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ABSTRACT OF THE DISCLOSURE
A hybrid-vehicle drive method and system includes an internal combustion
engine that includes an output shaft, a first electric motor/generator connected to the
output shaft of the internal combustion engine via a power distribution mechanism, a
wheel drive shaft connected to the output shaft of the internal combustion engine via
the power distribution mechanism, a second electric motor/generator connected to the
wheel drive shaft, and a transmission located on at least one of the wheel drive shaft

and a connecting portion of the second electric motor/generator with the wheel drive

shaft.
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OPERATION METHOD OF A HYBRID-VEHICLE DRIVE SYSTEM

WITH A TRANSMISSION

[0001] The invention relates to a drive system for hybrid venicles, which drives

wheels by using a combination of an internal combustion engine and electric motors.

e ——. e Pl el A ——

[0002] As conservation of air environment and saving of fuel resources become

- increasingly importani, hybrid vehicles whose wheels are driven by a combination of an
internal combustion engine and an electric motor (or motors) have been attracting much
attention in the field of automobiles. in the hybrid vehicles, wheels are driven in various
manners by an internal combustion engine and an electric motor (or motors) arranged in
various forms so as to achieve a wide variety of combinations of rotation speed and drive
torque. Motor vehicles used to be driven by using only internal combustion engines.
However, the development of hybrid vehicles in the automotive field was started by
replacing a part of a drive system that conventionally uses only an internal combustion
engine, with an electric drive system including, for example, an electric motor(s).

[0003] With this background, It is presently assumed that hybrid vehicles are
capable of running only by use of an internal combustion engine. Japanese Laid-open
Patent Publication No. 11-198669 discloses one example of a hybrid-vehicle drive system.
In this hybrid-vehicle drive system, a first electric motor/generator is connected in series
with a crankshaft of an internal combustion engine and a power shaft is arranged to be
driven by one or both of the internal combustion engine and the first electric
motor/generator serving as a motor. The power shaft and an output shaft of a second
electric motor/generator are respectively connected to a ring gear and a sun gear of a
planetary gear mechanism, thereby connecting both shafts to each other. A carrier of the
planetary gear mechanism, which serves as an output shaft, is connected to a
transmission, which in turn is connected to drive wheels. In the hybrid-vehicle drive system
thus constructed, even when only the intemal combustion engine operates as a driving
motor, the drive system is able to provide a wide variety of operating or running modes
required by the vehicle by utilizing the speed-ratio changing function of the transmission,
as Is the case with conventional vehicles using only the internal combustion engine. This
may be considered as one typical example reflecting the origin of hybrid vehicles as
aescribed above. |

[0004] On the other hand, there has been proposed another hybrid-vehicle drive
system that eliminates the need of providing a transmission which was conventionally

disposed between an output shaft of an internal combustion engine and a transmission. In

this hybrid-vehicle drive system, an internal combustion engine and an electric motor (or
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motors) are combined fo provide a driving source of a motor vehicle such that the motor
serves to absorb a difference between the rotation speed of an output shaft of the internal
combustion engine and that of vehicle axies. The difference is caused by deviation of the
retationship between the rotation speed and the drive torque actually obtained by the
Internal combustion engine from that relationship required at the vehicle axles. Fig. 1 is a
view schematically showing a construction of such a hybrid-vehicle drive system.

[0005] In Fig. 1, an internal combustion engine 1 is mounted in a vehicle body (not
shown), and has an output shaft (or a crankshaft) 2. A planetary gear mechanism 3
includes a sun gear 4, a ring gear 5, planetary pinions 6, and a carrier 7. The crankshaft 2
IS coupled to the carrier 7. A first electric motor/generator (MG1) 8 includes a coil 9 and a
rotor 10. The rotor 10 is connected to the sun gear 4 while the coil 9 is supported on the
vehicle body. One end of a propeller shaft 11 is connected to the ring gear 5. In the drive
system thus constructed, the planetary gear mechanism 3 is operable to distribute power
received from the internal combustion engine to the first motor/generator 8 and the
propeller shaft 11 as a wheel-drive shaft. Thus, the planetary gear mechanism 3 serves as
a power disfribution mechanism. A second electric motor/generator (MG2) 12 is
connected to an intermediate portion of the propeller shaft 11. The second
motor/generator 12 includes a coil 13 and a rotor 14. The coil 13 is supported on the
vehicle body. The rotor 14 may be connected to the propeller shaft 11 in any manner. In
the drive system as shown in Fig. 1, for example, the rotor 14 is connected to the propelier
shaft 11 such that a gear 16 supported and rotated by the rotor 14 engages with a gear 15
provided on the propeller shaft 11. The other end of the propeller shaft 11 is connected to
a pair of vehicle axles 18 via a differential gear unit 17. Wheels 19 are attached to the
respective vehicle axles 18.

