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1. Akinetic energy regenerating device (1) comprising:
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a main shaft (2) connected to the output shaft of a driving means;

a main disk (5) fixedly mounted on the main shaft;

a first rotating body (6) supported on the main shaft for rotation relative to the main shaft;

a flywheel (10) supported on the main shaft for rotation relative to the main shaft;

a first clutch (9) for engaging the main disk (5) and the first rotating body (6) and disengaging the
same from each other; and

an energy storage means (16) interposed between the first rotating body (6) and the flywheel (10)
for storing part of the total rotational energy of the main shaft and the rotational components
operatively associated with the main shaft temporarily in elastic energy and transmitting the total
rotational energy to the flywheel (10), and for storing part of the total rotational energy of the
flywheel temporarily in elastic energy and transmitting the rotational energy of the flywheel to the
main shaft (2).

2. The kinetic energy regenerating device according to claim 1, wherein the energy
storage means is a torsion coil spring (16).

3. The kinetic energy regenerating device according to claim 2, wherein the flywheel (10)
includes a first circular groove (11), a first end of said torsion coil spring being received
in said first circular groove.

4. The kinetic energy regenerating device according to claim 3, wherein the first rotating
body (6) includes a second circular groove (15), a second end of said torsion coil
spring (16) being received in said second circular groove (15).

5. The kinetic energy regenerating device according to any one of claims 2 to 4, further
comprising means (17) for adjusting an elasticity modulus of said coil spring (16).

6. The kinetic energy regenerating device according to any one of claims 2 to 5, wherein
a first end of said coil spring is fixed to said flywheel (10), and a second end of said
coil spring is fixed to said first rotating body (6).

7. The kinetic energy regenerating device according to claim 5 or 6, wherein said
adjusting means (17) comprises an annular plate (17a) having a plurality of rods (17b)
projecting therefrom generally parallel to an axis of said main shaft (2), at least one of
said rods extending adjacent an inner periphery of said coil spring (16), and at least
one of said rods extending adjacent an outer periphery of said coil spring.

8. The kinetic energy regenerating device according to claim 7, wherein said rods (17b)
are adjustable in an axial direction for adjusting the elasticity modulus of said coil
spring (16).

9. The kinetic energy regenerating device according to any previous claim, wherein said
first clutch (9) comprises a magnetic clutch plate (7) fixing to said first rotating body
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(6), and a coil (8) supported on an opposite side of said main disk (5) from said
magnetic clutch plate, said magnetic clutch plate (7) selectively engaging and
disengaging said main disk.

The kinetic energy regenerating device according to claim 1, wherein said first rotating
body (6) has a moment of inertia which is much less than a moment of inertia of said
flywheel (10).

The kinetic energy regenerating device according to claim 10, wherein said moment of
inertia of said first rotating body (6) is much less than a combined moment of inertia of
said main shaft (2) and said main disk (5).

The kinetic energy regenerating device according to claim 11, wherein said energy
storage means is a torsion coil spring (16) having a first end fixed to said first rotating
body (6) and a second end fixed to said flywheel (10), said first rotating body (6) being
rotatable relative to said flywheel (10) against the bias of said torsion coil spring (16).
The kinetic energy regenerating device according to any previous claim, further
comprising a second rotating body (19) mounted on the main shaft for rotation relative
to the main shaft (2) and interconnected with the main shaft by a reversing mechanism
(18), and a second clutch (20) for selectively engaging and disengaging the first
rotating body (6) with the second rotating body (19).

The kinetic energy regenerating device according to claim 13, wherein said first
rotating body (6) comprises first (6a) and second (6b) flanges, said first clutch (9)
including a first clutch plate (7) fixed to said first flange for selectively engaging said
main disk (5), said second clutch (20) including a second clutch plate (26) fixed to said
second flange (6b) for selectively engaging said second rotating body (19).

The kinetic energy regenerating device according to claim 14, wherein said first (7)
and second (26) clutch plates are magnetic clutch plates, a first coil (8) supported on
an opposite side of said main disk (5) from said first clutch plate (7), and a second coil
(27) supported on an opposite side of said second rotating body (19) from said second
clutch plate (26), said first (7) and second (26) magnetic clutch plates selectively
engaging and disengaging said main disk (5) and second rotating body (19),
respectively.

The kinetic energy regenerating device according to claim 14 or 15, wherein said
flywheel (10) is rotatably mounted on said first rotating body (6) between said first (6a)
and second (6b) flanges.

