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Abstract

A novel mechanical impulse continuously variable transmission (ICVT) is de-
veloped to provide continuously variable speed ratios and smooth acceleration for
drivetrains based on a rotational swashplate, and its design principle is illustrated.
A swashplate-guide linkage mechanism is used in the ICVT; the speed ratio of
the ICVT is changed with the swirl angle of the rotational swashplate. A slider—
linkage system, whose motion is controlled by a speed-regulating handle, is used
to adjust the swirl angle of the swashplate. A planetary gear system converts the
regulated rotational speed of the swashplate to the output shaft of the ICVT. The
speed range of the ICVT can be scaled up by coupling planetary gear systems
with different speed ratios. Overrunning clutches are used to rectify the rotational
speed from the swashplate-guide linkage mechanism to obtain the output speed
of the ICVT. Since the rotational swashplate can introduce large impulse rates of
the instantaneous speed ratio, a connecting linkage is used to reduce the impulse
rate and unbalanced inertial forces of the ICVT. Experimental tests of the output
speed of the ICVT with four guide linkages verify the feasibility of the design and
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1. Introduction

To improve dynamic performance and fuel efficiency of
powertrain systems, some types of automatic transmissions,
i.e., infinitely variable transmissions (IVVTs), automatic man-
ual transmissions (AMTS), continuously variable transmis-
sions (CVTs), dual clutch transmissions (DCTs), and electri-
cally variable transmissions (EVTS), are used in automotive
and wind turbine applications [1-5]. A basic function of au-
tomatic transmissions is to smoothly and efficiently convert
the torque from a prime mover, such as an engine and an
electric motor, to a driven part, such as a wheel and a chain,
with a continuous output-to-input speed ratio. Among many
different technical issues for developing these automatic
transmissions, design of their control systems are crucial to
achieve continuous output-to-input speed ratios and superior
fuel efficiency [6]. Since AMTs, DCTs, and EVTs use
clutch-to-clutch shifts to adjust output-to-input speed ratios,
torque interruption occurs during shifts [7,8]. Control sys-
tems of these clutch-to-clutch shift transmissions are devel-
oped by using a combination of a gain-scheduled feedback

control and an open-loop control [9]. CVTs enable continu-
ous variation of their speed ratios and torque conversion from
a prime mover to a driven part in a wide range of speed ratios
to maximize fuel efficiency [9] and reduce transmission er-
rors [10]. While most CVTs convert torques based on friction
between pulleys and a belt or a chain, power loss of CVTs is
large at the start-up stage of a vehicle when sliding between
pulleys and the belt or the chain occurs under a large torque,
and the minimum speed ratio of a CVT cannot be zero. Since
sliding exists in CVTs, gain-scheduled feedback control and
open-loop control are unstable for CVTs [7, 11]. Hence,
speed-ratio control is needed for CVTs to maintain a speci-
fied speed ratio with optimal clamping forces between pul-
leys and the belt or the chain for avoiding sliding and max-
imizing fuel efficiency [12]. In order to improve the capabil-
ity of large-torque conversion at the start-up stage, some
power-split systems are used in combination with traditional
CV/Ts, such as a hydrostatic transmission [13] and a flywheel
system [14]. Since coordination of a power-split system and
mechanical parts of a CVT cannot be only achieved by me-
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chanical components, a sophisticated electronic control sys-
tem is inherently needed to optimize power distribution be-
tween the CVT and the power-split system [15,16].

The mechanism and the mechanical structure of impulse
continuously variable transmissions (ICVTs) are simple and
can provide continuously variable speed ratios and reliable
power conversion in many applications [17]. Since the speed
ratio of the ICVT can be adjusted by the swirl angle of the
swashplate, the speed ratio can be zero at the start-up stage.
Since the ICVT converts the torque by gear contact forces
instead of friction forces of the VV-belt of a CVT, the ICVT
can transmit a large torque without slippage and the variable
range of the speed ratio is larger than that of a CVT. The
larger variable range of the speed ratio of the ICVT allows a
prime mover to virtually operate in its optimal speed range
that is independent of the speed of the driven part to maxim-
ize fuel efficiency. Therefore, ICVTSs can be widely used in
automotive, textile, food and packaging industries [17].