[0006] In the drive system shown in Fig. 1, the crankshaft 2 rotates as a unit with
the carrier 7, and the rotation speed of these components 2, 7 is denoted by "Nc."
Likewise, the electric motor/generator 8 rotates as a unit with the sun gear 4, and the
rotation speed of these components 8, 4 is denoted by "Ns." The ring gear 5, the second
electric motor/generator 12, and the wheels 19 rotate in proportion with each other, to
eventually provide the vehicle speed: The rotation speeds of these components 5, 12, 19
aiffer depending on the ratio between the number of gear teeth of the gear 15 and that of
the gear 16, the speed reducing ratio of the differential gear unit 17, and the tire radius. In
the following description, however, the rotation speed of the ring gear 5 will be adopted as

a typical speed representing those of the components 5, 12, 19 and will be denoted by
"Nr", for the sake of simplicity and convenience.
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[0007] Fig. 2 is a graph showing a relationship among the rotation speed Nc of the
internal combustion engine and the rotation speeds Ns, Nr of the two electric motors MG1,
MG2, which relationship is established on the basis of the principal of the planetary gear
mechanism. In this graph, p represents the ratio of the number of gear teeth of the sun
gear to that of the ring gear ( p < 1). Since Nc is determined by the rotation speed of the
internal combustion engine, and Nr is determined by the vehicle speed, Ns is determined
according to the following expression (1), based on the engine speed and the vehicle
speed:

Ns =(1+ 1/ p )Nc-(1/p )Nr . (1)

[0008] Besides, torques at the carrier, the sun gear,\ and the ring gear will be
denoted as Tc, Ts, and Tr, respectively. These torques are in equilibrium with each other
at the following ratio;

Is:Tc:Tr=p(1+p):1:1/(1+p) ..(2)

When any of these three elements, i.e., the carrier, the sun gear and the ring gear,
generates or absorbs torque, torque is transferred among the elements until the above
equilibrium is achieved.

[0009] In a hybrid vehicle including the drive system constructed as described
above, the operations of the internal combustion engine, MG1, and MG2 are controlied by
a vehicle operation control system (not shown) based on operation commands from an
operator of the vehicle and the operating or running state of the vehicle. More specifically,
the vehicle operation control s'ystem includes a microcomputer and is arranged to perform
the tollowing control. First, a target vehicle speed and a target wheel drive torque are
calculated based on operation commands from the vehicle operator and the operating
state of the vehicle detected by various sensors. At the same time, output current
available at a power storage system or the quantity of electric power required for charging
the power storage system are calculated based on the state of charge (SOC) of the power
storage system. Using the resulis of these calculations, the vehicle operation control
system further performs calculations to determine an appropriate operating mode of the
Internal combustion engine, including suspension or stop of the operation thereof, and an
appropriate motor-operating/power-generating mode of each of the MG1 and the MG2.
Using the results of these calculations, the vehicle operation control system controls the
operations of the internal combustion engine, the MG1 and the MG2.

[0010] In the hybrid-vehicle drive system, the output shaft of the internal
combustion engine is connected to the first electric motor/generator and to the wheel-drive
shaft via the power distribution mechanism, and the second electric motor/generator is

connected to the wheel-drive shaft, as described above. With this arrangement, as is
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apparent from Fig. 2, changes in the rotafion speed Nc of the oufput shaft of the internal
combustion engine, the rotation speed Nr corresponding to the vehicle speed, and the
refationship between the rotation speeds Nc, Nr can be absorbed by the rotation speed Ns
of the first electric motor/generator, and therefore these values Nc, Nr can be significantly
changed. Thus, the hybrid-vehicle drive system does not require a transmission. More
specifically, the relationship between Nc and Nr can be flexibly changed by adjusting or
controlling the power distribution system, and it is therefore possible, for example, to
operate the engine (Nc>0) even when the vehicle is at a stop (Nr = 0), fo stop the engine
operation (Nc = 0) while the vehicle is running forward (Nr > 0), or to drive the vehicle
(Nr<0) backward irrespective of whether the engine is operated or stopped (Nc = 0).

[0011] Since the rotation speed of the MG2 depends on the vehicle speed and the
state of charge of the power storage system basically has no relationship with the vehicle
speed, there is a great restriction to operating the MG2 as a power generator for charging
the power storage system. Therefore, charging of the power storage system is carried out
onty by the MG 1 whereas electric driving of the wheels is carried out only by the MG2. In
the above-described hybrid-vehicle drive system including no transmission, therefore, the
MGZ2 serving as a sole motor for driving the wheels needs to be large-sized in order to
secure a satisfactory vehicle drive performance for generating large wheel-drive torque as
needed even in a low-vehicle-speed region.

[0012] The above description will be more apparent from Fig. 3, which shows a
coordinate system indicating a relationship between a required value of torque to be
produced at the vehicle axles (which will be referred to as "vehicle-axie torque") and the
vehicle speed. The relationship of Fig. 3 is obtained when the internal combustion engine
of the vehicle is operated at a high fuel efficiency over a wide range of vehicle speed. In
Fig. 3, line A represents the limit performance of the vehicle, which represents a desired
relationship between the vehicle speed and the vehicle-axle torque, and a flat region
denoted by B represents the vehicle-speed versus vehicle-axle-torque performance of the
internal combustion engine operating at a high fuel efficiency. The remaining region
denoted by C represents the vehicle-speed versus vehicle-axie-torque performance to be
provided only by the MG2. To achieve the vehicle-speed versus vehicle-axle-forque
performance of Fig. 3, the MG2 is required to have a sufficiently large size so as to

produce a large torque at a low rotation speed.

