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FIG. 1

(57) Abstract: Disclosed in the present invention is a dual- structured power output apparatus of an electric drive and power system
that provides a means for outputting both mechanical power and electrical power. It comprises dual motor/generators having two
stator assemblies, two rotor assemblies and a power transmission unit all integrated into a single housing for easy mounting. The
power transmission unit is disposed adjacent to the two motor/generators and coupled on both ends to rotating shafts mechanically
linked to the rotor assemblies such that they are rotatable relative to each other. It function is to change the rotational speed and
torque of at least one of the rotors in order to reduce weight and physical size of the apparatus, and thus significantly improving the
power density and capability. The structure of the apparatus is well-suited to improve the performance and fuel efficiency of the pri-
or art hybrid powertrain.
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A DUAL-STRUCTURED ELECTRIC DRIVE AND POWER SYSTEM
FOR HYBRID VEHICLES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefits of the U.S. Provisional Application No.
61/741,763, filed on July 17, 2012. The disclosure of the Provisional Application is incorporated

herein by reference in its entirety for any and all purposes.
BACKGROUND OF THE INVENTION

[0002] The present invention pertains to power-assist parallel hybrid vehicles. More
specifically, the present invention pertains to a dual-structured power output apparatus that
provides a means for outputting both mechanical power and electrical power with high efficiency
and is capable of improving fuel efficiency of the prior art hybrid vehicle, as well as to an electric

drive and power system and a method of controlling the power output apparatus.

[0003] In recent years, the trend in the development of fucl-efficient and low emission
hybrid vehicle powertrain technologies that combine a conventional combustion engine (ICE)
with an electric propulsion system has increased significantly. Among the roughly four main
categories: serics, parallel, series-parallel and mild hybrid vehicle technologies on the market
today, the mild hybrid technology is the least expensive and affordable. The technology is
relatively less complex and can be readily retrofitted into an existing conventional vehicle with
little or no modifications. It involves replacing the conventional alternator with an over-sized
belt-driven electric motor that is commonly referred to as a Belt Alternator Starter (BAS). The
motor is coupled to the engine via a serpentine belt so that it serves as both a generator and
starter. This permits a low-cost method of adding hybrid capabilities to a conventional vehicle,
such as start-stop function as well as mild levels of torque assist and regenerative braking
efficiency-improvement technology, that achieves about 15-20 percent improvement in fuel

economy in urban driving.

[0004] However, the authors of the present invention have recognized a number of
functional drawbacks with the current state-of-the-art in belt-driven electric motor as typically
utilized in mild hybrid vehicle powertrain technology on the market today. One functional
drawback is that using a single electric motor makes it necessary for frequent mode reversals
because it can operate only in one mode (motoring or generating) at a time, and this results in
reduced powertrain performance and fuel efficiency. Typically, the electric motor operates in a

limited mechanical torque- and power-assist modes for shorter durations and generating mode
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producing electrical power for longer durations in order to avoid depleting the onboard energy
storage devices (super-capacitors and battery bank) of a hybrid vehicle. This operating limitation

results in smaller improvement in fuel efficiency.

[0005] Another functional drawback of the current state-of-the-art in belt-driven electric
motors as utilized in mild hybrid vehicle powertrain technology is that they are typically
optimized for one of the operating modes than the other. Therefore, in a hybrid powertrain that
has such an electric motor mounted thereon, in a time period when the power demand requires
the electric motor to operate in its less optimized mode, a reduced powertrain performance and

fuel efficiency are achieved.

[0006] Yet another functional drawback of the current state-of-the-art in belt-driven
electric motors as utilized in mild hybrid vehicle powertrain technology is that the electric motors
are typically sized based on the peak power. As a result, they are relatively over-sized, heavier
and less efficient in the power range corresponding to the average power demand of the drive
cycle. This is done in order to be able to support start-stop features during engine idle,
regenerative braking during stopping and coasting, and engine mechanical power boosting and
augmentation for transient power requirements. Therefore, in a vehicle that has such an electric
motor mounted thereon, in a time period when the vehicle power demand in accordance with the
driving conditions requires the electric motor to operate close to the average power demand, a

reduced electric motor performance and fuel efficiency are achieved.

[0007] A number of prior arts, for example USS8,412,396, US5,943,918, US8,225,608,
US2005/0,107,198, US2004/0,040,810 A1, US7,753,147, US7,914,416, and US2013/0,005,529
A1, have described a variety of hybrid vehicles comprising single and dual electric motor-
generators. However, all of these prior art patents do not address any of the drawbacks discussed
above in order to improve fuel efficiency of a belt-driven parallel hybrid vehicle. The apparatus
disclosed in the present invention differs significantly from those disclosed in the prior arts in

terms of its characteristics and method of control.

[0008] Furthermore, no prior art in hybrid vehicle powertrain technologies and
conversion of conventional vehicle into hybrid that use belt-driven electric motors coupled to the
engine crankshaft via a special belt has provided solutions that address the functional drawbacks

discussed above in order to achieve improvement in fuel efficiency.
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[0009] Accordingly, there is a need for a simple, cost-effective and affordable hybrid
vehicle powertrain technology solution that provides further improvement in fuel efficiency of

the prior art mild hybrid vehicle.
BRIEF DESCRIPTION OF THE INVENTION

[0010] Disclosed in the present invention is a dual-structured power output apparatus of
an ¢lectric drive and power system that is capable of improving the fuel efficiency of the prior art
hybrid vehicle. It comprises dual motor/generators having two stator assemblies, two rotor
assemblies and a power transmission unit (PTU) enclosed in a single compact housing. The
power transmission unit is disposed between the two motor/generators and coupled on both ends
to the rotating shafts of the two rotor assemblies such that they may be rotatable at the same
speed or relative to each other at different speeds with respect to the main housing. The power
transmission unit of the dual-structured power output apparatus may be constructed as a
planetary gear train mechanism, or a belt drive and pulley mechanism, or an electromechanical
control mechanism. A single stage planetary gear train mechanism is utilized as an exemplary
embodiment of the power transmission unit to describe the embodiments of the dual-structured

power output apparatus of the present invention.

[0011] In the dual-structured power output apparatus of the embodiments of the present
invention, the planetary gear train mechanism includes a sun gear member, a planet carrier
member and a ring gear member, and is disposed axially between the two motor/generators. The
planetary gear train mechanism provides a mechanical means to increase the rotational speed of
one of the electric motor/generators so that its physical size and weight are significantly reduced,
and thereby resulting in reduction in the overall weight and size of the apparatus as well as
improved power density and capability. In a similar manner, a pulley and timing belt mechanism
or an clectromechanical control mechanism may be utilized as a means for increasing the
rotational speed of at least one of the electric motor/generators in order to reduce physical weight

and size, and improve power density and capability.

[0012] The dual-structured power output apparatus is coupled to the engine of a hybrid
vehicle powertrain via a serpentine belt, a drive pulley attached to one of its shaft and a
crankshaft pulley to construct a parallel-structured hybrid vehicle powertrain. This parallel
structure of a hybrid vehicle powertrain provides a means whereby the mechanical power
transmitted to a drivetrain is generated by both an engine and the dual-structured power output

apparatus in order to maximize fuel economy.
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[0013] In accordance with the embodiments of the present invention, each of the
motor/generators can function in either motoring or generating modes. The operating modes of
the motor/generators are determined in accordance with the instantaneous driving conditions or
state of a hybrid vehicle powertrain, and controlled based on the allocation of the electrical power
to charge onboard electric energy storage devices (super-capacitors and battery bank) and
mechanical torque and power to assist the engine in such a manner that improvement in fuel

efficiency is achieved.

[0014] Also, disclosed is an electric drive and power system including a dual-structured
power output apparatus, two bidirectional inverter/converter control units (ICCUs), a supervisory
control module (SCM) and onboard clectric energy storage devices. The dual-structured power
output apparatus comprises two motor/generators having two rotor assemblies that may be
rotatable at the same speed on a common shaft, or may include a planetary gear train mechanism
disposed adjacent to the motor/gencrators for improved power density and capability. The
planetary gear train mechanism includes at least a ring gear member, a planet carrier member and
a sun gear member. The planetary gear train mechanism may be mechanically coupled on both
ends to the rotor shafts of the two motor/generators such that they rotate relative to cach other at
different speeds with respect to the main housing. The SCM monitors and provides commands
for executing protection functions as well as the overall electrical power and mechanical power
balance between the two motor/gencrators, the onboard electric energy storage devices and
engine in accordance with the various driving conditions of a hybrid vehicle powertrain such that
the overall fuel efficiency is improved. Meanwhile, the ICCUs simultancously drive and control

the two motor/generators to operate in motoring or generating mode as directed by the SCM.

[0015] Also, disclosed in the present invention is a hybrid vehicle powertrain with the
electric drive and power system mounted thercon that takes advantage of the characteristics of

the dual-structured power output apparatus to achieve improvement in fuel efficiency.

[0016] Also, further disclosed in the present invention is a method for controlling the
power balance during various conditions between the dual-structured power output apparatus and
ICCUs, onboard electric energy storage devices and engine so that the performance of the hybrid

vehicle powertrain is optimized to achieve improved fuel efficiency.
BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The following descriptions should not be considered limiting in any way. With

reference to the accompanying drawings, like elements are numbered alike:
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[0018] FIG. 1 is a cross-sectional view of a dual-structured power output apparatus

according to a first embodiment of the present invention;

[0019] FIG. 2 is a cross-sectional view of a electric dual-structured power output

apparatus according to a second embodiment;

[0020] FIG. 3 is a cross-sectional view of a dual-structured power output apparatus

according to a third embodiment;

[0021] FIG. 4 is a cross-sectional view of dual-structured power output apparatus

according to a fourth embodiment;

[0022] FIG. 5 is a cross-sectional view of dual-structured power output apparatus

according to a fifth embodiment;

[0023] FIG. 6 illustrates an electric drive and power system to control a dual-structured

power output apparatus according to any of the embodiments of the present invention;

[0024] FIG. 7 illustrates a power-assist parallel hybrid vehicle powertrain application of a
dual-structured electric drive and power system according to any of the embodiments of the

present invention; and

[0025] FIGS. 8 through 12 illustrate a method of controlling a dual-structured electric
drive and power system according to any of the embodiments of the present invention for various

driving conditions of a hybrid powertrain system.
DETAILED DESCRIPTION OF THE INVENTION

[0026] In order to solve the functional drawbacks discussed above with the current state-
of-the-art in belt-driven electric motors as utilized in power-assist parallel hybrid vehicle
powertrain technology on the market today is to provide a dual-structured power output
apparatus, which when incorporated into the powertrain of a hybrid vehicle or retrofitted into a
conventional combustion engine vehicle, can achieve substantial improvement in the fuel

efficiency.