The kinetic energy regenerating device according to any one of claims 13 to 16,
wherein the reversing mechanism (18) comprises a gear wheel (25) formed integrally
with the second rotating body, a first intermediate gear wheel (22) engaging the gear
wheel (25) formed integrally with the second rotating body, a second intermediate gear
wheel (23) engaging the first intermediate gear wheel (22), and a spur gear wheel (21)
fixedly mounted on the main shaft (2) so as to be in engagement with the second
intermediate gear wheel (23), whereby said second rotating body (19) rotates in a



reverse direction with respect to said main shaft (2).

DESCRIPTION
BACKGROUND OF THE INVENTIONField of the Invention

e [0001] The present invention relates to a kinetic energy regenerating device for recovering the
kinetic energy of a rotating body and, more particularly, to a kinetic energy regenerating device
capable of operating at a high regenerating efficiency by using the perfectly elastic collision
between a rotor on the driving side and a flywheel separated from each other by an elastic
member.

Description of the Related Art

e [0002] Generally, a conventional kinetic energy regenerating device drives a generator by the
rotative force of a rotary body to convert the rotational energy into electric energy by the
generator and, in a regenerating mode, a motor or the like is driven by the electric energy to
produce rotative force.

e [0003] Since the conventional kinetic energy regenerating device must convert rotational energy
into electric energy and convert the electric energy into rotational energy in the regenerating
mode, a large amount of energy loss is incurred by energy conversion and, hence, the
regenerating efficiency of the kinetic energy regenerating device is not very high.

e [0004] DE-A-2 521 410 discloses a kinetic energy regenerating device in which a main disc fixed
to a rotary shaft is selectively coupled to a rotatable body using a clutch-type coupling element.
The rotatable body in its turn is connected to a series of concentric flywheels by means of a
helical spring connected to an electro-magnetic coupling element.

SUMMARY OF THE INVENTION

e [0005] To solve the low efficiency problem of the conventional kinetic energy regenerating device,
the present invention provides a kinetic energy regenerating device comprising a main disk to be
driven for rotation by a driving means, a first rotary body supported for free rotation on a main
shaft, a flywheel supported for free rotation on the main shaft, a first clutch for engaging the main
disk and the first rotary body and disengaging the same from each other, and an energy storage
means interposed between the first rotary body and the flywheel to store energy temporarily.

e [0006] In the kinetic energy regenerating device in accordance with the present invention, the
rotative force of the main disk is transmitted through the clutch to the first rotary body, and the
first rotary body transmits the rotative force transmitted thereto through the energy storage means
to the flywheel. Therefore, the energy storage means is able to transmit most of the rotative force
to the flywheel while converting part of the rotational energy of the first rotary body into elastic
energy and temporarily storing the elastic energy, and the rotational energy is not converted into
electric energy. Accordingly, energy loss incurred by energy conversion is very small and the



regenerating efficiency of the kinetic energy regenerating device is very high.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The above and other objects, features and advantages of the present invention will
become more apparent from the following description taken in connection with the accompanying
drawings, in which:
o Fig. 1is a central, longitudinal sectional view of a kinetic energy regenerating device
according to a preferred embodiment of the present invention;
o Fig. 2 is an enlarged end view taken along line II-1l in Fig. 1;
o Fig. 3 is a side view of a reversing mechanism;
o Fig. 4 is a graph showing the variation of energy stored in a rotary body, an energy
storage means and a flywheel with the operating condition of a first clutch;
o Fig. 5is a diagrammatic view showing the principle on which a kinetic energy
regenerating device in accordance with the present invention is based:;
o Fig. 6 is a graph showing the variation of angle of turning with time; and
o Fig. 7 is a graph showing the variation of angular velocity with time.

DETAILED DESCRIPTION OF THE INVENTION

[0008] A kinetic energy regenerating device in a preferred embodiment will be described
hereinafter as installed in an XY robot between a ball-screw and a driving motor for driving the
ball-screw.

[0009] Referring to Fig. 1, a kinetic energy regenerating device 1 according to a preferred
embodiment of the present invention is shown in a central, longitudinal sectional view. A main
shaft 2 has one end connected to the output shaft of a driving motor (not shown), and the other
end connected to a ball-screw (not shown). The shaft 2 is supported for rotation in bearings 3 and
4 on a housing (not shown). A main disk 5 is fixedly mounted on the main shaft 2. The main disk
5 has one end forming a boss 5a axially protruding in one direction, and the other end forming a
smooth, flat surface 5b perpendicular to the axis thereof. The flat surface 5b of the main disk 5
serves as a functional surface of a first clutch 9, which will be described later. A first rotor 6 has a
cylindrical body 6c¢, a first flange 6a formed on one end of the cylindrical body 6c, and a second
flange 6b formed on the other end of the cylindrical body 6c. The first rotor 6 is supported by ball
bearings mounted on the main shaft 2 for rotation relative to the main shaft 2. An annular
magnetic clutch plate 7 is fixed to the surface of the first flange 6a facing the flat surface 5b of the
main disk 5.