[0013] It appears from Fig. 3 that the depth of the region C is considerably large as
compared with the region B. The imbalance between the region C and the region B may
lead to an imbalance in the size among the three driving sources, i.e., the internal

combustion engine and the first and second motor/generators, in particular, an imbalance
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in the size between the engine and the second motor/generator. In view of this point, the
hybrid-vehicle drive system without a transmission as described above may be desired to

be further improved.

SUMMARY OF THE INVENTION

[0014] The invention provides a hybrid-vehicle drive system which includes (a) an
internal combustion engine that includes an output shaft, (b) a first electric
motor/generator connected to the output shaft of the internal combustion engine via a
power distribution mechanism, (c) a wheel drive shaft connected to the output shaft of the
Internal combustion engine via the power distribution mechanism, (d) a second electric
motor/generator connected to the wheel drive shaft, and (e) a fransmission located on at
least one of the wheel drive shaft and a connecting portion of the second electric
motor/generator with the wheel drive shaft.

[0015] The motor/generator used herein functions as both an electric motor and a
generafor. The present invention relates to short-term vehicle driving performance of the
nybrid vehicle drive system in which the output shaft of the internal combustion engine is
connected to the first motor/generator and the wheel drive shaft via the power distribution
mechanism and the second motor/generator is connected to the wheel drive shaft. In
other words, the invention does not relate to long-term vehicle driving performance in
connection with the relationship among driving of the hybrid vehicle by use of the engine,
driving by the motor and the self-charging function of the generator. Therefore. both the
tirst and second motor/generators may simply consist of motors so as to provide the
intended effects of the invention. In actual vehicle drive systems, however, the second
motor/generator must operate as an electric motor (but it may also operates as a
generator), and therefore the first motor/generator needs to have a power generating
function, to provide a vehicle drive system capable of operating for a long period of time.
This need, however, has no relationship with the technical concept of the invention. Thus.
the first and second motor/generator as indicated above may be electric motors having no
power generating function.

10016} As described above, in the hybrid-vehicle drive system in which the output
shaft of the internal combustion engine is connected to the first motor/generator and the
wheel drive shaft via the power distribution mechanism, the transmission is located on the

wheel drive shaft or in a connecting portion of the second electric motor/generator with the

wheel drive shaft. In an arrangement in which the transmission is located on a portion of
the wheel drive shaft that is closer to the internal combustion engine than the connecting

portion of the second motor/generator, if the drive system is required to generate high
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vehicle-axis torque at a low vehicle speed, the speed of rotation of the internal combustion
engine is increased in relation to the vehicle speed by controlling the power distribution
mechanism, and the speed reduction ratio of the transmission is increased so that the
engine provides a larger portion of the required high vehicle-axis torque. Thus, the
required high torque can be provided at a low vehicle speed while reducing the magnitude
of forque that needs to be generated by the second motor/generator. in another
arrangement in which the transmission is located on a portion of the wheel drive shaft that
Is remote from the internal combustion engine with respect {o the connecting portion of the
second motor/generator, the engine speed is increased in relation to the vehicle speed by
controlling the power distribution mechanism, and the speed reduction ratio of the
transmission is increased so that the internal combustion engine and the second
motor/generator cooperate with each other to drive the vehicle wheels at the increased
speed reduction ratio. Thus, the required high torque can be provided at a low vehicle
speed while reducing the magnitude of torque that needs to be generated by the second
motor/generator. If the transmission is located in a portion that connects the second
motor/generator o the wheel drive shaft, the vehicle-axis torque produced by the second
motor/generator is increased by increasing the speed reduction ratio irrespective of
control of the power distribution mechanism. In this manner, the requirement for high
torque at a low vehicle speed can be satisfied even if the second motor/generator does
not have such a large size. Thus, the relationship of the vehicle speed and the vehicle-
axis torque as indicated by line A in Fig. 3 can be established while constantly driving the
vehicle at a high fuel efficiency while at the same time balancing the sizes of the internal
combustion engine and the first and second motor/generators relative to each other.