[0027] Hereafter, the embodiments of the present invention will be described referring to
the accompanying drawings that include a single stage planetary gear train mechanism as an

exemplary embodiment of the power transmission unit.

[0028] Accordingly, the first object of the present invention is directed to a dual-
structured power output apparatus, which no prior art has discussed, that comprises two electric

motor/generators in tandem; and a planetary gear train mechanism that is axially disposed
5
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between the two motor/generators and includes a sun gear member, a planet carrier member and

a ring gear member.

[0029] The second object of the present invention is to provide a control system for
controlling the operating modes as well as output mechanical power and electrical power of the

two electric motor/generators.

[0030] The third object of the present invention is to provide a method for controlling the
output mechanical power and electrical power balance between the two electric motor/generators,
the onboard electric energy storage devices and engine during various conditions of a hybrid

vehicle powertrain in order to improve fuel efficiency.

[0031] A detailed description of one or more embodiments of the disclosed apparatus is
presented herein by way of exemplification and not limitation with reference to the Figures. It
should be understood that although a hybrid power train has been used to describe one preferable
application, the example dual-structured power output apparatus illustrated in the embodiments

of the present invention could be used in other applications.
First Embodiment

[0032] FIG. 1 illustrates a cross section of a dual-structured power output apparatus
assembly 10 (also referred to as "assembly 10") according to the first embodiment of the present
invention. The assembly 10 comprises a first motor/generator M/G1 assembly 70 that includes a
stator assembly 20 surrounding a first rotor 60 attached to a first shaft 61; a second
motor/generator M/G2 assembly 80 that includes a second stator assembly 30 surrounding a
second rotor 50 attached to a second shaft 51; a planetary gear train mechanism 40 axially
disposed between the first motor/gencrator M/G1 assembly 70 and second motor/generator M/G2
assembly 80 that includes a ring gear member 41, a planet carrier member 42 having a plurality
of planets 43 mounted thercon and a sun gear member 44; and drive pulley 12 having a plurality
of grooves, or sprocket having a plurality of teeth (not shown), that provides a means for
coupling and torque transfer to and from crankshaft pulley 19 of a hybrid vehicle powertrain via
a serpentine belt 18 as shown in FIG. 7, or flexible chain (not shown). The stator assembly 20 of
the first motor/generator M/G1 assembly 70 is a stationary assembly and the rotor 60 attached to
its shaft 61 rotates with respect to the stator assembly 30. Similarly, the stator assembly 30 of the
second motor/generator M/G2 assembly 80 is a stationary assembly and the rotor 50 attached to
its shaft 51 rotates with respect to the stator assembly 30. According to the embodiments of the

present invention, the first motor/generator M/G1 assembly 70 and second motor/generator M/G2
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assembly 80 are in tandem with the planetary gear train mechanism 40 axially disposed between

the two motor/generators.

[0033] The function of the planetary gear train mechanism 40 in the embodiments of the
present invention is primarily to function as a power transfer mechanism to receive a rotational
speed and torque (or mechanical power) from the rotor 60 of the first motor/generator M/G1
assembly 70 and transmit it to the rotor 50 of the second motor/generator M/G2 assembly 80 in
such a manner that the torque and rotational speed are changed in accordance with the mechanics
of planetary gear train. The connection arrangements of the ring gear member 41, planet carrier
member 42 and sun gear 44 of the planctary gear train mechanism 40 serve to increase the
rotational speed of the rotor 50 of the second motor/gencrator M/G2 assembly 80 based on the
rotational speed of the rotor 60 of the first motor/generator M/G1 assembly 70. Thus, increasing
the rotational speed of the rotor of the second motor/generator M/G2 assembly 80 makes it
possible to significantly reduce the size (diameter or axial length) of the second motor/generator
assembly 80 for the transmitted mechanical power, and thereby reducing the overall weight and
physical size of the apparatus assembly 10 and improved power density and capability.
Furthermore, the planctary gear train mechanism 40 may be disposed to effectively utilize the
radial inner space provided radially inwardly of the axially extending stator coils 23 and 33 of the
first motor/generator M/G1 assembly 70 and second motor/generator M/G2 assembly 80,
whereby the required overall axial dimension of the power output apparatus assembly 10 can be

reduced.

[0034] In essence, the technique disclosed in the present invention of increasing the
rotational speed of the rotor 50 of the second motor/generator M/G1 assembly 80 using a
planetary gear train mechanism 40 effectively disposed axially in the radial inner space provided
radially inwardly of the axially extending stator coils 23 and 33 makes it possible to significantly
reduce the overall axial dimension of the power apparatus assembly 10, thus ensuring improved
power density and capability essential for improving the fuel economy of a parallel hybrid

vehicle.

[0035] Referring now to FIG. 6 that illustrates an electric drive and power system
assembly 1 (also referred to as "assembly 1") according to an embodiment of the present
invention. The assembly 1 comprises a dual-structured power output apparatus assembly 10; a
first bidirectional inverter/converter control unit (ICCU1) 13a and a second bidirectional
inverter/converter control unit (ICCU2) 13b; and a supervisory control module (SCM) 15 that
synthesizes vehicle and motor/generator sensor input data 17 into commands for executing the

7



WO 2014/013408 PCT/IB2013/055763

overall power management and control as well as protection functions of the assembly 1. The
ICCU1 13a drives and controls the first motor/generator M/G1 assembly 70 in motoring mode
with electrical power from the onboard electric energy storage devices 14 to provide mechanical
torque and power to an engine of a hybrid vehicle in start-up, torque-assist and power-assist
modes, as well as in generating mode during regenerative braking of a hybrid vehicle during
deceleration, hill descent or braking to provide electrical power to charge the onboard electric
energy storage devices 14. In a similar manner, the ICCU2 13b drives and controls the second
motor/gencrator M/G2 assembly 80 in motoring mode with electrical power from the onboard
electric energy storage devices 14 to provide mechanical torque and power to an engine of a
hybrid vehicle in start-up, torque-assist and power assist modes, as well as in generating mode
during regenerative braking of a hybrid vehicle during deceleration, hill descent and braking to
provide electrical power to charge the onboard electric energy storage devices 14. Both the first
motor/generator M/Glassembly 70 and M/G2 assembly 80 are driven and controlled
simultancously to operate in motoring and generating modes as directed by a concrete procedure
of the SCM to match the driving conditions of the hybrid vehicle 100 of FIG. 7 in order to

achieve improved fuel efficiency.

[0036] The dual-structured power output apparatus of the first embodiment of the present
invention in FIG. 1 works in accordance with the operational principles described below. In the
assembly 10 of this embodiment, the first planctary gear member is a ring gear member 41 that is
not rotatable, the second planetary gear member is a planet carrier member 42 that is rotatable,
and the third planetary gear member is a sun gear member 44 that is rotatable. Hollow shafts
having internal splines are formed integrally with the planet carrier 42 and sun gear 41 for
mechanical coupling with external splines integrally formed on the rotor shaft 61 and shaft 51 of
the first motor/generator M/G1 assembly 70 and second motor/gencrator M/G2 assembly 80. The
planctary gear train mechanism 40 is disposed to effectively utilize the radial inner space
provided radially inwardly of the axially extending stator coils 23 and 33 of the first
motor/generator M/G1 assembly 70 and second motor/generator M/G2 assembly 80, whereby the
required overall axial dimension of the power output apparatus assembly 10 can be reduced; and
it is coupled to the rotor shaft 61 of the first motor/generator M/G1 assembly 70 and the rotor
shaft 51 of the second motor/generator MG2 assembly 80. The rotor shaft 61 of the first
motor/generator M/G1 assembly 70 is the drive shaft and on one end is attached a drive pulley 12
having a plurality of grooves as shown in FIG. 7, or sprocket having a plurality of teeth (not

shown), for coupling and torque transfer to and from the engine 45 crankshaft pulley 19 via a
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high tension serpentine belt 18 or flexible chain. The other end of the rotor shaft 61 of the first
motor/generator M/G1 assembly 70 is connected to the planet carrier member 42. When the rotor
shaft 61 of first motor/generator M/G1 assembly 70 rotates, the planet carrier member 42 of the
planetary gear train mechanism 40 rotates at the same speed and the rotor shaft 51 of the second
motor/generator M/G2 assembly 80 connected to the sun gear member 44 of the planctary gear
train mechanism 40 also rotates. Based on the mechanics of planetary gear, the rotating speed
and torque relationships at every instant in time for the rotor shaft 61 and shaft 51 and planetary

gear train mechanism 40 can be expressed by Equations (1) through (4) as follows:

Tsh1=£TMG1 (D
1
=4 =| ——— 2
Tsh2 =+ TMG2 (1 N Ssthl 2)
Qgsh1= 0Qec 3)
Qn2 = (1+8)Qgn1 (4)

In Equations (1) and (4), the "+" (plus and minus) sign presents the direction of a motor/generator
applied torque such that a "+" (plus) sign denotes motoring mode torque that is applied in the

t"on

direction of rotation of the rotor shaft, and a "-" (minus) sign denotes generating mode torque that
is applied in the reverse direction of rotation of the rotor shaft; Qshl represents the rotational
speed of the rotor shaft 61 of the first motor/generator M/G1 70; Qsh2 represents the rotational
speed of the rotor shaft 51 of the second motor/generator M/G2 80; Qec represents the rotational
speed of the engine 45 crankshaft pulley 19. Meanwhile, Ty represents the torque applied by
the first motor/gencrator M/G1 assembly 70 and, depending on its sign, it is transmitted to the
crankshaft pulley 19 as positive or negative amount of torque assist by which the engine-
produced torque is reduced or increased; Tshl represents the torque applied to the rotor shaft 61
and is equal to the torque Tuci applied by the first motor/generator M/G1 assembly 70; and Tsh2
represents the torque transmitted to the sun gear and rotor shaft 51 due to the rotor shaft 61
torque Tshl. Meanwhile, ¢ represents the gear ratio, as expressed below in Equation (5), of the

number of teeth of the ring gear member 41 to that of the sun gear member 44. This ratio is

always greater than 1.

o the number of teeth of the ring gear member (5)
the number of teeth of the sun gear member

Also, o denotes the pulley drive ratio, as defined in Equation (6), and is defined as the ratio of the
outer pitch diameter of the crankshaft pulley 19 to that of the pulley 12 of the apparatus assembly
10. This ratio is typically between 1 and 3.
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o= the outer pitch diameter of the crankshaft pulley (6)
the outer pitch diameter of the assembly 10 pulley

In accordance with Equation (4), the sun gear member 44 and the connected rotor shaft 51 of the
second motor/generator M/G2 assembly 80 rotate at a higher speed than the assembly 10 pulley
12 and the rotor shaft 61 of the first motor/generator M/G1 assembly 70. As a result, the size of
second motor/gencrator M/G2 assembly required to match the required power demand is
significantly reduced. Thus, as described earlier, the function of the planctary gear train
mechanism 40 in the embodiments of the present invention is to increase the rotational speed of
the sun gear 44 and rotor shaft 51 of the second motor/gencrator M/G2 assembly 80 so that its
size is significantly reduced, resulting in reduction of the overall weight and physical size of the

apparatus, which in turn ensures improved power density and capability.