[0010] A coll 8 is supported by a ball bearing mounted on the boss 5a of the main disk 5 and fixed
to the housing so that the coil 8 is positioned very close to the flat surface 5b of the main disk 5.
The coil 8, the main disk 5, the first flange 6a of the first rotor 6 and the magnetic clutch plate 7
constitute the first clutch 9. Preferably, the first rotor 6 has the smallest possible mass. The
second flange 6b of the first rotor 6 is one of the components of a second clutch 20, which will be



described later.

[0011] An annular flywheel 10 having a thickness slightly smaller than the interval between the
flanges 6a and 6b of the first rotor 6 is mounted on ball bearings put on the cylindrical body 6c of
the first rotor 6 for rotation relative to the first rotor 6. A circular groove 11 is formed in the
peripheral region of the end surface of the flywheel 10 facing the flange 6a. The depth of the
circular groove 11 is slightly smaller than the thickness of the flywheel 10 and, therefore, the
thickness of a part between the bottom surface 11a of the circular groove 11 and the end surface
of the flywheel 10 opposite the surface in which the circular groove 11 is formed, i.e., the bottom
wall 11a of the circular groove 11, is very small. As shown in Fig. 2, two pairs of axial grooves 12
having a semicircular cross section are formed diametrically opposite to each other in the inner
and the outer circumference of the circular groove 11 of the flywheel 10. Circular holes 13 are
formed through the bottom wall 11a of the circular groove 11 at positions respectively
corresponding to the axial grooves 12 so as to be connected respectively to the axial grooves 12.
[0012] A spring bearing 14 has a cylindrical part 14a having an outside diameter substantially
equal to the diameter of the inner circumference of the circular groove 11, a comparatively small
axial length and one end integrally joined to the circumference of the first flange 6a. A spring
bearing flange 14b extends from the other end of the cylindrical part 14a. A circular groove 15
having a central diameter equal to that of the circular groove 11 is formed in the surface of the
spring bearing flange 14b facing the flywheel 10.

[0013] A torsion coil spring 16, i.e., an energy storage means, is interposed between the first rotor
6 and the flywheel 10 to store energy temporarily. The pitch diameter of the torsion coil spring 16
is equal to the central diameters of the circular groove 11 of the flywheel 10 and the circular
groove 15 of the spring bearing flange 14b. The torsion coil spring 16 has one end fixed to the
bottom surface of the circular groove 11 and the other end fixed to the bottom surface of the
circular groove 15. Part of the torsion coil spring 16 is received in the circular groove 11 of the
flywheel 10 and the rest of the same surrounds the cylindrical part 14a of the spring bearing 14.
Thus, the flywheel 10 and the first rotor 6 are interconnected by the torsion coil spring 16. When
an external force is not applied to the torsion coil spring 16, the mean diameter of the torsion coil
spring is equal to the central diameter of the circular groove 11 of the flywheel 10.

[0014] The elasticity modulus of the torsion coil spring 16 can be changed by means of an
elasticity modulus adjusting device 17 consisting of an annular plate 17a having a width slightly
greater than that of the circular groove 11 of the flywheel 10, and two pairs of round rods 17b
projecting from the annular plate 17a respectively at diametrically opposite positions
corresponding to the positions of the circular holes 13 of the flywheel 10. The rods 17b have a
diameter substantially equal to the diameter of the circular holes 13. The width of the space
between each pair of rods 17b is slightly greater than the diameter of the wire forming the torsion
coil spring 16. The rods 17b of the elasticity modulus adjusting device 17 are inserted
respectively through the circular holes 13 in the circular groove 11 of the flywheel 10. In a state
where no external force is applied to the torsion coil spring 16, the rods 17b are separated from
the torsion coil spring 16. The elasticity modulus of the torsion coil spring can be adjusted by



adjusting the depth of insertion of the rods 17b in the circular groove 11.