[0017] In accordance with another aspect of the invention, there is provided a
method of operating a hybrid-vehicle drive system comprising: (a) an internal combustion
engine that includes an output shaft; (b) a first electric motor/generator connected to the
output shaft of the internal combustion engine via a power distribution mechanism; (¢) a
wheel drive shaft connected to the output shaft of the internal combustion engine via the
power distribution mechanism; (d) a second electric motor/generator connected to the
wheel drive shaft; and (e) a transmission located on at least one of the wheel drive shaft
and a connecting portion of the second electric motor/generator with the wheel drive shaft.
The method comprises the steps of detecting if one of the internal combustion engine
and the second electric motor/generator is faulty; and changing a ratio of a first torque
produced at vehicle axles by the internal combustion engine to a second torque produced
at the vehicle axles by the second electric motor/generator at each gear position of the

transmission when one of the internal combustion engine and the second electric
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motor/generator is faulty, from the ratio of the first torque to the second torque when both
of the internal combustion engine and the second electric motor/generator operates
normaily. The rafio of the first torque produced by the internal combustion engine to the
second torque produced by the second electric motor/generator, when viewed in a
coordinate system representing a relationship between a vehicle speed and a torque, may
be changed in accordance with gear-position regions into which an operable region
defined by the vehicle speed and the torque is divided by boundary linés that extend in
parallel with a vehicle-speed axis of the coordinate system. The ratio of the first torque
produced by the internal combustion engine to the second torque produced by the second
electric motor/generator, when viewed in the vehicle-speed versus torque coordinate
system, may be changed by moving the boundary lines in a direction parallel with a torque
axis of the coordinate system, when one of the internal combustion engine and the

second electric motor/generator is faulty.

e e e e e~ s e e e e - P e e g . Gy - gl

10018] foregoing and/or further objects, features and advantages of the invention

will become more apparent from the following description of preferred embodiments with
reference to the accompanying drawings, in which like numerals are used to represent like

elements and wherein:

[0019] Fig. 1 is an exemplary view schematically showing a conventional hybrid-
vehicle drive system;

[0020] Fig. 2 is an exemplary graph showing a relationship among rotation speeds
of an internal combustion engine and two electric motor/generators in the hybrid-vehicle
drive system shown in Fig. 1;

[0021] Fig. 3 is an exemplary graph showing a relationship between vehicle speed
and the vehicle-axle torque to be produced by the internal combustion engine and the
electric motor/generator in the hybrid-vehicle drive system shown in Fig. 1;

[0022] Fig. 4 is an exemplary view schematically showing a hybrid-vehicle drive
system according to a first embodiment of the invention:

[0023] Fig. 5 IS an exemplary view schematicélty showing a hybrid-vehicle drive
system according to a second embodiment of the invention:

[0024] Fig. 6 is an exemplary view schematically showing a hybrid-vehicle drive
system according to a third embodiment of the invention;
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[0025] Fig. 7 is an exemplary view schematically showing a transmission
having three gear ratios or positions and a reverse gear position;

[0026] Fig. 8 is an exemplary graph showing a relationship between vehicle
speed and the vehicle-axle torque to be produced by the internal combustion engine
and the electric motor/generator in the hybrid-vehicle drive system shown in Fig. 4;

[0027] Fig. 9 1s an exemplary graph showing a relationship between vehicle
speed and the vehicle-axle torque to be produced by the internal combustion engine
and the electric motor/generator 1n the hybnid-vehicle drive system shown in Fig. 5;

[0028] Fig. 10 1s an exemplary graph showing a relationship between
vehicle speed and the vehicle-axle torque to be produced by the internal combustion
engine and the electric motor/generator in the hybrid-vehicle drive system shown in
Fig. 6;

[0029] Fig. 11 1s an exemplary graph showing a relationship between
vehicle speed and the vehicle-axle torque to be produced by the internal combustion
engine and the electric motor/generator in the hybrid-vehicle drive system shown in
Fig. 4;

[0030] Fig. 12 1s an exemplary graph showing a relationship between

vehicle speed and the vehicle-axle torque to be produced by the internal combustion

engine and the electric motor/generator MG2 in the hybrid-vehicle drive system

shown 1n Fi1g. 5;

[0031] Fig. 13 is an exemplary graph showing the relationship in Fig. 10
which 1s corrected according to another embodiment of the invention:

10032}  Fig. 14 is an exemplary graph showing the relationship in Fig. 11
which 1s corrected according to another embodiment of the invention: and

[0033]  Fig. 15 is an exemplary graph showing the relationship in Fig. 12

which 1s corrected according to another embodiment of the invention.

DETAILED DESCRIPTION QF PREFERRED EMBODIMENTS

[0034]  Figs. 4-6 are schematic views showing three exemplary embodiments

of the invention in which a transmission is incorporated in a hybrid-vehicle drive
System where an output shaft of an internal combustion engine is connected to a first
clectric motor/generator and a wheel-drive shaft via a power distribution mechanism,
and a second electric motor/generator is connected to the wheel-drive shaft. In

Figs. 4-6, elements that are the same as or equivalent to those shown in Fig. 1 are

denoted by the same reference numerals and characters.
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[0035] In a first embodiment shown in Fig. 4, a transmission 100 1s disposed
in an intermediate portion of the wheel-drive shaft at bne side of a connecting potion
of the second electric motor/generator MG2 closer to the internal combustion engine.
In other words, the transmission 100 1s disposed in a portion of the propeller shaft 11
as one part of the wheel-drive shaft, such that the transmission 100 1s located on one
side of the gear 15 that provides the connecting portion of the MG2, which side 1s
closer to the internal combustion engine 1. The transmission 100 may have two or
three gear ratios or gear positions, and may also have a reverse gear position. Such a
transmission can be provided in various manners by using known techniques. An
example of a transmission including three forward-drive gear positions and one
reverse-drive gear position 1s schematically shown in Fig. 7.