The GUSAII type ICVT was developed with a continu-
ously variable speed ratio [18]. This ICVT has merits of wide
speed ratios and simplified output speed control. The output
speed of the GUSAII type ICVT can be zero, and the impulse
rate of the output speed of the ICVT was optimized. Good
manufacturability and reliable transmission performance can
be also achieved with its compact structure [18]. An ICVT
was developed in [19] with similar characteristics of the
GUSAII type ICVT. Since the power range of the ICVT was
small, this ICVT can only be used for low torque conditions.
Due to reverse handle design, the ICVT can be converted
two-direction input speeds to one-direction output speeds.
All the above ICVTs [17-19] were designed based on con-
necting rod transmission mechanism. By changing the length
of each rod of a linkage in the ICVT, stepless speed regula-
tion of these ICVTs can be achieved. If a lower pair of the
linkage was replaced by a higher pair of cams, connecting
rods of the ICVT can be changed to eccentric cam mecha-
nism. The structure of the ICVT with eccentric cam mecha-
nism was much simpler than that of the ICVT with connect-
ing rods. There are also some improved ICVTs besides these
major types of ICVTs mentioned above. For instance, a
Philamat ICVT was developed based on combination of
fixed-axis gear mechanism and connecting rod mechanism
[20]. Since the impulse rate of the output speed of the Phila-
mat ICVT was small, the range of its output speed control
was wide, and it can be used for high torque conditions.
Kazem and Zoltan [21] proposed a novel parallel disc CVT.
Kinematic and dynamic characteristics of the parallel disc
CVT were analyzed. A MORSE ICVT [22] was designed
based on combination of cam mechanism and a gear set.

While structures of the above ICVTs have been improved
for multiple applications, there are some shortcomings of
ICVTs in practice [23]. First, the inertia force that is gener-
ated by the movement of connecting rods is difficult to be
eliminated or reduced. Vibration and impacts of the ICVTs
caused by the unbalanced inertia force and inertia moment

are large when speeds of connecting rods are high. Second,
there is no over-speed protection of output shafts of ICVTs.
Its bearing capacity and shock resistance is relatively poor
and this limits the capacity of transferring power of ICVTs.
Third, pulsation of ICVTs cannot be completely eliminated.

This study presents a new ICVT with a rotational swash-
plate. The transmission component of the ICVT is composed
of the rotational swashplate, guide linkages, and a planetary
gear set. The proposed ICVT overcomes the major short-
comings of the existing ICVTs with connecting rods or
swing links, which have inertia forces or the inertia moments.
Since the impulse rate of the output speed of the proposed
does not vary with the change of its speed ratio, the impulse
rate of the output speed of the proposed ICVT is small.

The remaining part of this paper is organized as follows:
the basic layout and design principle of the ICVT is intro-
duced in Sec. 2. Structure of the proposed ICVT with the ro-
tational swashplate are presented in Sec. 3. Some dynamic
performance of the proposed ICVT are analyzed in Sec. 4. In
order to verify operation performance of the proposed ICVT,
some experimental results are discussed in Sec. 5. Finally,
some conclusions from this study are presented in Sec. 6.

2. Layout and Design Principle of the ICVT
2.1 Layout and Overview of the ICVT

The basic principle of the proposed ICVT is to convert the
rotational speed of an input shaft to a rotational speed of a
swashplate in a swashplate-guide linkage mechanism, and
then the rotational speed of the swashplate to the rotational
speed of a driving gear in a planetary gear system. The output
speed of a sun gear is transmitted by the planetary gear mesh-
ing, as shown in Fig. 1. By changing the position of a slider,
the swirl angle of the swashplate is changed, which is the an-
gle between the swashplate and the vertical section of the in-
put shaft. If the swirl angle of the swashplate changes, the
rotational speed of planetary gears changes, and the ampli-
tude of the output rotational speed of the sun gear changes.
Consequently, the speed ratio of the ICVT changes with the
swirl angle of the swashplate.