[0015] The main shaft 2 can be reversed after kinetic energy regeneration by a reversing
mechanism 18. The reversing mechanism comprises a second rotor 19 put on a ball bearing
mounted on the main shaft 2 for rotation relative to the main shaft 2. The second clutch 20
functions to engage the second rotor 19 and the flange 6b of the first rotor 6 and disengage the
same from each other. A spur gear wheel 21 is fixedly mounted on the main shaft 2. A first
intermediate gear wheel 22 and a second intermediate gear wheel 23 are brought into
engagement respectively with the spur gear wheel 21 and the second rotor 19, as shown in Fig.
3, to reverse the spur gear wheel 21 and the second rotor 19.

[0016] The second rotor 19 is formed by combining a circular plate 24 and a gear wheel 25. The
circular plate 24 has a boss 24a extending toward the gear wheel 25, and the gear wheel 25 has
a boss 25a extending toward the circular plate 24 and fitted in a force fit in the bore of the boss
24a of the circular plate 24. The circular plate 24 of the second rotor 19 has a smooth, flat end
surface 24b perpendicular to its axis. The circular plate 24 having the flat end surface 24b is one
of the components of the second clutch 20. The gear wheel 25 of the second rotor 19 and the
spur gear wheel 21 have the same pitch diameter and the same module. An annular magnetic
clutch plate 26 is attached to the surface of the second flange 6b of the first rotor facing the flat
surface 24b of the circular plate 24. The magnetic clutch plate 26 and the flat surface 24b of the
circular plate 24 of the second rotor 19 face each other and are separated from each other by a
narrow space. A coil 27 is put on a ball bearing mounted on the boss 24a of the circular plate 24
of the second rotor 19 so as to be positioned close to the flat surface 24b of the circular plate 24
on the side of the boss 24a, and is fixed to the housing. The coil 27, the circular plate 24 of the
second rotor 19 having the flat surface 24b, the second flange 6b of the first rotor 6, and the
magnetic clutch plate 26 constitute the second clutch 20.

[0017] The first intermediate gear wheel 22 and the second intermediate gear wheel 23 have the
same pitch diameter and the same module. The intermediate gear wheels 22 and 23 are
mounted respectively on shafts (not shown) supported for rotation on the housing and are in
engagement with each other and with the gear wheel 25 of the second rotor 19 and the spur gear
wheel 21 at different angular positions, respectively. When the main shaft 2 is rotated clockwise,
the second intermediate gear wheel 23 rotates counterclockwise, the first intermediate gear
wheel 22 rotates clockwise, and the second rotor 19 rotates counterclockwise; that is, the second
rotor 19 rotates in a direction reverse to the direction of rotation of the main shaft 2.

[0018] The kinetic energy regenerating device 1 transmits the rotational energy of the main shaft
2 to the flywheel 10 and stores the rotational energy as corresponding elastic energy in the
torsion coil spring 16 to stop the main shaft 2. In the regenerating mode, the rotational energy of
the flywheel 10 is transmitted to the main shaft 2 converting the rotational energy of the flywheel
10 into corresponding elastic energy by the torsion coil spring 16. The operation of the kinetic
energy regenerating device 1 will be described hereinafter for an operating mode in which the
reversing mechanism 18 is held inoperative to rotate the main shaft 2 in the same direction before
and after kinetic energy regeneration.



[0019] In a state where the main shaft 2 and the main disk 5 are rotating, the first rotor 6 and the
flywheel 10 are kept from rotation by inertia. When the first clutch 9 is engaged in this state, the
first rotor 6 rotates at the same rotating speed as that of the main disk 5, because the moment of
inertia of the first rotor 6 is far smaller than the sum of moments of inertia of the main shaft 2 and
the rotating components rotatively connected to the main shaft 2 (e.g., the rotor of a driving motor
for driving the main shaft 2 and the ball-screw connected to the main shaft 2). Therefore, it is
preferable that the first rotor 6 has the smallest possible mass.

[0020] At the moment when the first clutch 9 is engaged, the flywheel 10 is kept from rotation by
inertia. Consequently, the torsion coil spring 16 is strained by the rotational energy of the main
disk 5 and the first rotor 6, and the rotation of the main disk 5 and the first rotor 6 is decelerated
by the reactive resilience of the torsion coil spring 16. In this state, the rotational energy of the
main disk 5 is stored as elastic energy in the torsion coil spring 16, and the quantity of the stored
elastic energy is proportional to the twist in the torsion coil spring 16. Then, the flywheel 10 is
caused to start rotating and the rotating speed of the flywheel 10 increases gradually after the first
clutch 9 has been engaged by the twisted torsion coil spring 16.