[0036] In Fig. 7, reference numerals 20, 22, 24 and 26 denote a sun gear, a
ring gear, planetary pinions, and a carrier of a planetary gear mechanism, and
reference numerals 21, 23, 25 and 27 denote a sun gear, a ring gear, planetary pinions,
and a carrier of another planetary gear mechanism. In addition, 28(C1) and 29(C2)
are clutches, and 30(B1) and 31(B2) are brakes, while 32(F1) is a one-way clutch.
These rotating elements are arranged together with an input shaft 33 and an output
shaft 34 as shown in Fig. 7. 1In operation, the transmission 100 thus constructed is
placed in the first gear position with the highest speed reducing ratio when the clutch
C1 1s engaged, and is placed in the second gear position with the middle speed
reducing ratio when the clutch C1 and the brake B1 are engaged. The transmission
100 15 also placed in the third gear position with the lowest speed reducing ratio
(speed reducing ratio=1) when the clutches C1, C2 are engaged, and is placed in the
reverse gear position when the clutch C2 and the brake B2 are engaged.

[0037] When a transmission having three gear positions 1s used as the
transmission 100 in the drive system of the embodiment as shown in Fig. 4, the
relationship (or ratio) between the torque to be produced by the internal combustion
engine 1 and the torque to be produced by the MG2, when viewed in a vehicle-speed
versus vehicle-axle-torque coordinate system, changes from that as shown in Fig. 3
(Where no transmission is provided) to that as shown in Fig. 8. In Fig. 8, each of the
regions B1, B2, and B3 represents the magnitude of vehicle-axle torque that can be
mainly generated by the internal combustion engine (or the internal combustion
engine and the MG1 in some cases) when the transmission is placed in the first gear

position, second gear position and the third gear position. On the other hand, the
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remaining region C represents the magnitude of vehicle-axle torque required to be
obtained by the MG2. It is to be noted that Fig. 8 is not a so-called shift diagram. For
example, when the values of the vehicle speed and the required torque both fall in the
region B1 in the coordinate system, this does not mean that the first gear ratio or
position of the transmission 100 1s established. It will be understood from Fig. § that
the maximuin torque required to be generated by the MG?2 is significantly reduced as
compared with Fig. 3.

[0038] In a second embodiment as shown in Fig. 5, a transmission 101 is
disposed 1n an 1intermediate portion of the wheel-drive shaft on one side of the
connecting portion of the second electric motor/generator MG2 remote from the
internal combustion engine. In other words, the transmission 101 is disposed in a
portion of the propeller shaft 11 as one part of the wheel-drive shaft such that the
transmussion 101 1s located on one side of the gear 15 that provides the connecting
portion of the MG2, which side is remote from the internal combustion engine with
respect to the connecting portion. The transmission 101 may have two or three
forward-drive gear positions and may also have a reverse-drive gear position. The
transmission 101 may be constructed as shown in Fig. 7.

[0039] When a transmission having three gear positions is used as the

transmussion 101 in the driven system of the embodiment as shown in Fig. 5, the

relationship (or ratio) between the torque to be produced by the internal combustion
engine 1 and the torque to be produced by the MG2, when viewed in a vehicle-speed
versus vehicle-axle-torque coordinate system, changes from that as shown in Fig. 3
(where no transmission is provided) to that as shown in Fig. 9. In Fi g. 9, each of
regions B1, B2, and B3 represents the magnitude of vehicle-axle torque that can be
mainly generated by the internal combustion engine (or the internal combustion
engine and the MG1 in some cases) when the transmission 101 is placed in the first
gear position, second gear position and the third gear position. On the other hand,
each of regions C1, C2, and C3 represents the magnitude of vehicle-axle torque
required to be obtained by the MG2 when the transmission 101 is placed in the first
gear position, second gear position and the third gear position. It will be also
understood from Fig. 9 that the maximum torque required to be obtained by the MG?2

1s significantly reduced as compared with Fig. 3.

10040]  In a third embodiment shown in Fig. 6, a transmission 102 is

disposed in a connecting line or path between the wheel-drive shaft and the second
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electric motor/generator MG2. In other words, the transmmssion 102 1s disposed 1n a
connecting portion of the M G2 that connects the MG2Z with the propeller shaft 11 as a
portion of the wheel drive shaft. The transmission 102 may have two or three gear
rat1os or positions. With the above arrangement, the transmission 102 need not have a
reverse-drive gear position since the MG2 can be driven in the reverse direction by
switching an electric circuit for the MG2. Nevertheless, the transmission 102 may
have a reverse gear position, or may be constructed as shown in Fig. 7.