A schematic of the ICVT based on a rotational swashplate
is shown in Fig.1. The slider connects to a nut that is installed
on the control shaft. The nut is driven by the screw thread.
The position of the nut changes with rotation of the control
shaft. Hence, the translational motion of the slider can be
driven by the rotational motion of the control shaft. The
swashplate connects to the input shaft of the ICVT by using
a revolute joint at the point C. A connecting rod connects the
slider and the swashplate at points A and B, respectively. The
swashplate rotates around the point C, and its swirl angle
changes with the position of the slider. Rotational motion of
the swashplate transmits to planetary gears by using guide
linkages. Each planetary gear connects the guide linkage by
using an overrunning clutch. The rotational speed of the sun
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gear is transmitted by gear meshing of the planetary gear sys-
tem, and it works as the output speed of the ICVT.
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Fig. 1. Layout of the proposed ICVT,
where 1 is the input shaft, 2 is the slider, 3 is the swashplate,
4 is the connecting linkage, 5 is the nut, 6 is the control shaft,
7 is the guide linkage, 8 is the planetary gear, 9 is the overrun-
ning clutch, 10 is the sun gear, 11 is the output shaft, and 12 is
the rack.

2.2 Principle of the ICVT

The input speed of the ICVT is transmitted from a prime
mover to the input shaft of the ICVT. When the input shaft
of the ICVT rotates, the power is transmitted to the swash-
plate with the same rotational speed of the input shaft. Syn-
chronously, the slider and the connecting linkage are also
driven by the input shaft with the same rotational speed of
the input shaft. The rotational speed of the swashplate is
transmitted to the rotational speed of guide linkages by its
rotational motion. The rotational speed of the control shaft
convert to the translational speed of the nut on the control
shaft. The position of the nut is adjusted by the rotational an-
gle of the control shaft. Since the nut connects with the slider
by using a rod, the position of the slider can be controlled by
the rotational angle of the control shaft. The swirl angle of
the swashplate can be controlled by the position of the slider.

Since each planetary gear connects with a guide linkage
through the corresponding overrunning clutch, the planetary
gear can rotate with the rotational motion of the guide link-
age. Rotational motions of guide linkages and planetary
gears depend on the rotational speed of the input shaft, the
swirl angle of the swashplate, and the installation direction
of overrunning clutches. Planetary gears can rotate relative
to the corresponding guide linkages when the guide linkages
and the planetary gears rotate in the opposite direction due to
the one-way rotation property of overrunning clutches.

A pair of the guide linkage and the planetary gear can only
achieve the unidirectional intermittent rotation of the sun
gear. If the number of the guide linkage is less than three, the
motion of the output shaft will be discontinuous. The mini-
mal number of guide linkages is three. The number of guide
linkages is four in this study, as shown in Fig.2. If three or
more guide linkages and planetary gears are evenly installed
on circumferential position along the axis of the sun gear, the
sun gear can provide continuously unidirectional rotation of
the ICVT.

3. Structure of the ICV?

A three-dimensional (3D) structure diagram of the proposed
ICVT is shown in Fig. 2. An ICVT mainly includes an input-
control module, a motion-conversion module (overrunning
clutch), and a speed-control module. The input shaft that is
driven by a prime mover serves as the driving part of the
ICVT. The rotational swashplate is mounted on the input
shaft. The swirl angle of the swashplate is adjusted by the
rotational angle of the speed-regulating handle. The swash-
plate rotates synchronously by the driving of the input shaft.
Then the swashplate pushes the guide linkage to move. There
are four guide linkages in the 3D structure model, as shown
in Fig. 2. Each planetary gears is installed on the correspond-
ing guide linkage. Overrunning clutches are used for over
speed protection between the planetary gears and the guide
linkages. The rotational speed of four planetary gears convert
to the rotational speed of the sun gear of the planetary gear
set. The sun gear is installed on the output shaft of the ICVT.
Hence, the rotational speed of the output shaft is equal to the
rotational speed of the sun gear. Figure 3 shows an experi-
mental prototype of the proposed ICVT.