[0037] In other words, the planetary gear train mechanism 40 is arranged to primarily
function as a power transfer mechanism to receive a rotational speed and torque (that is
mechanical power) from the first motor/generator M/G1 assembly 70 and transmit it to the
second motor/generator M/G2 assembly 80 in such a manner that the torque is scaled down and
rotational speed is scaled up in accordance with planetary gear train mechanics to maintain the
mechanical power. Specifically, the planetary gear mechanism is serving to transfer the
mechanical power provided by the first motor/generator M/G1 assembly 70 by increasing the
rotational speed and decreasing the torque of the second motor/generator M/G2 assembly 80 in
accordance with the mechanics of planetary gear train as given in Equations (1) through (4).
Accordingly, the size of the second motor/generator M/G2 assembly 80 required to match the
mechanical power transferred from the rotor shaft 61 of the first motor/generator M/G1 assembly
70 is smaller than the size of the first motor/generator M/G1 assembly 70. Therefore, the second
motor/gencrator M/G2 assembly 80 is constructed to have a smaller size than the first
motor/generator M/G1 assembly 70, thereby significantly reducing the overall physical size and

weight of the apparatus and ensuring improved power density and capability.

[0038] In summary, the technique disclosed in this embodiment of the present invention
of increasing the speed of the rotor 50 of the second motor/generator M/G1 assembly 80 using a
planctary gear train mechanism 40 effectively disposed axially in the radial inner space provided
radially inwardly of the axially extending stator coils 23 and 33 makes it possible to significantly
reduce the overall axial dimension of the power apparatus assembly 10, thus ensuring improved
power density and capability essential for improving the fuel economy of a parallel hybrid

vehicle.

10
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[0039] For stable operation of this embodiment of the dual-structured power output
apparatus assembly 10 of FIG. 1, it is essential that the first motor/generator M/G1 assembly 70
and second motor/generator M/G2 assembly 80 maintain dynamic equilibrium at all instants in
time. This implies that the torque Ty applied by the first motor/generator M/G1 assembly 70
and torque Twma:z applied by the second motor/generator M/G2 assembly 80 must be in dynamic
cquilibrium at all instants in time in accordance with Equation (2). The ICCU1 13a and ICCU2
13b must drive and control the first motor/gencrator M/G1 assembly 70 and second
motor/gencrator M/G2 assembly 80 according to the torque and speed relationships given in

Equations (1) through (4) in order to maintain dynamic equilibrium at all instants in time.

[0040] When it is determined by a concrete procedure of the SCM 15 that the driving
mode of the hybrid vehicle powertrain 100 in FIG. 7 requires both motoring mode torque to
assist the engine 45 and generating mode electrical power for charging the onboard electric
energy storage devices 14, one of the motor/gencrators is driven and controlled in motoring mode
and the other is driven and controlled in the generate mode. It will understood in the present
invention that this means the ICCU1 13a must drive and control the first motor/generator M/G1
assembly 70 to produce torque TMGI1 applied in the direction of its rotor shaft 61 rotation so that
it works as a motor and the ICCU2 13b must drive and control the second motor/generator M/G2
assembly 80 to produce torque TMG2 applied in the reverse direction of its rotor shaft 51
rotation so that it operates as a generator to convert mechanical power to electrical power for
charging the onboard electric energy storage devices 14. This must be accomplished
simultaneously such that the torque TMG1 produced by the first motor/generator M/G1 assembly
70 is related to the output shaft torque Tsh2 on the sun gear 44 and rotor shaft 51 according to the

expression given in Equation (7) below.

Tsh2 = ~TmG2 = (ﬁj Tshi (7)

[0041] When it is determined by a concrete procedure of the SCM 15 that the driving
mode of the hybrid vehicle powertrain 100 in FIG. 7 requires only torque assist and
augmentation, such as during acceleration and hill climbing, both motor/gencrators may be
driven and controlled in motoring mode as an option. Therefore, this will be understood in the
present invention to mean that the ICCU1 13a must drive and control the first motor/generator
M/G1 assembly 70 and ICCU2 13b must drive and control the second motor/generator M/G2

assembly 80 such that their torques Tmgi and Twmg: are applied in the directions of rotation as

their associated rotor shaft 61 and shaft 51, and thereby they both work as motors. For stable

11
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operation of the hybrid powertrain 100, it is essential that dynamic equilibrium must be
maintained by satisfying Equation (8) at all instants in time. Also, depending on the acceleration
and augmentation demands, one of the two motor/generators of the assembly 10 may be capable
of delivering the required motoring torque.

TMG2 =[Lj TMG1 = [Lj Tshl ()

I+¢ I+¢

[0042] When it is determined by a concrete procedure of the SCM 15 that the driving
mode of the hybrid vehicle powertrain 100 in FIG. 7 requires regenerative braking, such as
decelerating or descending a hill, wherein the torque available at the vehicle drivetrain and
wheels 90 exceeds that required by the engine 45 to propel the vehicle, both the first
motor/generator M/G1 assembly 70 and second motor/generator M/G2 assembly 80 may be
driven and controlled to produce electrical power for charging the onboard electric energy
storage devices 14. Therefore, this will be understood in the present invention to mean that the
ICCUT 13a must drive and control first motor/generator M/G1 assembly 70 to provide torque
Twmagr and ICCU2 13b must drive and control the second motor/generator M/G2 assembly 80 to
provide torque Tme: that are both applied in the reverse directions of rotation of their associated
rotor shafts 61 and 51, thereby they both work as generators in accordance with Equation (9).

1
Tsh2=—TMmG2 = —[—1 JTMGI )
+ &

Second Embodiment

[0043] A dual-structured power output apparatus in a second embodiment of the present
invention is discussed below. FIG. 2 illustrates a cross section of a dual-structured power output
apparatus assembly 10 in the second embodiment of the present invention. In this embodiment,
the assembly 10 comprises a first motor/generator M/G1 assembly 70, a second motor/generator
M/G2 assembly 80 and a planctary gear train mechanism 40. The difference from the first
embodiment is that in the second embodiment the ring gear member 41 of the planetary gear train
mechanism 40 is not held stationary and rotatable with respect to the main housing. The
planetary gear train mechanism 40 includes a ring gear member 41 that is rotatable, a planet
carrier member 42 that is freely rotatable and a sun gear member 44 that is rotatable. Hollow
shafts having internal splines are formed integrally with the ring gear 41 and sun gear 41 for
mechanical coupling with external splines integrally formed on the rotor shaft 61 and shaft 51 of
the first motor/generator M/G1 assembly 70 and second motor/gencrator M/G2 assembly 80. The

planetary gear train mechanism 40 is disposed to effectively utilize the radial inner space
12
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provided radially inwardly of the axially extending stator coils 23 and 33 of the first
motor/generator M/G1 assembly 70 and second motor/generator M/G2 assembly 80, whereby the
required overall axial dimension of the power output apparatus assembly 10 can be reduced; and
it is coupled to the rotor shaft 61 of the first motor/generator M/G1 assembly 70 and the rotor
shaft 51 of the second motor/generator MG2 assembly 80. The rotor shaft 61 of the first
motor/generator M/G1 assembly 70 is the drive shaft supported by bearings 62 with a drive
pulley 12 having a plurality of grooves as shown in FIG. 7, or sprocket having a plurality of teeth
(not shown), attached on one end for coupling and torque transfer to and from the engine 45
crankshaft pulley 19 via a high tension serpentine belt 18, flexible chain or other suitable means.
The other end of the rotor shaft 61 of the first motor/generator M/G1 assembly 70 is coupled to
the ring gear member 41 of the planctary gear train mechanism 40 so that they rotate at the same
speed. When the rotor shaft 61 of first motor/generator M/G1 assembly 70 rotates, the ring gear
member 41 of the planetary gear train mechanism 40 rotates at the same speed, the planet carrier
member 42 of the planctary gear 40 rotates at a different speed higher than the speed of the ring
gear member 41, and the sun gear member 44 of the planetary gear 40 which is coupled to the
rotor shaft 51 of the second motor/generator M/G2 assembly 80 rotates at a different speed that is
higher than the speed of the planet carrier member 42. The relationships at every instants in time
between the rotational speeds and torques for the motor/generator rotor shafts 61 and 51, ring
gear member 41, planetary carrier member 42 and sun gear member 44 of the planetary gear train

mechanism 40 are expressed in Equations (10) through (14).

Tpc= i[HTSjTMGl (10)

Tshl = +TwmG1 (11
Tsh2 =+ TMmG2 = (5 Tshi (12)
Qgh1 = afdec (13)
Qgh2 = (l+8)QpC_SQshl (14)

In Equations (10) through (14), the "+" (plus and minus) sign presents the direction of a
motor/generator applied torque such that a "+" (plus) sign denotes motoring mode torque that is
applied in the direction of rotation of the rotor shaft, and a "-" (minus) sign denotes generating
mode torque that is applied in the reverse direction of rotation of the rotor shaft; Tyg represents
the torque applied by the first motor/generator M/G1 assembly 70 and, depending on its sign, it is
transmitted to the crankshaft pulley 19 as positive or negative amount of torque assist by which

the engine-produced torque is reduced or increased; Tmg: represents the torque applied by the
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second motor/generator M/G2 assembly 80 and, depending on its sign, it is transmitted to the
crankshaft pulley 19 as positive or negative amount of torque assist by which the engine-
produced torque is reduced or increased; Tshl represents the torque applied to the rotor shaft 61
and 1s equal to the torque applied by the first motor/generator M/G1 assembly 70; Tpc represents
the torque transmitted to the planet carrier member 42 due to the rotor shaft 61 torque Tshl; and
Tsh2 represents the torque transmitted to the sun gear 44 and rotor shaft 51 due to the rotor shaft
61 torque Tsh1l Meanwhile, Qsh2 represents the rotational speed of the sun gear member 44 and
rotor shaft 51; Qshl represents the rotational speed of the rotor shaft 61 of the first
motor/generator M/G1 assembly 70 and the assembly 10 pulley 12; €, represents the rotational
speed of the planet carrier member 42; and Qe represents the engine 45 crankshaft pulley 19
rotational speed. The gear ratio ¢ is as defined in Equation (5) and pulley drive ratio a is as

defined in Equation (6).