[0041] When a transmission having three gear positions is used as the
transmission 102 in the embodiment shown in Fig. 6, the relationship (or ratio)
between the torque to be produced by the internal combustion engine 1 and the torque
to be produced by the MG2, when viewed in a vehicle-speed versus vehicle-axle-
torque coordinate system, changes from that as shown in Fig. 3 (where no
transmassion 1s provided) to that as shown in Fig. 10. In Fig.10, region B represents
the magnitude of vehicle-axle torque that can be mainly produced by the internal
combustion engine (or the internal combustion engine and the MG1 in some cases)
irrespective of the current gear position of the transmission. On the other hand, region
(3 represents the magnitude of vehicle-axle torque to be produced by the second

electric motor/generator MG2 when the transmission 102 is in the third gear position.

Region C2 represents the magnitude of the vehicle-axle torque to be produced by the

second electric motor/generator MG2 in addition to the torque as represented by the
region C3 when the transmission 102 is in the second gear position. Region C1
represents the magnitude of the vehicle-axle torque to be produced by the second
electnic motor/generator MG2 in addition to the torque as represented by the region
C3 and the torque as represented by the region C2 when the transmission 102 is in the
first gear position. In other words, the region C1 represents an increase in the
magnitude of the torque that can be achieved by placing the transmission 102 in the
first gear position. Similarly, the regions C2, C3 represent increases in the magnitude
of the torque that can be achieved by placing the transmission 102 in the second gear
position and the third gear position, respectively. It will be understood from Fi g. 10
that the maximum torque required to be obtained by the MG2 is si gnificantly reduced
as compared with Fig. 3.

[0042] In the meantime, Figs. 8-10 are not shift diagrams of the hybrid-
vehicle drive system including the transmission, but are exemplary graphs showing

the capability or performance of the drive system. Specifically, Figs. 8-10 show the
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magnitude of the torque that can be mainly produced by the internal combustion
engine (or the internal combustion engine and the M(G1 1n some cases) and the torque
that can be provided by the second electric motor/generator MG2, in relation to the
vehicle speed, as viewed in the vehicle-speed versus vehicle-axle-torque coordinate
system. In the embodiments of Fig. 4 and 5, for example, the graphs of Figs. 8 and 9
mean that the transmission 1s not always shifted from the first to the second gear
position and from the second to the third gear position as the vehicle speed increases
from a certain low speed to a certain high speed even if a required vehicle-axle torque
1s low. In these embodiments, when a large vehicle-axle torque is not required, such
as when the vehicle normally starts running on a flat ground, the power distribution
mechanism may be controlled so as to use only the region B of Fig. 3 while the
transmission 1s held in the third gear position. In this case, the second and first gear
positions of the transmission are used when the required vehicle-axle torque increases
or when the shift lever is operated to the second drive position and the L position,
respectively.

[0043] In the above-illustrated embodiments, the value of Nr, as indicated in
Fig. 2, 1s made negative when the vehicle runs in the reverse direction. Thus, the

rotation speed Ns of the MG1 and the rotation speed Nr of the MG?2 are adjusted in

accordance with the rotation speed Nc of the internal combustion engine so that the

rotation speed Nr becomes equal to a desired negative value, irrespective of whether
the internal combustion engine is operating (Nc > 0) or at a stop (Nc =0). Here, the
rotation speeds of the MG1 and the MG2 can be quickly and continuously (or
steplessly) adjusted. In this case, however, only the electric motor/ generators are used

to generate torque for driving the vehicle in the reverse direction, and the torque

available from the motor/generators is greatly limited. In contrast, in the drive
systems as shown in Figs. 4 and 5 in which the transmission having a reverse gear
position 1s disposed in an intermediate portion of the wheel-drive shaft, the internal
combustion engine operates to drive the vehicle in the reverse direction with large
driving torque when the transmission is placed in the reverse gear position, though
some extra time is required for shifting the transmission. If there is provided a means
for selecting a reverse driving mode from a first mode utilizin g the reverse gear
position of the transmission and a second mode utilizing adjustment of the power
distribution mechanism, the vehicle may be more appropriately operated by selecting

one of the first and second reverse driving modes depending upon the magnitude of
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torque required for driving the vehicle in the reverse direction. Meanwhile, the
selecting means may be provided throu gh software technology 1n recent computerized
vehicle operation control systems. ‘

[0044] As modified examples of the above-illustrated embodiments, the
hybnd-vehicle drive systems as shown in Figs. 4 and 5 may be modified such that the
internal combustion engine and the M G2 produce torque B1, B2, B3, C1, C2, and C3
in accordance with the gear position of the transmission, as indicated by vehicle-speed
versus vehicle-axle torque coordinate systems of Figs. 11 and 12, respectively, each
indicating the required vehicle-axle torque in relation to the vehicle speed. More
specifically, in either Fig. 11 or 12, the operable region defined by line A in the
vehicle-speed versus vehicle-axle-torque coordinate system is divided by lines
(boundaries) parallel to the vehicle-speed axis in accordance with the magnitude of
the required vehicle-axle torque. In Fig. 11, when the transmission is in the third gear
position, the vehicle-axle torque corresponding to the vehicle speed is provided with
the magnitude corresponding to the sum of the regions B3 and C. When the
transmission 1s in the second gear position, the vehicle-axle torque corresponding to
the vehicle speed 1s provided with the magnitude corresponding to the sum of the
regions B2, B3 and C. When the transmission is in the first gear position, the vehicle-
axle torque corresponding to the vehicle speed is provided with the magnitude
corresponding to the sum of the regions B1, B2, B3 and C.