[0021] Thus, the rotational energy of the main disk 5 is transmitted gradually to the flywheel 10,
while part of the rotational energy of the main disk 5 is stored temporarily as elastic energy in the
torsion coil spring 16. As the main disk 5 is decelerated, the twist in the torsion coil spring 16
increases and the rotating speed of the flywheel 10 increases gradually. Upon the increase of the
twist in the torsion coil spring 16 to a maximum twist, a maximum elastic energy is stored in the
torsion coil spring 16, and the stored elastic energy is used for rotating the flywheel 10 thereafter.
[0022] The elastic energy stored in the torsion coil spring 16 is used for the additional
acceleration of the flywheel 10. After all the elastic energy stored in the torsion coil spring 16 has
been used (i.e., after all the stress induced in the torsion coil spring 16 has been removed), the
rotating speed of the flywheel 10 reaches a maximum rotating speed substantially equal to the
initial rotating speed of the main disk 5 (i.e., the rotating speed of the main disk 5 before the
engagement of the first clutch 9). At this time, the main disk 5 and the first rotor 6 are stopped.
Simultaneously with the stopping of the main disk 5 and the first rotor 6 and the return of the
torsion coil spring 16 to its original shape, the first clutch 9 is disengaged.

[0023] Thus, all the rotational energy of the main disk 5 is transmitted to the flywheel 10.
Assuming that the moment of inertia of the first rotor 6 is zero because the first rotor 6 has a very
small mass, the first rotor 6 starts rotating together with the flywheel 10 upon the disengagement
of the first clutch 9.

[0024] Fig. 4 is a graph showing the variation of quantities of energy stored in the components
with time when the rotational energy of the main shaft 2 is transmitted to the flywheel 10 while
part of the rotational energy of the main shaft 2 is stored as elastic energy in the torsion coil
spring 16, in connection with the condition of the first clutch 9.

[0025] When regenerating kinetic energy, the first clutch 9 is engaged to interlock the first rotor 6
and the main disk 5. Upon the engagement of the first clutch 9, the first rotor 6 is interlocked with
the stopping main disk 5 and, hence, the rotation of the first rotor 6 stops at the next moment. The



inertia of the main disk 5 and the main shaft 2 tries to keep the main disk 5 and the main shaft 2
from turning. Thus, while the flywheel 10 is rotating, the torsion coil spring 16 is twisted. The
flywheel 10 is decelerated by the reactive resilience of the torsion coil spring 16.

[0026] The main disk 5 and the first rotor 6, which were stationary at the moment when the first
clutch 9 was engaged, are caused to start rotating by the resilience of the torsion coil spring 16.
The rotating speeds of the main disk 5 and the first rotor 6 increase gradually. Thus, part of the
rotational energy of the flywheel 10 is stored temporarily in elastic energy in the torsion coil spring
16, while the rotational energy of the same is transmitted gradually to the main disk 5 and the first
rotor 6. The quantity of elastic energy stored in the torsion coil spring 16 is proportional to the
twist in the torsion coil spring 16. As the flywheel 10 decelerates, the twist in the torsion coil
spring 16 increases and the rotating speed of the main disk 5 increases gradually. Upon the
increase of the twist in the torsion coil spring 16 to a maximum twist, a maximum elastic energy is
stored in the torsion coil spring 16. The elastic energy stored in the torsion coil spring 16 is used
for rotating the main disk 5 thereafter.

[0027] The main disk 5 and the first rotor 6 are further accelerated by the elastic energy supplied
by the torsion coil spring 16. The rotating speed of the main disk 5 and the first rotor 6 reaches a
maximum rotating speed substantially equal to the rotating speed of the flywheel 10 at the start of
the regenerating operation (i.e., the rotating speed of the flywheel 10 immediately before the
engagement of the first clutch 9). Upon the exhaustion of all the elastic energy stored in the
torsion coil spring 16 (i.e., upon the return of the torsion coil spring 16 to its original shape), the
flywheel 10 stops. Simultaneously with the stop of the flywheel 10 and the return of the torsion
coil spring 16 to its original shape, the first clutch 9 is disengaged.

[0028] Thus, all the rotational energy of the flywheel 10 is transmitted to the main disk 5 and the
main shaft 2 to complete the kinetic energy regenerating operation. Assuming that the moment of
inertia of the first rotor 6 is zero because the first rotor 6 has a very small mass, the first rotor 6
stops together with the flywheel 10 upon the disengagement of the first clutch 9.