[0044] As described carlicr, the planctary gear train mechanism 40 is arranged to
primarily function as a power transfer mechanism to receive a rotational speed and torque (that is
mechanical power) from the first motor/generator M/G1 assembly 70 and transmit it to the
second motor/gencrator M/G2 assembly 80 in such a manner that the torque is scaled down and
rotational speed is scaled up in accordance with planetary gear train mechanics to maintain the
mechanical power. Specifically, the planetary gear mechanism is serving to transfer the
mechanical power provided by the first motor/generator M/G1 assembly 70 by increasing the
rotational speed and decreasing the torque of the second motor/generator M/G2 assembly 80 in
accordance with the mechanics of planctary gear as given in Equations (10) through (14).
Accordingly, the size of the second motor/generator M/G2 assembly 80 required to match the
mechanical power transferred from the rotor shaft 61 of the first motor/generator M/G1 assembly
70 is smaller than the size of the first motor/generator M/G1 assembly 70. Therefore, the second
motor/gencrator M/G2 assembly 80 is constructed to have a smaller size than the first
motor/generator M/G1 assembly 70, thereby significantly reducing the overall physical size and

weight of the apparatus and ensuring improved power density and capability.

[0045] In essence, the technique disclosed in this embodiment of the present invention of
increasing the rotational speed of the rotor 50 of the second motor/generator M/G1 assembly 80
using a planetary gear train mechanism effectively disposed axially in the radial inner space
provided radially inwardly of the axially extending stator coils 33 and 23 makes it possible to

significantly reduce the overall axial dimension of the power apparatus assembly 10, thus
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ensuring improved power density and capability essential for improving the fuel economy of a

parallel hybrid vehicle.

[0046] Onc aspect of the second embodiment of the present invention is that the
rotational speed €, of the planet carrier member 42 is not set and it depends on the rotating
speeds of the ring gear 41 and sun gear 44 members. Based on the rotational speed relationship
given in Equation (14), the determination of the rotating speeds of any of the two gear members
automatically results in setting the rotating speed of the remaining planctary gear member. In
essence, this provides one degree of freedom to set the rotating speed and mechanical power of
the sun gear 44, and hence the rotating speed of the second motor/generator M/G2 assembly 80
rotor shaft 51. For a given engine torque and speed, a preferable choice is the rotating speed that
gives the maximum possible efficiency, thereby enhancing the efficiency of the whole apparatus.
Dynamic equilibrium of the first motor/gencrator M/G1 assembly 70 applied torque Ty and
second motor/gencrator M/G2 assembly 80 applied torque Ty, is essential for stable operation.
This is accomplished by satisfying the torque and speed relationships given in Equations (10)
through (14).

[0047] When it is determined by a concrete procedure of the SCM 15 that the driving
mode of the hybrid vehicle powertrain 100 in FIG. 7 requires both motoring mode torque to
assist the engine 45 and generating mode electrical power to charge the onboard electric energy
storage devices 14, one of the motor/generators is driven and controlled in motoring mode and
the other is driven and controlled in generating mode. This requires that the ICCU1 13a must
drive and control the first motor/generator M/G1 assembly 70 to produce torque Ty applied in
the direction of its rotor shaft 61 rotation so that it works as a motor and ICCU2 13b must drive
and control the second motor/generator M/G2 assembly 80 to produce torque Ty, applied in the
reverse direction of its rotor shaft 51 rotation so that it operates as a generator to convert
mechanical power to electric power for charging the onboard electric energy storage devices 14.
This must be accomplished simultancously under dynamic conditions such that the relationship
between the torque Ty applied by the first motor/generator M/G1 assembly 70 and torque Ty
applied by the second motor/generator M/G2 assembly 80 is in accordance with Equation (15).

Tsh2 =~ TmG2 = GJTMGl (15)

[0048] When it is determined by a concrete procedure of the SCM 15 that the driving

mode of the hybrid vehicle powertrain 100 in FIG. 7 requires only torque assist mode and

augmentation, such as during acceleration and hill climbing, one or both of the motor/generators
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may be driven and controlled in motoring mode. For the control option to drive and control both
motor/generators, it will be understood in the present invention that the ICCU1 13a must drive
and control the first motor/generator M/G1 assembly 70 and ICCU2 13b must drive and control
the second motor/generator M/G2 assembly 80 to produce torque Tmg: and torque Twmg:
simultaneously applied in the directions of rotation of their associated rotor shaft 61 and shaft 51
so that they both work as motors. For stable operation of the hybrid vehicle powertrain 100, it is
essential that dynamic equilibrium must be maintained by satisfying Equation (16) at all instants
in time. Also, depending on the acceleration and augmentation requirements, one of the two

motor/generators may be capable of providing the required motoring torque.

1
Tsh2 =TMG2 =[gj TMG1 (16)

[0049] When it is determined by a concrete procedure of the SCM 15 that the driving
mode of the hybrid vehicle powertrain 100 in FIG. 7 involves some regenerative braking, such as
during deceleration or descending a hill, the first motor/generator M/G1 assembly 70 and the
second motor/generator M/G2 assembly 80 may both be driven and controlled simultaneously to
generate electrical power for charging the onboard electric energy storage devices 14. It will be
understood in the present invention that this is accomplished by having the ICCU1 13a drive and
control the first motor/generator M/G1 70 assembly to produce torque Twmg: and ICCU2 13b
drive and control the second motor/generator M/G2 assembly 80 to produce torque Twmg: that are
both simultancously applied in the reverse directions of rotation of their associated rotor shaft 61

and shaft 51 so that they both work as generators in accordance with Equation (17).
1
Tsh2 =~TmG2 = _(EJTMGI 7)

Third Embodiment

[0050] A dual-structured power output apparatus in a third embodiment of the present
invention is discussed below. FIG. 3 illustrates a cross section of the third embodiment of a dual-
structured power output apparatus assembly 10 of the present invention. In this embodiment, the
assembly 10 comprises a first motor/generator M/G1 assembly 70, a second motor/generator
M/G2 80 and a planetary gear train 40. The first planetary gear train 40 member is a ring gear
member 41 that is freely rotatable, the second is a planet carrier member 42 that is rotatable, and
the third is a sun gear member 44 that is also rotatable. Hollow shafts having internal splines are
formed integrally with the planet carrier 42 and sun gear 41 for mechanical coupling with
external splines integrally formed on the rotor shaft 61 and shaft 51 of the first motor/generator
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M/G1 assembly 70 and second motor/generator M/G2 assembly 80. The planctary gear train
mechanism 40 is disposed to effectively utilize the radial inner space provided radially inwardly
of the axially extending stator coils 23 and 33 of the first motor/generator M/G1 assembly 70 and
second motor/generator M/G2 assembly 80, whereby the required overall axial dimension of the
power output apparatus assembly 10 can be reduced; and it is coupled to the rotor shaft 61 of the
first motor/generator M/G1 assembly 70 and the rotor shaft 51 of the second motor/generator
MG@G?2 assembly 80. The rotor shaft 61 of the first motor/generator M/G1 assembly 70 is the drive
shaft supported by bearings 62 and attached on one end is a drive pulley 12 having a plurality of
grooves as shown in FIG. 7, or sprocket having a plurality of teeth (not shown), for coupling and
torque transfer to and from the engine 45 crankshaft pulley 19 via a high tension serpentine belt
18, flexible chain or other suitable means. In this embodiment, the rotor shaft 61 of the first
motor/generator M/G1 assembly 70 is connected to the planet carrier member 42 of the planetary
gear train mechanism 40 so that they both rotate together. When the rotor shaft 61 of the first
motor/generator M/G1 assembly 70 rotates, the planctary carrier member 42 of the planctary gear
train mechanism 40 rotates at the same speed, the ring gear member 41 rotates at a different
speed that is lower than the speed of the planet carrier 42, and the sun gear member 44 connected
to the rotor shaft 51 of the second motor/generator M/G2 assembly 80 rotates at a different speed
that is higher than the speed of the planet carrier member 42. The relationships between the
rotational speeds and torques for the two motor/generator rotor shaft 61 and shaft 51, and ring
gear 41, planct carrier 42 and sun gear 44 of the planctary gear train mechanism 40 are expressed

in Equations (18) through (22).

Tsh1 == TMmGI1 (18)
1
Tsh2 =*TmaG2 = i(_jTMGl (19)
l+¢
€
S L 20
Tpr [IHJTMGI (20)
Qsh2 = (L+£)Qgh1 - €Qpr (21)
Qghl = af2ec (22)

In Equations (18) through (22), the "+" (plus and minus) sign presents the direction of a
motor/generator applied torque such that a "+" (plus) sign denotes motoring mode torque that is

"non

applied in the direction of rotation of the rotor shaft, and a "-" (minus) sign denotes generating
mode torque that is applied in reverse direction of rotation of the rotor shaft; Twci represents the
torque applied by the first motor/generator M/G1 assembly 70 and, depending on its sign, it is

transmitted to the crankshaft pulley 19 as positive or negative amount of torque assist by which
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the engine-produced torque is reduced or increased; in a similar manner, Ty, represents the
torque applied by the second motor/generator M/G2 assembly 80 and, depending on its sign, it is
transmitted to the crankshaft pulley 19 as positive or negative amount of torque assist by which
the engine-produced torque is reduced or increased; Tshl represents the torque applied to the
rotor shaft 61 and is equal to the torque applied by the first motor/generator M/G1 assembly 70;
Tpr represents the torque transmitted to the ring gear member 41 due to the rotor shaft 61 torque
Tshl; and Tsh2 represents the torque transmitted to the sun gear 44 and rotor shaft 51 due to the
shaft 61 torque Tshl, Meanwhile, Qsh2 represents the rotational speed of the sun gear member
44 and rotor shaft 51; Qshl represents the rotational speed of the rotor shaft 61 of the first
motor/generator M/G1 assembly 70 and the assembly 10 pulley 12; €, represents the rotational
speed of the planct carrier member 42; and Q.. represents the engine 45 crankshaft pulley 19
rotational speed. The gear ratio ¢ is as defined earlier in Equation (5) and pulley drive ratio o is as

defined in Equation (6).