[0045]  Also, in Fig. 12, when the transmission is placed in the third gear
position, the vehicle-axle torque corresponding to the vehicle speed is provided with
the magmtude corresponding to the sum of the regions B3 and C3. When the
transmission 1s 1n the second gear position, the vehicle-axle torque corresponding to
the vehicle speed 1s provided with the magnitude corresponding to the sum of the
regions B2, B3, and C2. When the transmission is in the third gear position, the
vehicle-axle torque corresponding to the vehicle speed is provided with the magnitude
corresponding to the sum of the regions B1, B2, B3 and C1. With this arrangement,
as iong as the required vehicle-axle torque is not so high, the difference between the
rotation speed of the internal combustion engine and the vehicle speed 1s adjusted by
using the power distribution mechanism rather than by shifting the transmzission, and
the transmuission 1s used in aid of the power distribution mechanism to increase the

torque only when the required vehicle-axle torque becomes hi gh.
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[0046] It is, however, to be understood that the hybrid-vehicle drive systems
as shown in Fig. 4 and Fig. 5 may be operated according to shift maps as shown n
Fig. 8 and Fig. 9, respectively. For example, if the hybrid vehicle 1s designed to be
operated in a normal driving mode or a sporty driving mode, which 1s selected
depending upon the preferences of the driver or the roughness of a road surface on
which the vehicle is running. When the vehicle is in the normal driving mode, the
hybnid-vehicle drive system may operate according to the shift map of Fig. 11 or 12.
When the vehicle 1s in the sporty driving mode, the hybrid-vehicle drive system may
operate according to the shift map of Fig. 8 or 9.

[0047] A control for shifting the transmission constructed as shown in Fig. 7
among the first, second, and third gear positions through engagement and
disengagement of the clutches C1, C2 and the brakes Bl, B2 may be perforrried by
means of a known vehicle operation control system (not shown) that includes a
microcomputer and 1s arranged to control the operation of the vehicle based on
operation commands from a vehicle operator and signals from various sensors for
detecting operating conditions of the vehicle. If the vehicle-axle-torque distribution
maps as shown in Fig. 8 or 9 and Fig. 11 or 12 are provided, the transmission may be
easily operated according to a selected one of these maps.

[0048] Also, when the hybrid-vehicle drive system as shown in Fig. 4 or 5 is
operated under control of such a vehicle operation control system in accordance with
the vehicle-axle torque distribution map as shown in Fig. 11 or 12, the transmission
may be imhibited from being shifted to the next gear position for a predetermined time
when shitting of the transmuission is required according to the map.

[0049] As is understood from the construction of the hybrid-vehicle drive
system 1ncluding the internal combustion engine, the MG1 and the MG?2 which are
combined by means of the planetary gear mechanism, when the required vehicle-axle
torque suddenly increases while the internal combustion engine is running at a
constant power ievel the required vehicle-axle torque thus increased can be provided
by increasing the power of at least one of the MG1 or MG2, rather than increasing the
output torque to drive axles by shifting the transmission to a low-speed gear position.
In this case, however, if the required value of the vehicle-axle torque increases in a
way to 1induce a transition from the région B3 to the region B2 or from the region B2
to the region B1, it 1s preferable to increase the vehicle-axle torque by shifting the

transmussion to ensure that the MG1 and the MG2 operate under a rated load. In other
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words, 1f the power of the MG1 or MG2 is increased to increase the vehicle-axle
torque 1n the case as described above, the MG1 or MG2 may undesirably operate at a
power level greater than the rated power. However, the MG1 or MG2 may be
allowed to operate under a load greater than the rated power only for a predetermined
period of time.

' [0050] Accordingly, when the required value of the vehicle-axle torque
Increases in a way to induce a transition from the region B3 to the region B2, at least
one of the MG1 and the MG2 is operated to increase the vehicle-axle torque, instead
of shifting the transmission, until a predetermined period of time elapses. With this
arrangement, frequent shifting of the transmission due to temporary or momentary
increases in the required value of the vehicle-axle torque can be prevented, thus
permitting more smooth and quiet operation of the hybrid-vehicle drive system. The
operation of the above-described hybrid-vehicle drive systems may be easily
controlled by using a vehicle operation control system known in the art. Thus, any
particular control sequence or flowchart for carrying out the above control will not be
described herein.