[0029] The quantity of elastic energy to be stored in the torsion coil spring 16 is adjusted by
adjusting the depth of insertion of the rods 17b of the elasticity modulus adjusting device 17 in the
circular groove 11. When the depth of insertion of the rods 17b in the circular groove 11 is
increased, the length of a part of the torsion coil spring 16 extending between the rods 17b
increases. When the torsion coil spring 16 is twisted, the pitch diameter of the torsion coil spring
16 increases or decreases and the wire of the torsion coil spring 16 comes into contact with the
outer rods 17b or the inner rods 17b depending on the direction of twisting. Consequently, the
pitch diameter of the torsion coil spring 16 is unable to increase or decrease any further. Only a
part of the torsion coil spring 16 not in contact with the rods 17b is an effective part capable of
storing elastic energy. Accordingly, the greater the depth of insertion of the rods 17b of the
elasticity modulus adjusting device 17 in the circular groove 11, the smaller is the length of the
effective part, and the greater is the elasticity modulus of the torsion coil spring 16, and vice
versa.

[0030] The quantity of elastic energy which can be stored in the torsion coil spring 16 is



proportional to the elasticity modulus of the torsion coil spring 16. Thus, the quantity of elastic
energy stored in the torsion coil spring 16 and, hence, the rotational energy which can be quickly
transmitted to or from the flywheel 10, increases when the depth of insertion of the rods 17b of
the elasticity modulus adjusting device 17 is increased. As a result, the main disk 5 and the main
shaft 2 can be stopped more quickly.

[0031] The reversing mechanism 18 is used for rotating the main shaft 2 in the reverse direction
by the kinetic energy regenerating operation.

[0032] To operate the main shaft 2 in the reverse direction, the second clutch 20 is engaged to
connect the first rotor 6 to the second rotor 19 in a state where the rotational energy of the main
shaft 2 has been transmitted to the flywheel 10. In this state, the main shaft 2, the main disk 5,
the second rotor 19, the spur gear wheel 21 and the intermediate gear wheels 22 and 23 are
stopped, and the flywheel 10 and the first rotor 6 are rotating. Upon engaging the second clutch
20, the first rotor 6 stops momentarily, and the second rotor 19, the intermediate gear wheels 22
and 23, and the spur gear wheel 21 are kept from rotation by inertia. Consequently, the torsion
coil spring 16 is twisted by the rotating flywheel 10, and the flywheel 10 is decelerated by the
reactive resilience of the torsion coil spring 16. Then, the second rotor 19, the intermediate gear
wheels 22 and 23, and the spur gear wheel 21 are caused to start rotating by the resilience of the
torsion coil spring 16. The rotating speeds of the second rotor 19 and the gear wheels 21, 22 and
23 increase gradually.

[0033] Thus, part of the rotational energy of the flywheel 10 is stored in elastic energy in the
torsion coil spring 16, while the rest is transmitted gradually to the second rotor 19, the
intermediate gear wheels 22 and 23, and the spur gear wheel 21. Suppose, for example, that the
flywheel 10 and the first rotor 6 are rotating in a clockwise direction. Upon engaging the second
clutch 20, the second rotor 19 rotates clockwise, and the main shaft 2 rotates in a
counterclockwise direction, which is reverse to the direction of rotation of the main shaft 2 before
the engagement of the first clutch 9.

[0034] The twist in the torsion coil spring 16 increases and the rotating speed of the second rotor
19 increases with the deceleration of the flywheel 10. Upon the increase of the twist in the torsion
coil spring 16 to a maximum twist, the elastic energy stored in the torsion coil spring 16 reaches a
maximum elastic energy, and the elastic energy stored in the torsion coil spring contributes to
driving the second rotor 19 for rotation thereafter. As the elastic energy stored in the torsion coil
spring 16 is discharged, the second rotor 19 and the first rotor 6 are further accelerated. Upon the
exhaustion of the elastic energy stored in the torsion coil spring 16 (i.e., upon the return of the
torsion coil spring 16 to its original shape), the rotating speeds of the first rotor 6, the second rotor
19, the intermediate gear wheels 22 and 23, the spur gear wheel 21 and the main shaft 2 reach
maximum rotating speeds equal to rotating speeds at the moment when the kinetic energy
regenerating operation was started (i.e., rotating speeds immediately before the engagement of
the second clutch 20). When the elastic energy in the coil spring 16 is exhausted, the flywheel 10
stops. Simultaneously with the stop of the flywheel 10 and the return of the torsion coil spring 16
to its original shape, the second clutch 20 is disengaged. Thus, all the rotational energy of the



flywheel 10 is transmitted to the first rotor 6, the second rotor 19, the intermediate gear wheels 22
and 23, the spur gear wheel 21 and the main shaft 2 to complete the kinetic energy regenerating
operation to rotate the main shaft 2 in the reverse direction.