[0051] As described earlier, the planetary gear train mechanism 40 is arranged to
primarily function as a power transfer mechanism to receive a rotational speed and torque (that is
mechanical power) from the first motor/generator M/G1 assembly 70 and transmit it to the
second motor/generator M/G2 assembly 80 in such a manner that the torque is scaled down and
rotational speed is scaled up in accordance with planetary gear train mechanics to maintain the
mechanical power. Specifically, the planctary gear mechanism is serving to transfer the
mechanical power provided by the first motor/generator M/G1 assembly 70 by increasing the
rotational speed and decreasing the torque of the second motor/generator M/G2 assembly 80 in
accordance with the mechanics of planctary gear as given in Equations (18) through (22).
Accordingly, the size of the second motor/generator M/G2 assembly 80 required to match the
mechanical power transferred from the rotor shaft 61 of the first motor/generator M/G1 assembly
70 1s smaller than the size of the first motor/gencrator M/G1 assembly 70. Therefore, the second
motor/generator M/G2 assembly 80 is constructed to have a smaller size than the first
motor/generator M/G1 assembly 70, thereby significantly reducing the overall physical size and

weight of the apparatus and ensuring improved power density and capability.

[0052] In essence, the technique disclosed in this embodiment of the present invention of
increasing the rotational speed of the rotor 50 of the second motor/generator M/G1 assembly 80
using a planctary gear train mechanism effectively disposed axially in the radial inner space
provided radially inwardly of the axially extending stator coils 23 and 33 makes it possible to

significantly reduce the overall axial dimension of the power apparatus assembly 10, thus
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ensuring improved power density and capability essential for improving the fuel economy of a

parallel hybrid vehicle.

[0053] One aspect of this embodiment of the present invention 1s that the speed €, of the
ring gear 41 is not set and it depends on the rotating speeds of the planet carrier 42 and the sun
gear 44. Based on the planetary gear train speed relationship given in Equation (21), the
determination of the rotating speeds of any of the two gear members, automatically sets the
rotating speed of the remaining member of the planectary gear train mechanism 40. In essence,
this provides one degree of freedom to set the rotating speed and power of the sun gear 51, and
hence the rotating speed of the rotor shaft 51 of the second motor/generator M/G2 assembly 80.
For a given engine 45 speed and torque at the crankshaft pulley 19, a preferable choice is to
operate the sun gear 44 and rotor shaft 51 at a rotational speed that yields the maximum possible
efficiency, thereby enhancing the overall efficiency of the whole apparatus. Based on the
mechanics of planetary gear train mechanism 40, dynamic equilibrium is essential for stable
operation. That is, for dynamic equilibrium to be maintained, the torque Twmg applied by the first
motor/generator M/G1 assembly 70 and torque Twmc: applied by the second motor/generator
M/G2 assembly 80 must satisfy the torque and rotational speed relationships given in Equations

(18) through (22) above.

[0054] When it is determined by a concrete procedure of the SCM 15 that the driving
mode of the hybrid vehicle powertrain 100 in FIG. 7 requires both motoring mode torque to
assist the engine 45 and generating mode electrical power to charge the onboard electric energy
storage devices 14, one of the motor/gencrators is driven and controlled in motoring mode and
the other is driven and controlled in generating mode. Therefore, the ICCU1 must drive and
control the first motor/generator M/G1 assembly 70 to provide torque Ty applied in the
direction of its rotor shaft 61 rotation so that it works as a motor. Similarly, the ICCU2 must
drive and control the second motor/generator M/G2 assembly 80 to provide torque Twmg2 applied
in the reverse direction of rotation of its rotor shaft 51 rotation so that it works as a generator to
convert mechanical power to electrical power to charge the electric energy storage devices 14.
This must be accomplished under dynamic conditions such that the relationship between the
torque Twai applied by the first motor/generator M/G1 assembly 70 and torque Twma: applied by

the second motor/generator M/G2 assembly 80 is in accordance with Equation (23).

1
Tsh2 T™MG2 {1+stMG1 (23)
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[0055] When it is determined by a concrete procedure of the SCM 15 that the driving
mode of the hybrid vehicle powertrain 100 in FIG. 7 requires motoring for torque assist and
augmentation, such as during acceleration and hill climbing, one or both of the motor/generators
may be driven and controlled in motoring mode. For the control option to drive and control both
motor/generators in motoring mode, the ICCU1 must drive and control the first motor/generator
M/G assembly 70 and ICCU2 must drive and control the second motor/generator M/G2 assembly
80 to produce torque Tvg: and torque Tygz simultaneously applied in the directions of rotation of
their associated rotor shaft 61 and shaft 51 so that they both work as motors. For stable operation
of the hybrid vehicle powertrain 100, it is essential that dynamic equilibrium must be maintained
by satisfying Equation (24) at all instants in time. In addition, depending on the torque assist and
augmentation requirements, one of the two motor/generators may be capable of providing the

torque needed.

1
Tsh2 =-Tygo = [_1 N 8} T™MG1 (24)

[0056] When it is determined by a concrete procedure of the SCM 15 that the driving
mode of the hybrid vehicle powertrain 100 in FIG. 7 involves some regenerative braking, such as
during deceleration or descending a hill, the first motor/generator M/G1 assembly 70 and the
second motor/generator M/G2 assembly 80 may both be driven and controlled simultaneously to
generate electrical power for charging the onboard electric energy storage devices 14. This will
be understood to be accomplished by having the ICCU1 13a drive and control the first
motor/generator M/G1 70 assembly to produce torque Tygi and ICCU2 13b drive and control the
second motor/generator M/G2 assembly 80 to produce torque Ty, that are both simultaneously
applied in the reverse directions of rotation of their associated rotor shaft 61 and shaft 51 so that

they both work as generators in accordance with Equation (25).

1
Tsh2 = —TMmG2 = —(—1 jTMGl (25)
+ &

Fourth Embodiment

[0057] A dual-structured power output apparatus in a fourth embodiment of the present
invention is discussed below. FIG. 4 illustrates a cross section of the fourth embodiment of a
dual-structured power output apparatus assembly 10 of the present invention. The difference
from the first, second and third embodiments of the present invention is that the planetary gear
train mechanism 40 is axially disposed within a cavity of one of the rotors of the two

motor/generators rather than between the two motor generators. Also, the configuration of the
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fourth embodiment makes it possible to further reduce the axial length of the apparatus, thus
further improving the output power density and capability. In this particular embodiment, the
assembly 10 comprises a first motor/generator M/G1 assembly 70, a second motor/generator
M/G2 80, and a planectary gear train mechanism 40 that is axially disposed at least partially
within an inner cavity of the rotor formed by the inner diameter of the rotor 60 of the first
motor/generator M/G1 assembly 70. The planetary gear train mechanism 40 may be preferably
fabricated separately and installed into a cavity formed by the inner diameter of the rotor 60 of
the first motor/gencrator M/G1 assembly 70. The first planectary gear train mechanism 40
member is a ring gear member 41 that is freely rotatable, the second is a planet carrier member
42 that is rotatable, and the third is a sun gear member 44 that is rotatable. The planctary gear
train mechanism 40 is coupled to the first rotor shaft 61 on one side via the planet carrier 42,
rotor assembly 60 via the ring gear and second rotor shaft 51 via the sun gear 44. The rotor shaft
61 of the first motor/generator M/G1 assembly 70 and rotor shaft 51 of the second
motor/generator M/G2 assembly 80 are suitably supported by bearings 62. On one end of the first
rotor shaft 61 is installed the assembly 10 pulley 12 having a plurality of grooves, or sprocket
having a plurality of teeth, for coupling and torque transfer to and from the engine 45 crankshaft
pulley 19 via a high tension serpentine belt 18, or flexible chain. When the first rotor shaft 61
connected to the assembly 10 pulley 12 rotates, the planet carrier member 42 of the planetary
gear train mechanism 40 rotates at the same speed, and the ring gear 41 of the planetary gear
train mechanism 40 which is freely rotatable and rotor assembly 60 of the first motor/gencrator
M/G1 assembly 80 rotate together, wherein the rotor 60 may be driven appropriately to a set
rotating speed point, and the sun gear member 44 connected to the rotor shaft 51 of the second
motor/generator M/G2 assembly 80 rotates at a different speed. The rotational speed and torque
relationships for the first rotor shaft 61, second rotor shaft 51, rotor assembly 60, as well as the
ring gear 41, planet carrier 42 and sun gear 44 of the planctary gear train mechanism 40 are

expressed in Equations (26) through (29).

1+
Tshl = i[—g 8jTMGl (26)
1
Tsh2 = £Tmc2 = (Tsh2 + TmG1) = i(ngMGl (27)
Osh2 = (1+&)Qgn1—£QMma1 (28)
Qsh1=0ec (29)

In Equations (26) through (29), the "+" (plus and minus) sign presents the direction of a

motor/generator applied torque such that a "+" (plus) sign denotes motoring mode torque that is
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"non

applied in the direction of rotation of the rotor shaft, and a (minus) sign denotes generating
mode torque that is applied in reverse direction of rotation of the rotor shaft; Tygi represents the
torque applied by the first motor/generator M/G1 assembly 70 and, depending on its sign, it is
transmitted to the crankshaft pulley 19 as positive or negative amount of torque assist by which
the engine-produced torque is reduced or increased; Tshl represents the torque applied to the
rotor shaft 61 and is related to the torque applied by the first motor/generator M/G1 assembly 70
as given in Equation (26); and Tsh2 represents the torque transmitted to the sun gear 44 and rotor
shaft 51 due to the rotor shaft 61 torque Tshl, Meanwhile, Qsh2 represents the rotational speed of
the sun gear member 44 and rotor shaft 51; Qshl represents the rotational speed of the rotor shaft
61 of the first motor/generator M/G1 assembly 70 and the assembly 10 pulley 12; Qe
represents the rotational speed of the rotor assembly 60 of the first motor/gencrator M/G1
assembly 70 and ring gear member 41; and Q. represents the engine 45 crankshaft pulley 19

rotational speed. The gear ratio ¢ is as defined earlier in Equation (5) and pulley drive ratio o is as

defined in Equation (6).

