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ABSTRACT

Continuously variable transmission (CVT) mechanisms combine the functions of a K-H-V type differential gear unit

and a V-belt type continuously variable unit (CVU). For the 24 different mechanisms, 12 of them are power circulation

modes while the other 12 are power split modes. Some useful theoretical formulas related to speed ratio, power flow and

efficiency were derived and analyzed. These mechanisms have many advantages: they decrease CVT size and weight,

increase overall efficiency, extend speed ratio range, and generate geared neutral. Compound CVTs were developed by

combining the power circulation mode and power split mode, which can offer backward motion, geared neutral,

underdrive and overdrive.
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1. Introduction

Most continuously variable transmission mechanisms
have disadvantages that make it impossible to realize
geared neutral by themselves, while their power
transmission efficiency and lifecycle are inferior to that
of a conventional gear train.' Continuously variable
transmissions that have a differential gear unit can
remove the disadvantages stated above, make it possible
to decrease their size and reduce their weight. In addition,
it is not necessary for starting devices like a torque
converter to make geared neutral, and can increase power
transmission efficiency and speed ratio ranges. > '’

Recently, we have suggested various power
circulation modes and power split modes for the input
coupled type and the output coupled type. CVT
mechanisms have combined a 2K-H type I and type II
differential gear unit with a V-belt continuously variable

unit, while deriving useful formulas for efficiency, power
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flow, power ratio and speed ratio for them?!
combining the power circulation mode and power split
mode, we proposed compound CVTs that can improve
the characteristics of efficiency and power ratio, realize
backward motion, geared neutral and forward motion by
themselves.' !

Twenty-four CVT mechanisms which combine the K-
H-V differential gear unit and the V-belt continuously
variable units, were developed in this study; with 12 of
these falling under the input coupled types, and the other
12 under output coupled types. Theoretical formulas for
speed ratio, power transmission efficiency, power flow
and power ratio were also derived. In addition, two
compound CVTs were developed by the performance

characteristics of the CVT mechanisms.
2. General definitions

2.1 V-belt continuously variable unit

The continuously variable unit considered in this study
is the V-belt drive with two variable-diameter pulleys
and effective diameters (Fig. 1). One pulley was set by a
mechanical linkage while the other was spring-loaded to
provide automatic correspondence. The center distance
between the two variable-diameter pulleys was fixed.

(© 2005 KSPE
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Fig. 2 K-H-V type differential gear unit

2.2 K-H-V type differential gear unit

The K-H-V type differential gear unit in Fig. 2 consists
of an internal ring gear(r), a planet gear (p), a carrier(c),
and a concentric shaft(s) with a ring gear(r). In this paper,
the mating efficiency (n,,) between the ring gear(r) and
the planet gear (p) is defined as basic efficiency (n,).">

Mo = M ’ (l)

2.3 Power flows

For input coupled types, a CVU is coupled directly to a
differential gear unit with the remaining shaft of a CVU
linked to the input shaft. The output coupled type is an
inversion of the input coupled type."*!" There are two
power flow modes in the CVT mechanism, which are the
power circulation mode and the power split mode. The
power circulation mode has positive circulation and
negative circulation. In the power split mode, there is no
power circulation but the input power is divided into two
branch streams through the CVU and a differential gear.

3. Basic configurations and theory
3.1 Basic configurations

There are six possible ways in combining the V-belt
type CVU with the K-H-V type differential gear unit,

with either the input coupled type or the output coupled
type. The basic configurations of the input coupled type
are shown in Fig. 3, which are actually 12 basic
configurations because power flow changes as weather
an idler gear (f) is or not. Configuration 1 without an
idler gear (f) is the power circulation mode, but
configuration 1 with an idler gear (f) is the power split
mode(see 3.2). For the output coupled types, the input
shaft and output shaft of the input coupled type were
converted into each other. Therefore, there were also 12
basic configurations for the output coupled type.
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(e) configuration 5 ® coﬁguration 6
Fig. 3 Basic configurations of input coupled type

3.2 Input coupled type

Deriving the theoretical formulas for speed ratio,
efficiency, power flow and power ratio was similar to the
method of the preceding studies that had been previously

verified by experimental studies.*"!
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3.2.1 Power circulation mode

The ring gear(r) and the planet gear (p) without an
idler gear (f) in configuration 1, as shown in Fig. 3(a)
have the same revolution direction. This configuration
can be substituted for the equivalent differential gear unit
as shown in Fig. 4, where element 1 substitutes for the
K-H-V type differential gear unit and element 2 replaces
the continuously variable unit. The carrier {(¢') in the
equivalent differential gear unit was fixed.

