8 I

[F (XV.LE.PSL) THEN

R=2. 0+xDSQRT (PMVPSTS) *Z
ELSE
R=PZETAx2. 0+xDSQRT (PMV*PKX) *Z

ENDIF
EOD
TFAS
PA: PAS  22.90D-06 AREA AS

TF=1. 0D+00/PAS
EOD
TFAC
PA: PAC AREA AC

TF=PAC
EOD
/
-0. 5D-03 53.5D-03 1. 0D-06 500
DP13 00. 0D-00 PC INI
DP8 00. 0D-03 X
DP15 00. 00D-06
/
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Table A- 1 Basis Variable Table of Bond Graphs

ERAR EAREER | EEEHR TR
T 74— h BT 71 cv2 £/
7a— R0 EE A it
TR AN BEER EEE fAIEE & EHE=AV B
FAATVA AR B Xy AL AL AT
"= 74— h ORI S "7 v — ORI Sy
o T74—h C

— e — e— e —

Fig. A- 1Connection of Bond Graphs Variable
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Table A- 2 Basis Device Table of Bond Graphs(Physical meaning)
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Table A- 3 Basis Device Table of Bond Graphs (Symbol)
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. . 1 l
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