[0051]  As a further modified example of the above-illustrated embodiment,

the ratio of the torque regions set for the internal combustion engine and the second

motor/ generator may be corrected in the event of a failure or an abnormality in the

operation of the internal combustion engine or the second motor/generator.

Figs. 13-15, which correspond to Figs. 11-13, respectively, illustrate examples of
torque distribution maps used for torque control when the internal combustion engine
or the second motor/generator is at faulty and the output power of the en gine or motor
1s reduced. In Figs. 13-15, two-dot chain lines represent the original boundary lines.

[0052]  Fig. 13 is a graph showing one example where the power of the

second electric motor/generator MG?2 is reduced to be lower than a normal level. In
this example, the drive system is constructed such that only the output of the second
motor/generator is directly affected by changing of the gear position (1.e., shifting) of
the transmission. In the event of such a decrease in the power of the second electric
motor/generator MG2, therefore, the shift control of the transmission, on one hand, is
corrected so as to shift down the transmission at an earlier time than normal with
respect to the vehicle speed, so as to reduce a torque load on the second
motor/generator for each gear position of the transmission. On the other hand, the

operation of the power distribution mechanism may be corrected by increasing the



10

15

20

25

30

CA 02632448 2008-06-17

16

width of the region B, so as to cause the internal combustion engine to generate a
larger magnitude of the vehicle-axle torque.

[0053] Fig. 14 15 a graph showing one example where the power of the
internal combustion engine 1s reduced to be lower than a normal level. In this
example, the shift control of the transmission 1s corrected so as to reduce the vehicle-
axle torque to be produced by the internal combustion engine for each gear position of
the transmussion. More specifically, in this case, a shift schedule or shift diagram (not
shown) for use 1n shift control is corrected to shift down the transmission at an earlier
time 1n response to an increase in the required value of the vehicle-axle torque, to
thereby reduce the magnitude of the torque to be produced by the internal combustion
engine to meet the torque requirement at each vehicle-speed point.

[0054] Fig. 15 is a graph showing another example where the power of the
second motor/generator MG2 is reduced to be lower than a normal level. In this case,
the vehicle-axle torque to be produced by the internal combustion engine at each gear
position of the transmission is increased so as to compensate for the reduction in the
power of the second electric motor/generator MG2. Thus, the shift schedule and the

boundary lines each indicating a change in the gear ratio of the transmission are

corrected toward the high vehicle-speed side than normal.

[0055] Meanwhile, it will be apparent that the above correction of the ratio
of the torque regions in the torque distribution map in response to a reduction in the
power of the internal combustion engine or the second motor/generator due to a
falure thereof may also be performed in a drive system arranged to shift the
transmission according to the vehicle speed as indicated in Figs. 8 and 9. In this case,
In the event of a decrease in the power of the internal combustion en gine, the
boundary lines between the regions B1, B2, B3 are wholly shifted toward the high
vehicle-speed side, and/or the heights of these regions are lowered, such that the

decrease 1n the power of the internal combustion engine 1s compensated for by the

second electric motor/generator MG?2.

[0056] While the invention has been described in detail with reference to
preterred embodiments thereof, it is to be understood that the invention is not limited
to the preferred embodiments or constructions, but may be otherwise embodied with

various changes, modifications or improvements, without departing from the scope of

the invention.
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What is claimed is:

1. A method of operating a hybrid-vehicle drive system comprising: (a) an internal
combustion engine that includes an output shaft; (b) a first electric motor/generator
connected to the output shaft of the internal combustion engine via a power distribution
mechanism; (c) a wheel drive shaft connected to the output shaft of the internal
combustion engine via the power distribution mechanism: (d) a second electric
motor/generator connected to the wheel drive shaft; and (e) a transmission located on at
least one of the wheel drive shaft and a connecting portion of the second electric
motor/generator with the wheel drive shaft, the method comprising the steps of:

detecting if one of the internal combustion engine and the second electric
motor/generator is faulty; and

changing a ratio of a first torque produced at vehicle axles by the internai
combustion engine to a second torque produced at the vehicle axles by the second
electric motor/generator at each gear position of the transmission when one of the internal
combustion engine and the second electric motor/generator is faulty, from the ratio of the
first torque to the second torque when both of the internal combustion engine and the
second electric motor/generator operates normally.

2. The method according to claim 1, wherein the changing step changes the ratio of
the first torque produced by the internal combustion engine to the second torque
produced by the second electric motor/generator, when viewed in a coordinate system
representing a relationship between a vehicle speed and a torque, in accordance with
gear-position regions into which an operable region defined by the vehicle speed and the

torque is divided by boundary lines that extend in parallel with a vehicle-speed axis of the
coordinate system.

3. The method according to claim 2, wherein the changing step changes the ratio of
the first torque produced by the internal combustion engine to the second torque
produced by the second electric motor/generator, when viewed in the vehicle-speed
versus torque coordinate system, by moving the boundary lines in a direction paralle! with
a torque axis of the coordinate system, when one of the internal combustion engine and
the second electric motor/generator is faulty.
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