Fig. 2. Structure of the ICVT,
where 1 is input shaft, 2 is the swashplate, 3 is the speed-regu-
lating handle, 4 is the output shaft, 5 is the driven gear, 6 is the
driving gear, and 7 is the guide linkage.

iR g

Fig. 3 ICVT prototype with the rotational swashplate

4. Dynamic Performance of the ICVT with the Rota-
tional Swashplate

The impulse rate of the output shaft of the ICVT decreases
with the number of guide linkages increases. Some operation
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performances of the ICVT with different number of guide
linkages are analyzed in this section.

4.1 Rotational Speed of the Output Shaft

If there is one guide linkage in the ICVT, relation formula
between rotational angles of the output shaft and the input
shaft can be represented as

D
Y, = d—tan Btand(l—cosy,) )
where D is the diameter of the distributed circle of guide
linkages, d. is the diameter of the pitch circle of the sun

gear on the output shaft, 3 is the helical angle of the pitch
circle of the sun gear, 6 is the swirl angle of the rotational
swashplate, and ¢, is the rotational angle of the input shaft,

e, ¢, :prdt ,inwhich w is the rotational speed of

the input shaft, and t is the time. The swirl angle of the

swashplate is determined by the length of AC , which is
controlled by the rotational angle of the control shaft.

Since guide linkages alternately work in a rotational pe-
riod of the input shaft and guide linkages evenly distribute
around the revolute joint at the point C on the swashplate, the
rotational speed of the output shaft of the ICVT is relative to
the number of the guide linkages. The rotational speed of the
output shaft of the ICVT can be represented as

de,
w. =
ul dt
where i isthe index of guide linkages, i.e., i=01,...,n-1,
inwhich n isthe number of guide linkages. If there are four
guide linkages in the ICVT, one has

:wpdEtanﬁtan gsin(p, —gi) 2

S

0 7T/4§<pp<37rl4
. 1 37?/4§<,9p<577/4 2
712 Srl4<p, <Trl4 ®)
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Since four overrunning clutches are used here for rotational
motion conversion, rotational speeds of the output shaft of
the ICVT can also be represented as

sing,
Y Sin{gap Z]
“juz D 2
0, = =w, —tan /jtan g . 4)
Wys d, sin p, —7
qu sin[ 37T]
Yo
2

Since four one-way bearings only allow the maximum rota-
tional speed of four output gears in the clockwise direction
to transmit to the output shaft of the I\VVT, the output speed
the IVT can be represented as

D . .
w, =w, d—tanﬁtanemax{sm app,SIn[Lpp %]

S

®)
. . 3
sin @, — ,sm[<pp ——]}
2
where max{-} is a function that selects the maximum

value of its arguments. Figure 4 shows the rotational speed
of the output shaft of the ICVT with four guide linkages.

In Fig.4 curve above the shadow line is the graph of the
angular velocity vs. time where the number of guide linkage
is 4. The point of intersection between the curves is speed
intersection between adjacent guide linkages.

)
Wy

w M ymin
wmax

0™~a/4 7/ 7/ 7/

nt @,

Fig. 4. Rotational speed of the output shaft of the ICVT with four
guide linkages

4.2 Impulse Rate of the ICVT with the Rotational Swash-
plate

While the ICVT can convert variable input speeds to de-
sired output speed with continuously variable speed ratios,
variations of output speeds of the ICVT have negative effects
on stationarity of its operation performance. The impulse rate
is used to evaluate variations of the rotational speed of the
output shaft of the ICVT.

According to Eq. (5), the maximum rotational speed of the
output shaft of the ICVT does not change with changes of the
number of guide linkages. The maximum rotational speed of
the output shaft of the ICVT can be represented as

o —w Dtangtané ©)

umax p d
s

The minimum rotational speed of the output shaft of the
ICVT occurs at the intersection angle between two adjacent
guide linkages that can be represented as
Dtanﬁtanes. [7r ]

wumin = wp

in|— i—+1 ©)
n

where n is the number of the guide linkages. According to
Eq. (7), the minimum rotational speed of the output shaft of
the ICVT changes with changes of the number of guide link-
ages. The impulse rate of the ICVT can be represented as

§— Yymax ~ “umin (8)

W,

u
where @, isthe average rotational speed of the output shaft
of the ICVT that can be represented as

1 27

@, =—
2w Jo

D . .
wpd—tan Btandsin(p, —El)dpp 9)
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According to Eqg. (8), the minimum rotational velocity
changes with the number of the guide linkages of the ICVT.
The impulse rate of the ICVT depends on the maximum and

the minimum rotational speed of the output shaft of the ICVT.