1
c
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1
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I

Fig. 4 Equivalent differential gear unit for input

c
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coupled configuration 1 without an idler gear (f)

The following formula should be satisfied so that Fig. 4

will be equivalent to configuration 1 without an idler

gear (f):

i oE P _DiZez )

Where i, is the basic gear ratio of element 2, z, z, z,'
and z,,' the numbers of teeth of the planet gear r', ', p,
and p;. D; and D, are effective diameters of variable
pulleys, while z,, zy, z, Z, are the numbers of the teeth of
gear a, b, e, g in Fig. 3(a).

The operation of element 1 is equivalent to the sum of
two operation constituents. In constituent 1, the planet
gear (p) is driven, the carrier(c) is driving, and the ring
gear(r) is fixed. In constituent 2, the ring gear(r) is
driving, the carrier(c) is driven, and the planet gear (p) is
fixed. The output power Py, Pg, of each constituent can
be defined by the overall output power (Py), the basic
gear ratio (i,) of the differential gear unit, transmitted
torque ratio and the components’ gear ratios.

The output power of configuration 1 without an idler
gear (f) always circulates because " Py,/Pg<0" is always
satisfied. Appendix 1 shows an overall speed ratio (i),
theoretical efficiency (1), CVU power ratio (Pcyvu/Py),

and power ratio (P4;/P;) of the differential power unit for
configuration 1. Configuration 2, 3, 4 without an idler
gear (f) and configuration 5, 6 with an idler gear (f) are
also power circulation modes. Using the similar method,
theoretical formulas are derived and shown in Appendix
1. In Appendix 1, P; is the input power, ncyy is the
efficiency of the CVU, ng is the mating efficiency
between gear a and b, ne is the mating efficiency
between gear e and f, mg is the mating efficiency
between gear f and g, W, is the mating efficiency
between e and g. 1.’ is the efficiency of element 2 in the
equivalent differential gear unit:

Configuration 1, 2, 3, 4 without an idler gear (f)

T\o’ = Nab neg Ncvu (3)
Configuration 5, 6 with an idler gear (f)

Mo’ = Nab NegNfz NCVU 4)

3.2.2 Power split mode

The ring gear(r) and the planet gear (p) of configuration
1 with an idler gear (f) as shown in Fig. 3(a) have
opposite revolution directions. This configuration can be
substituted by the equivalent differential gear unit (Fig.
5), where the following formula should be satisfied:

e 5 (5)

element 2 |element 1
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Fig. 5 Equivalent differential gear unit for input coupled

configuration 1 with an idler gear (f)

Element 1 can be divided into two operational
constituents as it was in the power circulation mode in
3.2.1. This configuration is a power split mode because "
Pp/Poi>0" is always satisfied. Appendix 2 shows
theoretical formulas of configuration 5, 6 without an
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idler gear (f), and configurations 1, 2, 3, 4 with an idler
gear (f). The n,', efficiency of element 2, is identical to
formula (4) in case of configuration 1, 2, 3, 4 with an
idler gear (f), and formula (3) in case of configuration 5,
6 without an idler gear (f).

3.3 Output coupled type

The power flow of the output coupled type is the same
as that of the input coupled type. Therefore, theoretical
formulas can be derived by the method in 3.2.1.
Appendix 3 shows theoretical formulas of power split
modes for the output coupled type.

4. Performance characteristics

4.1 Design parameters

Speed ratios, power ratios, efficiencies of basic
configurations in Appendix 1-3 vary by basic gear ratio
(ic=z./z,) of the K-H-V type differential gear unit, zy/z,
and z,/z.. Therefore, three variables were established as
design parameters of basic configurations, while
parametric studies were performed to analyze their

performance characteristics as shown in Table 1.

Table | Parameter ranges for parametric analysis

Parameters Ranges Remarks

zy/z;=2.0

z/z, 2.0~4.0 2210

z./2,=3.0

2/7, 1/3~3.0 em10

27 13~30 | %30

7,/2~2.0

Table 2 Efficiencies of gears and the CVU

K-H-V differential gear unit & gear trains

Mep = Tet = Ng ™ Nap = 0.982

V-belt continuously variable unit

Speed ratios Efficiencies of the CVU
0.50 0.938
0.66 0.904
1.00 0.870
2.00 0.824

The efficiencies of the CVU, the differential gear unit
and gear trains are shown in Table 251 For the
determination of the CVU efficiency, many experimental
studies were performed for speed ratio 0.5, 0.66, 1.0 and
2.0. Efficiencies between measured efficiencies for the

four speed ratios were determined by linear interpolation.
For the mating efficiencies of the differential gear and
the gear trains in Fig.3, some assumptions were defined;
all gears are standard spur gear without backlash, bearing
loss while the churning loss of lubricant are negligible.
That is, friction loss of tooth surfaces is the only power

loss in the differential gear and gear trains.'*"’

4.2 Characteristics of the input coupled type

For the six power circulation modes and the six power
split modes of the input coupled type, performance
characteristics analysis were performed as changing the
three design parameters (Table 1).