[0058] Notwithstanding the constructional differences between this embodiments and the
previous ones (first, second and third embodiments) described above, the function of the
planetary gear train mechanism 40 is essentially the same. That is, the planetary gear train
mechanism 40 primarily functions as a power transfer mechanism to receive a rotational speed
and torque (that is mechanical power) from the rotor shaft 61 of the first motor/generator M/G1
assembly 70 and transmit it to the second motor/generator M/G2 assembly 80, wherein the torque
is scaled down and rotational speed is scaled up in accordance with planetary gear train
mechanics to maintain the mechanical power. Specifically, the planetary gear mechanism serves
to transfer the mechanical power provided by the rotor shaft 61 of the first motor/generator M/G1
assembly 70 by increasing the rotational speed and decreasing the torque of the second
motor/gencrator M/G2 assembly 80 in accordance with the mechanics of planctary gear as given
in Equations (26) through (29). Accordingly, the size of the second motor/generator M/G2
assembly 80 required to match the mechanical power transferred from the rotor shaft 61 of the
first motor/generator M/G1 assembly 70 is smaller than the size of the first motor/generator
M/G1 assembly 70. Therefore, the second motor/generator M/G2 assembly 80 is constructed to
have a smaller size than the first motor/generator M/G1 assembly 70, thereby significantly
reducing the overall physical size and weight of the apparatus and ensuring improved power

density and capability.
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[0059] In essence, the technique disclosed in this embodiment of the present invention of
increasing the rotational speed of the rotor 50 of the second motor/generator M/G1 assembly 80
using a planetary gear train mechanism effectively disposed axially at least partially within a
cavity defined by the inner diameter of the rotor of the first motor/generator M/G1 assembly 70
makes it possible to significantly reduce the overall axial dimension of the power apparatus
assembly 10, thus ensuring improved power density and capability essential for improving the

fuel economy of a parallel hybrid vehicle.

[0060] This embodiment of the present invention provides two degrees of freedom to set
the driving torque and rotational speed, and essentially mechanical power, of the first
motor/gencrator M/G1 assembly 70. The preferred choice is to sct the maximum torque and
maximum rotational speed or maximum mechanical power of the first motor/generator M/G1
assembly 70 that yield maximum possible overall efficiency of the whole apparatus. For stable
operation, it is essential that dynamic equilibrium must be maintained by satisfying Equations

(26) through (29) at all instants in time.

[0061] When it is determined by a concrete procedure of the SCM 15 that the driving
mode of the hybrid vehicle powertrain 100 in FIG. 7 requires both motoring mode torque to
assist the engine 45 and generating mode electrical power to charge the onboard electric energy
storage devices 14, one of the motor/generators is driven and controlled in motoring mode and
the other is driven and controlled in generating mode. Therefore, this will be understood in the
present invention that the ICCU1 13a must drive and control the first motor/generator M/G1
assembly 70 to provide torque Ty applied in the direction of its rotor shaft 61 rotation so that it
works as a motor and ICCU2 13b must drive and control the second motor/generator M/G2
assembly 80 to provide torque Tyq, applied in the reverse direction of rotation of its rotor shaft
51 rotation so that it works as a generator to convert mechanical power to electrical power to
charge the onboard electric energy storage devices 14. This must be accomplished under dynamic
conditions such that the relationship between the torque Twmai applied by the first motor/generator
M/G1 assembly 70 and torque Ty, applied by the second motor/generator M/G2 assembly 80 is

in accordance with Equation (30).

1
Tsh2=~TMmG2 = (EJTMGI (30)

[0062] When it is determined by a concrete procedure of the SCM 15 that the driving
mode of the hybrid vehicle powertrain 100 in FIG. 7 requires motoring for torque assist and

augmentation, such as during acceleration and hill climbing, one or both of the motor/generators
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may be driven and controlled in motoring mode. For the control option to drive and control both
motor/generators in motoring mode, it will be understood that the ICCU1 13a must drive and
control the first motor/generator M/G assembly 70 and ICCU2 13b must drive and control the
second motor/generator M/G2 assembly 80 to produce torque Tygi and torque Twmg applied
simultaneously in the directions of rotation of their associated rotor shaft 61 and shaft 51 so that
they both work as motors. For stable operation of the hybrid powertrain 100, it is essential that
dynamic equilibrium must be maintained by satisfying Equation (31) at all instants in time. In
addition, depending on the torque assist and augmentation requirements, one of the two
motor/generators may be capable of providing the torque needed.
Tsh2 = TmG2 = GJTMGl (1)
[0063] When it is determined by a concrete procedure of the SCM 15 that the driving
mode of the hybrid vehicle powertrain 100 in FIG. 7 involves some regenerative braking, such as
during deceleration or descending a hill, the first motor/generator M/G1 assembly 70 and the
second motor/generator M/G2 assembly 80 may both be driven and controlled simultaneously to
generate electrical power for charging the onboard electrical energy storage devices 14. This is
accomplished by having the ICCU1 13a drive and control the first motor/generator M/G1 70
assembly to produce torque Tumg: and ICCU2 13b drive and control the second motor/generator
M/G2 assembly 80 to produce torque Tmg: that are both simultanecously applied in the reverse
directions of rotation of their associated rotor shafts 61 and 51 so that they both work as
generators in accordance with Equation (32).
Tsh2=~TmG2 = _(éjTMGl (32)
Fifth Embodiment

[0064] A dual-structured power output apparatus in a fifth embodiment of the present
invention is discussed below. FIG. 5 illustrates a cross section of the fifth embodiment of a dual-
structured power output apparatus assembly 10 of the present invention. In this embodiment, the
assembly 10 comprises a first motor/gencrator M/G1 assembly 70 and a second motor/generator
M/G2 assembly 80 in tandem. The difference between this embodiment and the other
embodiments of the present invention is that the rotors of the two motor/generators are rotatable
at the same speed rather than relative to each other at different speeds. The construction of this
particular embodiment may be understood to include a power transmission unit disposed between

the two motor/generators and mechanically linking the rotors 60 and 50, wherein it is configured
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in a manner such that the rotors are rotatable at the same speed. This means that when one of the
rotor shafts rotates due to torque applied to it, the other shaft will follow and rotate together at the
same speed and torque. The rotor shaft 61 and shaft 51 are supported by bearings on at least two
end with respect to the housing. On one end of the rotor shaft 61 is attached the assembly 10
pulley 12 having a plurality of grooves as shown in FIG. 7, or sprocket having a plurality of
teeth, for mechanical coupling and torque transfer to and from the engine 45 crankshaft pulley 19
via a high tension serpentine belt 18, flexible chain or other suitable means. Because of the
construction, wherein the rotor assembly 60 and rotor assembly 50 of the assembly 10 rotate
together at the same speed, the resultant sum of the torque Tme: applied to the rotor shaft 61 due
to the first motor/generator M/G1 assembly 70 and torque Twg: applied to the rotor shaft 51 due
to the second motor/generator M/G2 assembly 80 is effectively applied at the assembly pulley 12
and transmitted to the engine 45 crankshaft pulley 19 as the amount of torque assist by which the
torque produced by the engine 45 is reduced. The rotational speed and torque relationships for

this embodiment of the dual-structured power output apparatus are as given in Equation (33) and
(34):

Tsh1 =Tsh2 =+ TMG1ETMG2 (33)
Qgh1= Qgh2 =0 Qec (34)

In Equations (33) and (34), the "+" (plus and minus) sign presents the direction of a
motor/generator applied torque such that a "+" (plus) sign denotes motoring mode torque that is
applied in the direction of rotation of the rotor shaft, and a "-" (minus) sign denotes generating
mode torque that is applied in reverse direction of rotation of the rotor shaft; Ty represents the
torque applied by the first motor/generator M/G1 assembly 70 and, depending on its sign, it is
transmitted to the crankshaft pulley 19 as positive or negative amount of torque assist by which
the engine-produced torque is reduced or increased; Tmg: represents the torque applied by the
second motor/generator M/G2 assembly 80 and, depending on its sign, it is transmitted to the
crankshaft pulley 19 as positive or negative amount of torque assist by which the engine-
produced torque is reduced or increased; Tshl is equal to Tsh2 and they represent the resultant
sum of the torque Tmai applied to the rotor shaft 61 by the first motor/generator M/G1 assembly
70 and torque Twmaz applied to the rotor shaft 51 by the second motor/generator M/G2 assembly
80. Meanwhile, Qshl is equal to Qsh2 and they represent the rotational speed of the rotor shaft
61, rotor shaft 51 and the assembly 10 pulley 12.

[0065] When it is determined by a concrete procedure of the SCM 15 that the driving

mode of the hybrid vehicle powertrain 100 in FIG. 7 requires both motoring mode torque to
25



WO 2014/013408 PCT/IB2013/055763

assist the engine 45 and generating mode electrical power to charge the onboard electric energy
storage devices 14, one of the motor/generators is driven and controlled in motoring mode and
the other is driven and controlled in generating mode. In this mode, it will be understood that the
ICCUT1 13a must drive and control the first motor/generator M/G1 assembly 70 to produce torque
Twmar applied in the direction of the rotor shaft 61 rotation so that it works as a motor and ICCU2
13b must drive and control the second motor/generator M/G2 assembly 80 to produce torque
Twmaz applied in the reverse direction of the rotor shaft 51 rotation so that it works as a generator
to convert mechanical power to electrical power to charge the onboard electric energy storage
devices 14. The total torque applied to the rotor shaft 61 and rotor shaft 51 is the resultant sum of
the torque Twa: applied by the first motor/generator M/G1 assembly 70 and torque Tme: applied
by the second motor/gencrator M/G2 assembly 80 as given in Equation (35). Unlike the
embodiments having a planetary gear train mechanism, the requirements for dynamic equilibrium
that the two motor/generators have to satisfy at all instants in time is not required for this

embodiment.

Tsh1 =Tsh2 = TmG1~TMG2 (35)

[0066] When it is determined by a concrete procedure of the SCM 15 that the driving

mode of the hybrid vehicle powertrain 100 in FIG. 7 requires motoring for torque assist and
augmentation, such as during acceleration and hill climbing, one or both of the motor/generators
may be driven and controlled in motoring mode. For the control option to drive both
motor/generators in motoring mode, the ICCUI 13a must drive and control the first
motor/generator M/G assembly 70 and ICCU2 13b must drive and control the second
motor/generator M/G2 assembly 80 to produce torque Ty and torque Tmg, applied
simultaneously in the directions of rotation of the rotor shaft 61 and shaft 51 so that they both
work as motors as expressed in Equation (36). The requirements for dynamic equilibrium that the
two motor/generators have to satisfy at all instants in time for the embodiments having a
planctary gear train mechanism 40 is not required. Depending on the acceleration and
augmentation requirements, one of the two motor/generators may be capable of providing the
required motoring torque. The resultant torque is the amount of torque assist transmitted to the

crankshaft pulley 19 by which the engine-produced torque is reduced.