Based on Eq. (7), the minimum rotational speed of the output
shaft of the ICVT can be decreased with the increment of the
number of guide linkages.

4.3 Continuously Variable Speed Ratio of the ICVT with
the Rotational Swashplate

The average speed ratio of the proposed ICVT can be rep-
resented as

S

N == 2n (10)
W, NAy,

where n is the number of guide linkages, &, is the aver-
age rotational speed of the input shaft, @, is the average ro-
tational speed of the output shaft, and A¢, is the corre-
sponding rotational angle of the output shaft when the input
shaft rotates an angle of 27/n.

The speed ratio of the ICVT is defined as \, = w, /w, .

Based on Eq. (6), the speed ratio of the ICVT can be repre-
sented as

\ = d, (11)

Dtan Gtandsin(p, fgi)

Since the minimum rotational velocity of the output shaft can be
zero, variable speed ratio of the ICVT with the rotational
swashplate is infinity. The variable speed ratio of the ICVT with
the rotational swashplate is irrelevant to the number of guide
linkages. Characteristic parameters of the ICVTs, which have
different numbers of guide linkages, can be obtained by Egs.
(8)-(11).

Based on Egs. (8) and (9), the impulse rate of the ICVT
with the rotational swashplate is significantly reduced with
increasing the number of guide linkages. While the total
weight of the ICVT is slightly increased with more guide
linkages under same other design conditions, the volume of
ICVTs with different number of guide linkages is the same.
If the number of guide linkages is six, the impulse rate of the
ICVT obviously decreases compared with other ICVTs with
fewer guide linkages. Additionally, impulse rates of ICVTs
with different number of guide linkages are irrelevant to their
speed ratios.

5. Experimental Results and Discussion

The ICVT system as it is during experimental tests is shown
in Fig. 3. Experimental tests for the operation performance of
the ICVT prototype with four guide linkages are conducted on a
test rig. This experimental setup of the ICVT system consists of
an ICVT, a permanent magnet DC motor, a magnetic brake, a
torques sensor, and an angular encoder. The DC motor that is

used as the prime mover of the ICVT system is connected with
the input shaft of the ICVT. The magnetic brake mounted on the
output shaft is used to provide a variable load for the ICVT sys-
tem. The angular encoder is mounted on the output shaft of the
ICVT to measure its rotational angles.

Gear pairs and bearings of the ICVT are lubricated by Gear
Oil VG100 during tests to provide favorable lubrication condi-
tions to minimize friction of meshing gear tooth surfaces [24].
The DC motor and the magnetic brake are both mounted on rigid
pedestals, and connected with the corresponding shafts by cou-
plings to eliminate their eccentric effects. The ICVT system was
initially tested for 4x10* input cycles with an input load of 40
Nm and a input speed 100 rpm to assess adhesion of coating of
gear tooth surfaces in the running-in period.

Table 1. Design parameters of the ICVT prototype

Item Value
Rotational speed of the input shaft (mm) 100
Diameter of the distributed circle of guide link- 108
ages (mm)
Helical angle of the pitch circle of the sun gear
15
(deg)
Pitch diameter of planetary gears (mm) 48
Pitch diameter of the sun gear (mm) 40
Number of guide linkages 4

Table 2. Impulse rate with different swirl angles of the swashplate

Item Value
Swirl angle of swashplate 2 5 10 15
(deg)
Impulse rate 0.351 | 0.352 | 0.348 | 0.349