4 .2 .1 Power circulation mode

Neutral points (geared neutral) in the speed ratios of
configuration 1, 4, 5 moved to the speed ratio 2.0 of the
CVU as the basic gear ratios (i;=z/z,) of the differential
gear unit increased, but that of configuration 2, 3, 6
moved to the speed ratio 0.5 of the CVU. For the gear
ratio zy/z, and zy/z, the trend of configuration 3, 4 was
similar to the case of basic gear ratios (i=z./z,), but
configuration 1, 2, 5, 6 had opposite trends. Fig. 6 shows
efficiencies of the configuration 1 without an idler gear
(power circulation mode) as changing basic gear ratio
(ic=2./z,) of the differential gear unit.

——zr/zp=2.0 —S—zr/zp=2.5 ——ar/zp=3.0 —>—zlzp=35 —*—z/z2p=4.0

1.0
0.9

AN
RN,

0.7 ¢
0.6 W
05 X

o VX
- WA

0.2
0.1 |
0.0

efficiency of configuration

0.5 1.0 1.5 2.0
speed ratio of CVU(V-belt)

Fig. 6 Efficiencies of input coupled type configuration
1(power circulation) as the gear ratio z/z,

The slopes of the overall speed ratios versus the CVU
speed ratios in configuration 1, 3, 5 were positive, but
that of configuration 2, 4, 6 were negative. The more
basic gear ratio (iy=z/z,) increased, while the slopes of
the overall speed ratios versus the CVU speed ratios in
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configuration 3,4,5,6 increased. However, configuration
1, 2 had opposite trends. For the gear ratio z,/z,,
configuration 1, 2, 5, 6 had similar trends in case of basic
gear ratios (i;=z/z,), but configuration 3, 4 had opposite
trends. For the gear ratio z,/z., configuration 3, 4, 5, 6
had similar trends for basic gear ratios (i;=z./z,), but
configuration 1, 2 had opposite trends. Fig. 7 shows the
overall speed ratios of configuration 1 without an idler
gear as changing the basic gear ratio (i=z/z,).

——zr/zp=2.0 —=-zr/zp=2.5 —*—zr/zp=3.0 ——zt/zp=3.5 ~*—zr/zp=4.0

1.0
0.8
0.6
0.4 =
0.2
0.0 ol
-0.2
-0.4
-0.6
-0.8
-1.0

speed ratio of configuration 1

0.5 1.0 1.5 2.0
speed ratio of CVU(V-belt)

Fig. 7 Speed ratios of input coupled type configuration

1(power circulation) as'the gear ratio z/z,
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Fig. 8 Power ratios of input coupled type configuration
I(power circulation) as the gear ratio z,/z,

There is no output power at the geared neutral (speed
ratio 0.0) in power circulation mode, that is, all power
circulates in the CVT mechanism. Therefore, the CVU
power ratio (Pcyy/P;) and that of the differential gear unit
(P4i¢P;)) are maximum. They have similar trends as
changing the design parameters in case of overall
efficiency. Fig.8 shows the power ratios of the CVU and

the differential gear unit as changing the basic gear ratio
(ip=2./z,) in configuration 1 without an idler gear.

Power circulation modes have backward motion, geared
neutral and forward motion in overall speed ratios
because the revolution direction of the output shaft
changes when passing through neutral point. As shown
in Fig. 7, the overall speed ratio is zero in the neutral
point (geared neutral). However, it is difficult to reduce the
size and weight of the power circulation mode because
the power ratios of its components are large (Fig.8).