Tsh1=Tsh2 = Ty + TMG2 (36)
[0067] When it is determined by a concrete procedure of the SCM 15 that the driving
mode of the hybrid vehicle powertrain 100 in FIG. 7 involves some regenerative braking, such as

during deceleration or descending a hill, the first motor/generator M/G1 assembly 70 and the
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second motor/generator M/G2 assembly 80 may both be driven and controlled simultaneously to
generate electrical power for charging the onboard electric energy storage devices 14. This is
accomplished by having the ICCU1 13a drive and control the first motor/generator M/G1 70
assembly to produce torque Tyg: and ICCU2 13b drive and control the second motor/generator
M/G2 assembly 80 to produce torque Twmgs that are both simultaneously applied in the reverse
directions of rotation of the rotor shaft 61 and shaft 51 so that they both work as generators in
accordance with Equation (37). The resultant torque is the amount of torque assist transmitted to
the crankshaft pulley 19 by which the engine-produced torque is increased. As mentioned above,
the requirements for dynamic equilibrium that the two motor/generators have to satisfy at all

instants in time for the embodiments having a planetary gear train mechanism 40 is not required.

Tsh1 = Tsh2 = —(Tmc1+ Tmc2) 37)

[0068] The present invention may further be directed to a control system with the power

output apparatus mounted therecon. FIG. 6 illustrates the clectric drive and power system

assembly 1 for controlling the dual-structured power output apparatus assembly 10. This will be

understood in the present invention that controlling the dual-structured power output apparatus

assembly 10 involves controlling the operating modes of the two motor/generators of the

apparatus according to embodiments of the invention. The electric drive and power system

assembly 1 of FIG. 6 will be described with reference to the elements of the dual-structured
power output apparatus assembly 10 of the embodiments in FIGS. 1 through 5.

[0069] The system includes the dual-structured power output apparatus assembly 10 that
comprises two motor/generators, wherein both can be driven and controlled to operate in one of
these three operational modes that are referred to herein as motoring-motoring, motoring-
generating and generating-generating. Motoring-motoring denotes that both motor/generators are
operating in motoring modes, motoring-generating denotes that one of the motor/generators is
operating in motoring mode and the other in generating mode, and generating-generating denotes

that both motor/generators are operating in generating modes.

[0070] The system assembly 1 also includes: (1) two bidirectional controller units,
ICCU1 13a and ICCU2 13b; (2) a supervisory control module 15 that synthesizes vehicle and
motor/generator sensor input data 17 into commands for executing the overall power
management, power control and protection functions of the assembly 1 that ensures the
motor/generators of the dual-structured power output apparatus assembly 10 are operating
properly in one of the three main operational modes listed above in accordance with the

operating conditions of the system. The system assembly 1 vehicle sensor inputs 17a include
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accelerator pedal, brake pedal and clutch pedal inputs, state-of-charge input for the onboard
electric energy storage devices 14, fuel consumption input, and vehicle speed and other sensor
inputs. Meanwhile, motor/generator sensor inputs 17b include torque, speed, voltage, current as

well as ambient and winding temperature inputs.

[0071] The control system assembly 1 may include at least a microcontroller to perform
all the necessary signal processing and control algorithm computations, a control software to
generate output control signals to control power supplied to and gencrated by both
motor/generators of the dual-structured power output apparatus, input/output ports connected to
the dual-structured power output apparatus assembly 10, bidirectional controller units and any

device to interacts with the system assembly 1.

[0072] The two bidirectional controller units, ICCU1 13a and ICCU2 13b, may include
multiphase power converters to drive and control cach of the multiphase motor/gencrator
windings in one of the operational modes as a motor or generator, and bidirectional dc-to-dc
converter for power conversion of the power generated from the motor/generators to charge the
onboard clectric energy storage devices 14 and support the operation of onboard auxiliary

devices and loads 13c.

[0073] When it is determined by a concrete procedure of the supervisory control module
15 that the dual-structured power output apparatus assembly 10 is required to function in one of
the operational modes, the ICCU1 13a and ICCU2 13b precisely drives and controls both
motor/generators independently based on a closed-loop torque control algorithm. The torque
control algorithm controls the output torque by controlling cach of the multiphase
motor/generator phase currents directly. The multiphase currents are controlled by regulating the
phase voltages based on a pulse-width modulation (PWM) technique that switches on and off the

input voltage of the power converters at a high frequency.

[0074] For motoring mode to provide torque- and power-assist, the torque control
commands from the supervisory control module 15 are passed to the controller units, ICCU1 13a
and ICCU2 13b, as positive torque command values so that the associated motor/generators are
driven and controlled to carry out the motoring mode operations by applying torques in the
directions of rotation of the associated rotor shafts, thereby provide mechanical torque and

power.

[0075] For generating mode, the torque control commands from the supervisory control

module 15 are passed to the controller units, ICCU1 13a and ICCU2 13b, as negative torque
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command values so that the associated motor/generators are driven and controlled to carry out
the regenerative mode operations by applying torques in the reverse directions of rotation of the
associated rotor shafts, thereby generate electrical power to charge the electric energy storage

devices 14.

[0076] The system assembly | also includes a fault detection and protection means such
that the system 1 is protected from fault conditions that includes short-circuit, over-voltage, over-
current, over-speed, and over-temperature by reducing or limiting power consumed and produced
as well as shutting down the currents supplied to and produced by the motor/generators of the

dual-structured power output apparatus assembly 10.

[0077] Also, disclosed in the present invention is a method for controlling the dual-
structured power output apparatus assembly 10 according to any of the embodiments of the
present invention. FIGS. 8 through 11 illustrate a method of controlling the power flow in a
hybrid vehicle powertrain that includes the dual-structured power output apparatus assembly 10,
controller units ICCU1 13a and ICCU2 13b, onboard electric energy storage devices 14 mounted
thereon, and an engine. The hybrid vehicle powertrain 100 takes advantage of the characteristics
of the electric drive and power system assembly 1 in accordance with the driving conditions to

ensure improvement in fuel efficiency.

[0078] In the construction of the hybrid vehicle 100 illustrated in FIG. 7, the electric
drive and power system 1 is linked to a conventional engine 45 via a serpentine belt 18 or special
belt that mechanically couples the pulley 12 of the assembly 10 to the crankshaft pulley 19 of the
engine 45 to form a parallel-structured hybrid powertrain. The parallel-structured hybrid vehicle
powertrain thus constructed enables the output power of the dual-structured power output
apparatus assembly 10 to be transmitted to the engine, thereby providing part of the mechanical

power transmitted to the drivetrain.

[0079] FIGS. 8 through 12 illustrate the method of controlling the power flow of an
electric drive and power output apparatus according to any of the embodiments of the present
invention. The figures also include arrows with thicknesses to illustrate relative proportion of the
mechanical power and electrical power consumed and generated in the hybrid vehicle 100 during
various driving conditions or states. The method of controlling the power flow is described below

for the following states of the hybrid vehicle.
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State I - Engine Only Mode

[0080] FIG. 8 illustrates the engine only mode state of the power flow of the hybrid
vehicle 100, as determined by the supervisory control module 15, in which the engine provides
all the mechanical power required to drive the vehicle as illustrated by the thicker arrows. The
electric drive and power system assembly 1 operates in generator mode to provide relatively a
smaller amount of electrical power that is used to charge the onboard electric energy storage

devices 14.

[0081] This state of the hybrid vehicle 100 is applicable for very low speed when the
clutch pedal 16 is depressed, when the vehicle is in neutral, or when the state-of-charge (SOC) of
the electric energy storage devices 14 is low that attempting to used them could cause irreversible
damage. In this state of the hybrid vehicle 100, the vehicle power demand is handled directly by
the engine and the dual-structured power output apparatus assembly 10 provides no

electromagnetic torque.
State 1I - Startup, Low Speed and Acceleration Modes

[0082] FIG. 9 illustrates the state of the power flow of the hybrid vehicle 100 during
startup, low speed and acceleration modes. In this state of the hybrid vehicle 100 operation with
the accelerator pedal 16 depressed, both the engine 45 and clectric drive and power system
assembly 1 are providing mechanical power to the drivetrain and wheels 90. The first
motor/generator M/G1 assembly 70 and second motor/generator M/G2 assembly 80 are both
driven and controlled in motoring modes by the ICCUl 13a and ICCU2 13b to provide
mechanical torque and power to start and assist the engine 45 during acceleration and low speed
using electrical power from the onboard electric energy storage devices 14. For this state of the
hybrid vehicle 100 operation, the bulk of the electric power is drawn from the clectric energy
storage devices 14 and efficiently converted to mechanical power that is transmitted through the
serpentine belt or special belt 18 to the crankshaft pulley 19 and drivetrain, as illustrated by the

thicker arrows.

[0083] If more traction power is needed for additional acceleration demand, then both
ICCUT 13a and ICCU2 13b will drive and control the first motor/generator M/G1 assembly 70
and the second motor/generator M/G2 assembly 80 to deliver 150 percent transient overload
torque and power for up to 60 seconds. During the duration of the transient overload operation,

the winding temperatures of the two motor/generators of the dual-structured power output
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apparatus assembly 10 are continuously monitored to ensure that they do not exceed the

maximum allowable temperature limits.
State III - Cruising Speed Mode

[0084] FIG. 10 illustrates the state of the power flow of the hybrid vehicle 100 in cruising
mode at moderate speed. In the moderate speed range of the cruising speed mode of the hybrid
vehicle 100 with the accelerator pedal 16 depressed, the first motor/generator M/G1 assembly 70
is driven by the ICCU1 13a to continue providing mechanical torque- and power-assist to the
engine 45 and second motor/generator M/G2 assembly 80 is driven by the ICCU2 13b to
generate a relatively smaller amount of electrical power that is used to charge the onboard
electric energy storage devices 14. The mechanical power transmitted to the engine during this
state from the first motor/generator M/G1 assembly 70 is larger than the electrical power
generated by the second motor/generator M/G2 assembly 80, as illustrated by the thicker and

thinner arrows of FIG. 10.

[0085] F1G. 11 also illustrates the state of the power flow of the hybrid vehicle 100 in
cruising mode at high speed. In the high speed range of the cruising speed mode of the hybrid
vehicle 100 with the accelerator pedal farther depressed, the mechanical torque and power
transmitted from the first motor/generator M/G1 assembly 70 to the engine 45 is further reduced
accordingly, and the electrical power generated by the second motor/generator for charging the
onboard electric energy storage devices 14 is increased accordingly. That is, as the speed
increases to the high speed range, less mechanical torque and power are allocated by the
supervisory control module 15 that are transmitted to the drivetrain and wheels 90 of the hybrid
vehicle 100, and more generated electrical power is allocated for charging the onboard electric
energy storage devices 14. The relatively smaller mechanical power allocated is illustrated with
the thinner arrows and the relatively larger electrical power allocated is illustrated with the

thicker arrows.
State IV - Deceleration and Braking Modes

[0086] FIG. 12 illustrates the state of the power flow of the hybrid vehicle 100 in
deceleration and braking modes. The hybrid vehicle 100 goes into this state only when the brake
pedal 16 is depressed. During deceleration and braking modes, both the first motor/generator
M/G1 assembly 70 and second motor/generator M/G2 assembly 80 are driven and controlled to
operate in generating modes to apply regenerative brake, thereby extract mechanical energy from

the drivetrain that is converted to electrical power to charge the onboard electric energy storage
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devices 14. Both motor/generators of the dual-structured power output apparatus are driven and
controlled to generate the maximum power possible at the operating speed, as illustrated by with

the thicker arrows in FIG. 12.