The operation of the kinetic energy regenerating device will kinematically be explained
hereinafter. In the following explanation, air resistance, frictional heat and such are neglected. It is
assumed that the kinetic energy regenerating device is an ideal system, and only the intrinsic
operation of the kinetic energy regenerating device will be described.

Suppose that disks A, B and C have moments of inertia I, I, and I, respectively, and I, <<
I1, I3 (i.e., the moment of inertia I, of the disk B is far smaller than those of the disks A and C).
Angles of rotation of the disks A, and C are 64, 6, and 83, respectively. The derivative with respect
to time of a parameter n is indicated by a symbol n-prime. An elastic body D has an elasticity
modulus k.

The foregoing definition is tabulated in the following Table 1:

TABLE 1Symbols Quantities
I Moment of inertia of the disk A
I Moment of inertia of the disk B
I3 Moment of inertia of the disk C
01 Angle of rotation of the disk A
02 Angle of rotation of the disk B
03 Angle of rotation of the disk C
\% Initial angular velocity of the disk Al
k Elasticity modulus

Initial conditions of an initial state where only the disk A is rotating at a rotating speed V
and the disks B and C are at a standstill are defined by the following expressions:61(0) = 0 81'(0)
=V 62(0)=062'(0)=063(0)=063'(0)=0

68,(0) = 0 8,0) = V 85(0) = 0 8,'0) = 0 85(0) = 0 6;(0) = 0

Equations of motion for the disks A and C are the following simultaneous differential
equations with two unknowns, which express that the rotating disk A is connected to the disk B
and exerts dynamic influence through the elastic body D to the disk C, in which it is assumed that
there is no slip between the disks Aand B:I1 - 81" +k - (81-63)=013-083"+k - (63-61)=0

Il'Bl”+k'(91-83):013‘93"+k‘(63-81)20
In expression (2), the terms of 8 of second order and higher are omitted on an assumption

that a restoring force proportional to the difference in angle of rotation (i.e., 8, - 83) acts on the
elastic body D. The following change of variables is used:11 - 61 =61 13 - 63 =03
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Then, the initial conditions are expressed by:61(0) =0 61'(0) =11-V 63(0) = 063'(0) =0

6,(0) = 0 6;(0) = 1"V 85(0) = 0 65'(0) = 0
and the dynamical equations are expressed by:

e’. + k .el - K ‘63 = 0

Iy I
83“ + k '63 - k '91 = 0
I3 I‘l s s 00 enaew (5)

The following expression (6) is obtained by adding the two differential equations
represented by expression (2), and expression (7) is obtained through the change of variables of
expression (3):11 - 61" +13 - 83" =0

Il * 91" +I3 h 93" = 0

81" +083"=0
0" + 65" =0

Expression (7) can readily be solved. The following expression (8) is obtained by solving
expression (7) using the initial conditions represented by expression (4):61 + 63 = [1-V-t
91 + 93 = II‘V‘I

Ordinary differential equations with one unknown for 8, and 8; which can readily be
solved, are obtained by substituting expression (8) into expression (4). The solutions are

expressed by the following equations (9):61 = 11-Vw0(1-kI3-w02)-sin(w0-t) + [1-k-VI3-w02-163 =
K-Vw02-t - kK-Vw02-sin(w0-t)

0, = ﬂ(l-L.,)-sin(coo-f) + ﬂ-feg = k—gr - k'—g-sin((no-z‘)
Wy Leg MO oL g

wherew0 = k-[1/11) + (1/13)]

oy = JkIUL) + (1R)]
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Solutions for 8, and 65 obtained by using expression (4) are represented by expression
(10), in which each of 8; and 03 is the sum of a first term proportional to time t, and a second term
expressing an oscillation having an angular frequency wo.01(t) = 11+a [V-t +
VwO0-a-sin(w0-1)]63(t) = 11+a [V t - VwO-sin(w0-t)]
1 , I . 1 , [
01(1) = — [Vr + —wsin(e,0)]05(0) = — [V - —sin(w;1)]
l+a (O} ) I+a (O '

wherea = 1311

oo b
4

In expression (10), the value of the parameter a(=ls/l,) represents the distinctive features
of motion. For example, if the parameter a approaches an infinitesimal value, expression (10) can
be written as:a — 0 81(t) — V-t 83(t) — V-t - VwO -sin(w0-t)

J .
a —> 0 6/(0) > It 65() > Vot - — sin(o,1)
Wg

where 0,(t) is dependent mostly on the first term and varies substantially linearly, and B;(t)
oscillates with respect to V-t.