4.2 .2 Power split mode

The efficiencies of configuration 1, 4, 5 were
proportional to the increase of the basic gear ratio
(io=z./z,), but the efficiencies of configuration 2, 3, 5
were inversely proportional to that. For the gear ratio
7y/z,, configuration 1, 2, 4, 6 had opposite trends for
basic gear ratios (ip=z./z,), but configuration 3, 4 had
similar trends. Fig. 9 shows efficiencies and overall
speed ratios of configuration 1 with an idler gear (power
split mode) as the changing basic gear ratio (i;=z,/z,).
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—a—m/zp~2.5 : efficiency
—w— zr/zp=4.0 : efficiency
—o— zr/2p=3.0 : speed ratio

—a— z/zp=3.0 : efficiency
—o— a/zp=2.0 : speed ratio
—o— zr/zp=3.5 : speed ratio
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Fig. 9 Efficiencies and speed ratios of input coupled
type configuration 1 as the gear ratio z,/z,

The overall speed ratios and their slopes are negative
values in all configurations. For configuration 1, 2, 5, 6,
the overall speed ratios and their slopes decreased as the
basic gear ratio (i=z/z,) and zy/z, increased. But
increased as the gear ratio z,/z. increased. Configuration
3, 4 had opposite trends.

Power ratios of the differential gear unit (Py¢/P;) had
similar trends in case of overall efficiencies as changing
the design parameters, but CVU power ratios (Pcy/Py)
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had opposite trends because the efficiency of the
differential gear unit was higher than that of the CVU.
Fig. 10 shows the power ratios of the differential gear
unit (Pg#/P;) and that of the CVU (Pcyvy/Py) as the
changing basic gear ratio (iy=z./z,) for configuration 1
with an idler gear (power split mode). Power split modes
can maintain higher efficiency and lower power ratios
than power circulation modes (Fig.10). However, power
split modes cannot realize geared neutral.
o relep=20PcvuPi —arrizp=2 SPevulPi —a—srfzp=3 OPevulPi ~a—rrizp=3.5 PovulPi

—=—zr/zp=4 0:Pcvu/Pi —o—2r/zp=2.0'PdiffPi —O—zr/zp=2.5PdiflPi —o— zr/zp=3.0:Pdif/Pi
—o— z1/zp=3 .5 PdiffPi —se—2t/zp=4.0:PAiffPi
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0.8 [—
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03 E — =]

power ratios of configuration 1

0.2 —

01 f—— -

T T

0.0
0.5 1.0 [ 2.8
speed ratio of CVU(V-belt drive)

Fig. 10 Power ratios of input coupled type configuration
1(power split) as the gear ratio z/z,

4 .3 Characteristics of the output coupled type
4 .3 .1 Power circulation mode

Power circulation modes of the output coupled type
have speed ratios, which are hyperbolic curves that
diverge at a neutral point. The revolution direction of the
output shaft is reverted with efficiency at zero around the
neutral point. Therefore, power circulation modes of the
output coupled type cannot be used for power
transmission device.

4 .3 .2 Power split mode

The efficiencies of the power split modes in the output
coupled type have similar trends in the input coupled
type as changing the design parameters. These, however,
can be maintained constantly as changing the CVU speed
ratio. The output coupled type cannot be used for the
compound CVT because power circulation modes cannot
be used for the power transmission device. However, the
power split modes of the output coupled type are more
beneficial than that of the input coupled type. The
efficiencies- of the power split modes are proportional
power ratios of the differential gear unit (P4;¢/P;), and are
inversely proportional to that of the CVU (Pcyy/Py).

5. Compound CVT

5.1 Design requirements
Compound CVTs were developed by combining the
power circulation mode and the power split mode, which
can offer backward motion, geared neutral, underdrive
and overdrive (Fig. 11). These can also improve their
efficiencies and power ratios. Only the input coupled
type can be used for the compound CVT. The following
requirements should be satisfied so that compound CVTs
will operate smoothly.
®  The power circulation mode and the power split
modes should have an opposite slope for the
overall speed ratio at the transition point.
®  The power circulation mode and the power split
mode shouid have an identical speed ratio at the
transition point. In this study, the speed ratio at
the point is 0.5.
® The power circulation mode should offer geared
neutral, while the power split mode should realize
speed ratios of more than 1.0 so that the
compound CVTs can perform backward motion,
geared neutral and forward motion.
®  All gear ratios of the compound CVTs should
reduce their size and weight.

over drive

% 1.0 =
3 g
2 :
5 under drive
i transition point
w
E 0.0 £

&
° neutral point backward g

speed ratio of the CVU(V-belt drive)

Fig. 11 Power flow modes and speed ratio ranges of the
compound CVT

The speed ratio at the transition point, and component
gears’ ratios can be determined by considering vehicle
performance (the maximum speed, acceleration and
deceleration, the occupied space of power transmission
device, weight and fuel economy). However, we cannot
consider the requirements of any specific vehicle at the
present time. Four design requirements, as stated above,
were presented to design the compound CVT in this
paper. Two compound CVTs have been developed, based

10
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on the characteristics of the input coupled type (6 power
circulation modes, 6 power split modes) as changing
three design parameters. These require only two clutches
respectively, while all gear ratios were kept small to
satisfy their performance and design requirements.