Experimental tests for constant forward speeds are performed
to validate the control strategy with constant input-to-output
speed ratios. The rotational speed of the output shaft of the ICVT
prototype that has four guide linkages was tested, and test con-
ditions of the testing are listed in Table 1. According to Eqg. (10),
the speed ratio of the ICVT changes with the swirl angle of the
swashplate 6 . During tests of the impulse rate of the ICVT, the
swirl angle of the swashplate, in turn, was set to 2 deg, 5 deg, 10
deg, and 15 deg. Testing results of the impulse rate of the ICVT
with different swirl angles of the swashplate ¢ are shown in
Table 2. Based on Eg. (8), the theoretical impulse rate of the
ICVT is 0.343. Testing results of the impulse rate of the ICVT
with different swirl angles of the swashplate are larger than the
theoretical impulse rate. In these testing results in Table 2, the
maximum impulse rate of the ICVT is 0.352, and occurs when
the swirl angles of the swashplate is 5 deg. The maximum rela-
tive error between the theoretical and testing results of the im-
pulse rate is 2.6%. Errors between the theoretical and testing re-
sults of the impulse rate mainly caused by clearance of rollers,
manufacturing errors, and misalignments of gear pairs.
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Fig. 5 Rotational speeds of the output shaft of the ICVT with four
guide linkages

Testing results of the rotational speed of the output shaft
of the ICVT is shown in Fig. 5. During tests of the rotational
speed of the output shaft of the ICVT, the swirl angle of the
swashplate is set to 10 deg. Based on testing results in Fig. 5,
errors between the theoretical and testing results of the rota-
tional speed of the output shaft are small. Since rollers in
overrunning clutches have some clearance, testing results of
the rotational speed of the output shaft are always smaller
than theoretical results. The maximum error between the the-
oretical and testing results of the rotational speed of the out-
put shaft is 0.46 rpm, and it occurs when the input angle of
the ICVT is 136.47 deg. The maximum relative error the the-
oretical and testing results of the rotational speed of the out-
put shaft is 4.87%. The minimum relative error between the
theoretical and testing results of the rotational speed of the
output shaft of the ICVT is 1.63%. Their average relative er-
ror of the rotational speed of the output shaft of the ICVT is
2.41%. Speed fluctuations of the output speed of the ICVT

are caused by the impulse rate of the ICVT, as shown in Fig.5.

As mentioned above, the impulse rate of the ICVT can be
decreased with the increment of the number of guide link-
ages.

6. Conclusions

This work presents a new ICVT with a rotational swash-
plate to mechanically transmit power with a continuously
variable speed ratio. The proposed ICVT involves of a
swashplate-guide linkage mechanism and a parallel-shaft
planetary gear system. Speed ratios and impulse rates of
ICVTs with different number of guide linkages are analyzed
by motion equations. Experimental tests for output speed of
the ICVT with four guide linkages are conducted to verify
the feasibility the design principle of the proposed ICVT with
the rotational swashplate. Based on numerical and testing re-

sults obtained, some meaningful conclusions are drawn be-
low.

(1) The proposed ICVT can in principle be used for con-
verting variable input speeds to a desired constant output
speed with continuously variable speed ratios.

(2) Uneven impulse rate of the ICVT is irrelevant to its
speed ratio. This feature of the ICVT overcomes the short-
coming that impulse rate dramatically changes with low ro-
tational speeds of the output shaft.

(3) The impulse rate of the ICVT with the rotational
swashplate is significantly reduced with increasing the num-
ber of guide linkages. Theoretically, the impulse rate of the
ICVT can be eliminated.
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Nomenclature

D : Diameter of the distributed circle of guide li
nkages (mm)

d, . Diameter of the base circle of the sun gear
(mm)

I¢) : Helical angle of the base circle of the sun g
ear (deg)

0 : Swirl angle of the rotational swashplate (deg)

®, . Rotational angle of the input shaft (deg)

w, : Rotational speed of the input shaft (rpm)

t : Time (s)

i . Index of guide linkages

n : Number of guide linkages

w, . Average rotational speed of the input shaft (r
pm)

w, . Average rotational speed of the output shaft
(rpm)

Wymx - Maximum rotational speed of the output shaft
(rpm)

Wymin - Minimum rotational speed of the output shaft
(rpm)

A . Speed ratio

)Tn . Average speed ratio
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