[0087] While the invention has been described with reference to an exemplary
embodiment or embodiments, it will be understood by those skilled in the art that various
changes may be made and equivalents may be substituted for elements thereof without departing
from the scope of the invention. In addition, many modifications may be made to adapt a
particular situation or material to the teachings of the invention without departing from the
essential scope thereof. Accordingly, it is intended that the invention not be limited to the
particular embodiment disclosed herein as the best mode contemplated for carrying out this
invention, but that the invention will include all embodiments falling within the scope of the

claims.
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What is claimed is:
1. A dual-structured power output apparatus comprising at least:

two motor/generator assemblies including a first motor/generator assembly and a second

motor/generator assembly;
a power transmission unit; and

two rotating shafts including a first rotating shaft and a second rotating shaft.

2. The dual-structured power output apparatus of claim 1, wherein the first and second

motor/generator assemblies comprise:
a first stator assembly surrounding a first rotor attached to the first shaft;
a second stator assembly surrounding a second rotor attached to the second shaft;

a first rotor assembly disposed at least partially within the first stator assembly, the rotor

configured to rotate about an axis with respect to the first stator assembly;

a second rotor assembly disposed at least partially within the second stator assembly, the

rotor configured to rotate about an axis with respect to the second stator assembly; and

a power transmission unit disposed adjacent to the first and second motor/generators,
wherein its primary function is a power transfer mechanism that receives a rotational speed and
torque (or mechanical power) from the first shaft of the first motor/generator assembly and
transmit it to the second shaft of the second motor/generator assembly in such a manner that the

torque and speed are changed.

3. The dual-structured power output apparatus of claim 2, wherein the first and second rotor

assemblies comprise:
a first shaft that rotates about an axis;

a first shaft that couples to the power transmission unit on one end and a pulley on the

other end;
a second shaft that rotates about an axis; and

a second shaft that couples to the power transmission unit on one end.

33



WO 2014/013408 PCT/IB2013/055763

4. The dual-structured power output apparatus of claim 3, wherein the power transmission
unit is at least a single stage planetary gear train mechanism having a ring gear member, a planet

carrier member and a sun gear member that is connected to the first and second rotating shafts.

S. The dual-structured power output apparatus of claim 3, wherein the power transmission

unit is a belt and pulley drive mechanism that is connected to the first and second rotating shafts.

6. The dual-structured power output apparatus of claim 3, wherein the power transmission
unit is an electromechanical control mechanism that is connected to the first and second rotating

shafts.

7. 'The dual-structured power output apparatus of claim 4, wherein the planetary gear train
mechanism is disposed at least partially within the rotor assembly of one of the motor/generators
and connected on both end to the first and second rotating shafts, the rotor is mechanically
coupled to one of the gear members of the planetary gear train mechanism and configured to

rotate together about an axis with respect to a stator assembly.

8. The dual-structured power output apparatus of claim 7, wherein the rotor is mechanically

coupled to the ring gear member the planetary gear train mechanism.

9. The dual-structured power output apparatus of claim 3, wherein the power transmission
unit is disposed adjacent to the two motor/generators and connected on both ends to the shafts of
the first and second rotors to provide a means to change the rotational speed and torque of at least

one of the rotors.

10. The dual-structured power output apparatus of claim 3, wherein the power transmission
unit is axially disposed between to the two motor/generators and connected on both ends to the
shafts of the first and second rotors to provide a means to change the rotational speed and torque

of at least one of the rotors.
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11. The dual-structured power apparatus of claim 4, where in the first shaft is mechanically
linked to the planet carrier member and second shaft is mechanically linked to the sun gear

member, and the ring gear member is not rotatable.

12. The dual-structured power apparatus of claim 4, where in the first shaft is mechanically
linked to the ring gear member and second shaft is mechanically linked to the sun gear member,

and the planet carrier member freely rotatable.

13. The dual-structured power apparatus of claim 4, where in the first shaft is mechanically
linked to the planet carrier member and second shaft is mechanically linked to the sun gear

member, and the ring gear member is freely rotatable.

14. The dual-structured power output apparatus of claim 3, wherein the power transmission
unit connected to the first and second shafts is configured such that the first and second rotors

attached to the first and second shafts are rotatable relative to each other.

15. The dual-structured power output apparatus of claim 3, wherein the power transmission
unit connected to the first and second shafts is configured such that the first and second rotors

attached to the first and second shafts are rotatable at the same speed.

16. The dual-structured power output apparatus of claim 3, further comprising a single
compact housing enclosure fixed with respect to the first and second stator assemblies, and

having a means mounted thereon for electrical power conversion and output; and

bearings to support the first and second shafts with respect to the housing so that the first and

second rotors may rotate with respect to the housing.
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17. The dual-structured power output apparatus of claim 16, wherein the first motor/generator
is functioning in motoring mode outputting mechanical power and second motor/generator is

functioning in motoring mode outputting mechanical power.

18. The dual-structured power output apparatus of claim 16, wherein the first motor/generator

is functioning in motoring mode.

19. The dual-structured power output apparatus of claim 16, wherein the first motor/generator
is functioning in generating mode outputting electrical power and second motor/generator is

functioning in generating mode outputting electrical power.

20. The dual-structured power output apparatus of claim 16, wherein the first motor/generator
is functioning in motoring mode outputting mechanical power and second motor/generator is

functioning in generating mode outputting electrical power.

21. An electric drive and power system comprising:

a dual-structured power output apparatus construction having two motor/generator
assemblies that include a first motor/generator assembly and a second motor/generator assembly,
power transmission unit, and a first rotating shaft connected to the power transmission unit on
one end and having a pulley attached on the other end and a second rotating shaft connected to
the power transmission unit, wherein the first motor/generator includes a first stator assembly
surrounding the first rotor assembly attached to the first shaft that is rotatable about an axis; the
second motor/generator includes a second stator assembly surrounding the second rotor assembly
attached to the second shaft that is rotatable about an axis; and the power transmission unit
disposed adjacent and coupled on both end to the first and second rotor assemblies to transfer

power from the first rotor assembly to the second rotor assembly;

a first power converter and controller unit for driving and controlling the first

motor/generator in order to enable power conversion and output;
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a second power converter and controller unit for driving and controlling the second

motor/generator in order to enable power conversion and output;

a third power converter and controller unit that provides power to auxiliary loads and

devices; and

a supervisory control unit for synthesizing motor/generator sensor input data into
commands for executing the overall power management, power control as well as protection

functions.

22. The system in accordance with claim 20, further comprising an electric energy storage

device,
wherein it is being charged with electrical power generated by the first motor/generator;

wherein it is being charged with electrical power generated by the second

motor/generator;

wherein it is being discharged to provide electric power required for driving the first

motor/ generator;

wherein it is being discharge to provide electrical power required for driving the second

motor/generator; and

wherein it is being discharged to provide electrical power required for operating auxiliary

devices and loads.

23. A hybrid vehicle that has an engine mechanically coupled to an electric drive and power

system mounted thereon, said hybrid vehicle comprising:

a dual-structured power output apparatus construction having two motor/generator
assemblies that include a first motor/generator assembly and a second motor/generator assembly,
power transmission unit, and a first rotating shaft connected to the power transmission unit on
one end and having a pulley attached on the other end and a second rotating shaft connected to
the power transmission unit, wherein the first motor/generator includes a first stator assembly
surrounding the first rotor assembly attached to the first shaft that is rotatable about an axis; the
second motor/generator includes a second stator assembly surrounding the second rotor assembly

attached to the second shaft that is rotatable about an axis; and the power transmission unit

37



WO 2014/013408 PCT/IB2013/055763

disposed adjacent and coupled on both end to the first and second rotor assemblies to transfer

power from the first rotor assembly to the second rotor assembly;

a first power converter and controller unit for driving and controlling the first

motor/generator in order to enable power conversion and output;

a second power converter and controller unit for driving and controlling the second

motor/generator in order to enable power conversion and output;

a supervisory control module for synthesizing vehicle powertrain input data and
motor/generator sensor input data into commands for executing the overall power management,

power control as well as protection functions; and

at least one electric energy storage device being charged with electrical power generated
by the first motor/generator; being charged with electrical power generated by the second
motor/generator; being discharged to provide electric power required for driving the first
motor/generator; being discharged to provide electrical power required for driving the second

motor/generator; and being discharged to provide electrical power to auxiliary loads and devices.

24. A method of controlling a hybrid vehicle that has an engine mechanically linked with an

electric drive and power system mounted thereon, said method comprises the steps of:

(i) providing a dual-structured power output apparatus construction having two
motor/generator assemblies that include a first motor/generator assembly and a second
motor/generator assembly, power transmission unit, and a first rotating shaft connected to the
power transmission unit on one end and having a pulley attached on the other end and a second
rotating shaft connected to the power transmission unit, wherein the first motor/generator
includes a first stator assembly surrounding the first rotor assembly attached to the first shaft that
is rotatable about an axis; the second motor/generator includes a second stator assembly
surrounding the second rotor assembly attached to the second shaft that is rotatable about an axis;
and the power transmission unit disposed adjacent and coupled on both end to the first and
second rotor assemblies to transfer power from the first rotor assembly to the second rotor

assembly;

(ii) providing a first power converter and controller unit for driving and controlling the

first motor-generator in order to enable power conversion and output;
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(iii) providing a second power converter and controller unit for driving and controlling

the second motor/generator in order to enable power conversion and output;

(iv) providing a supervisory control module for synthesizing vehicle powertrain input
data and motor-generator sensor input data into commands for executing the overall power

management, power control as well as protection functions;

(v) providing at least one electric energy storage device being charged with electrical
power generated by the first motor/generator; being charged with electrical power generated by
the second motor/generator; being discharged to provide electric power required for driving the
first motor/generator; being discharged to provide electrical power required for driving the
second motor/generator; and being discharged to provide electrical power to auxiliary loads and

devices.
(vi) detecting the current driving conditions of the vehicle; and

(vil) driving and controlling the dual-structured power output apparatus to output
electrical power and mechanical power in accordance with the driving conditions of the hybrid

vehicle.
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