5.2 Typel

This compound CVT combines configuration 5 with an
idler gear (power circulation mode) and configuration 5
without an idler gear (power split mode) in Fig. 3(e).
Fig.12 (a) shows the structure of the compound CVT
which requires only two clutches (A, B) to realize two
operation modes. If all clutches move to the right, power
circulation will occur. If all clutches move to the left,
power split will occur. Fig. 12(b) shows the performance
characteristics of the compound CVT with z/z,=2.0,
Zp1/201=0.65, 241/21=1.08, 21y/2;7=2.0, Z/7,=1.0, where
Zb1s Zal, Zgls Zel, Zb2s Za2, Zg2s Zo2 are the numbers of teeth of
gear bl, al, g1, el, b2, a2, g2, e2 in Fig.12 (a).

(a) Structure of the compound CVT

—o—speed ratio ; circulation 5 —— speed ratio :split 5
—o—efficicncy : splt $ ~a— PowPi : circulation 5

—o— efficiency : cirelation 5
—a— PevwPi:split §

—o— PdiffPi : circulation 5 —e— PdifPi : split 5
1.4 5.0
1.2 4.5
5 10 40
g
5 08 35 &
5 o6 30 &
b= =
g 04 25 3
2 <
8 02 20 3
4
2 00 L5 =
13
02 10
04 4 05
06 ¥ 0.0

0.5 2.0

speec; o ofcvu(v-bleixs drive)

(b) Characteristics on the compound CVT

Fig. 12 Compound CVT composed of power
circulation mode 5 and power split mode 5

11

5.3 Type 11

This compound CVT combines configuration 1 without
an idler gear (power circulation mode) in Fig. 3(a) and
configuration 5 without an idler gear (power split mode)
in Fig.3 (e). Fig. 13 (a) shows the structure of the
compound CVT which requires only two clutches (A, B)
to operate smoothly. If all clutches move to the left,
power circulation will occur. If all clutches move to the
right, power split will occur. Fig. 13 (b) shows the
performance characteristics of the compound CVT with
2/2,=2.0,241/241=2.6, 241/21=0.54, 215/2:3=2.0, 2g9/7p=1.0.

clutch A

SUNNNNNN N NNNNNNEN R NNNNNANN

77777/

(a) Structure of the compound CVT

—o— speed ratio : circulation 5 ~s— speed ratio : split 1
—+—efficiency : split | —a— Pewvy/Pi: eirculation 5
. 4—0— PdiffPi : circulation §

—o cfficiency : circulation 5
—a—PevalPi: split |
—e— PdiflPi: spht §

5.0
12 45
» 10 40
2
5 08 15 g
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¥ z
@ 0.4 25 =
2 o
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- o
g 00 15 &
)
-0.2 = 1o
0.4 e 0.5
0.6 ' 0.0
05 w0

1.0 1.5
speed ratio of CVU(V-belt drive)

(b) Characteristics on the compound CVT

Fig. 13 Compound CVT composed of power circulation
mode 5 and power split mode 1

6. Conclusions

This paper combined the V-belt type CVU with the K-
H-V type differential gear unit, and proposed 24 basic
configurations: 12 power circulation modes and 12
power split modes. For the basic configurations,
their

characteristics analyzed. Based on those results, two

theoretical  formulas were derived and
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compound CVTs were developed by combining the

power circulation mode and the power split mode. The

conclusions were:

Power circulation modes of the input coupled
type can make backward motion, geared neutral
and forward motion, but cannot maintain high
efficiency and low power ratio over the operating
speed ratio range. Power split modes of the input
coupled type have low power ratio and high
efficiency, but cannot make geared neutral and
backward motion.

The power circulation modes of the output
coupled type cannot be wused for CVT
mechanisms.

The power split modes of the output coupled type
are more beneficial than those of the input
coupled type.

The compound CVTs developed in this paper can
improve the efficiency and power ratios when
compared with the case where power circulation
modes and power split modes were used

individually.
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Appendix 1 Speed ratios, power ratios and efficiencies for six power circulation modes in the input coupled system
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Appendix 2 Speed ratios, power ratios, and efficiencies for the six power-split modes in the input couple system.
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Appendix 3 Speed ratios, power ratios, and efficiencies for six power split modes in output coupled system
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