If a increases up to infinity, expression (10) can be written as:

a —+= o

6,(t) » V__ - ain(w,t)
Wy

8(t) - 0

where 0,(t) is dependent mostly on the second term and oscillates, and 6;(t) approaches zero.

Fig. 6 is a graph showing a curve 28 for 8,(t) and a curve 29 for 6;(t) whena =1 (I, =13 =
). In Fig. 6, a curve 30 indicated by an alternate long and short dash line represents the mean of
0:(t) and 65(t) (i.e., V-t/2), and a curve 31 indicated by a broken line represents V-t.

The solutions of () and B85(t) are obtained by using the following expression obtained by
rearranging expression (10) with a = 1.81(t) = 12 [V-t + VwO0-sin(w0-1)] 83(t) =12 [Vt -
Vw0-sin(w0-t)]
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r r

0/(1) = ~ 11 + sino 0] 05(0) = ~ [11 - —sin(w0)]
2 ®( ) 2 an

wherew0 = 2k/I
0)(_) = 4 2k/]

[0050] The following expression (14) representing angular velocities is obtained by differentiating
expression (13) with respect to t:61'(t) = 12 [V + V-cos(w0-t)] 63'(t) = 12 [V - V-cos(wO0-t)]

0,'(t) = % [V + Vecos(ayt)] 65(t) = % [V - Vecos(wyt)]

[0051] As is obvious from expression (14), when the clutch is engaged to connect the disks A and
B, the angular velocity V of the disk A decreases from the initial angular velocity (i.e., the angular
velocity immediately before the engagement of the clutch), while the angular velocity of the disk C
increases with time. When the clutch is disengaged at time t = m/w, corresponding to a point P,
the disks continue to rotate by inertia at the angular velocities at time t = T1/w,, as indicated by
alternate long and two short dashed lines in Fig. 6; that is, the disk A stops and the disk C rotates
at the angular velocity V.

[0052] When the clutch is engaged thereafter to connect the disks A and B, the angular velocity of
the disk C decreases and the angular velocity of the disk A increases. When the clutch is
disengaged at a time corresponding to a point P, the disks A and B rotate at angular velocities
corresponding to the initial angular velocities, respectively, to enable kinetic energy regeneration.
As illustrated in Fig. 7, the angular velocities of the disks A and C are in an antiphase relationship
with respect to V-t/2.

[0053] Thus the disks A and C exchange purely mechanical energy without requiring any
electrical energy converting means. Therefore, the efficiency of kinetic energy regeneration can
be enhanced by reducing energy loss due to frictional heat and so forth. In contrast,
enhancement of the efficiency of a kinetic energy regeneration employing electrical energy
converting means must reduce Joule heat and such in addition to mechanical heat loss.

[0054] Although the kinetic energy regenerating device of the present invention employs the
resilience of the torsion coil spring 16 as an energy storage means for temporarily storing energy,
a pneumatic means may be employed for the same purpose instead of the resilience of the
torsion coil spring 16. When employing a pneumatic means, a turbine may be driven by a first
rotor provided with gear teeth on the circumference of the flange thereof to accumulate
compressed air in an air tank having a given capacity. The flywheel may be driven for rotation by
another turbine driven by the compressed air accumulated in the air tank.

[0055] When such a pneumatic means is employed, a variable-capacity air tank may be used as
the elasticity modulus adjusting means. The transmission of energy to the flywheel and the
decrease of the rotating speed of the main shaft to zero can be achieved in a comparatively short
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time, by reducing the capacity of the variable-capacity air tank, and vice versa.

e [0056] The kinetic energy regenerating device may be used as a booster for driving a motor in the
kinetic energy regenerating mode. When regenerating the energy of the main shaft stored in the
flywheel for driving the main shaft by engaging the clutch, the kinetic energy regenerating device
can be used as a booster by driving a motor for driving the main shaft simultaneously with or prior
to the engagement of the clutch.

e [0057] Although the present invention has been described in its preferred form with a certain
degree of particularity, the shapes and construction of the disks, clutches, the first rotor, the gear
wheels and other components of the embodiment described herein are intended to illustrate the
general principles of the present invention and not to be construed to limit the scope of the
invention. It is therefore to be understood that the above-described embodiments are merely
illustrative of the principles of the invention. Various modifications and changes may be made
thereto by those skilled in the art which will embody the principles of the invention as defined in
the appended claims.
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