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1
SYSTEM, ARCHITECTURE, AND METHOD
FOR MINIMIZING POWER CONSUMPTION
AND INCREASING PERFORMANCE IN
ELECTRIC VEHICLES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional

2

energy efficiency of an electric vehicle, which in turn reduces
the effective driving range of such an electrical vehicle (per
charge).

There is a need for an improved mechanical drive train
architecture for an electrical vehicle that minimizes or elimi-
nates one or more of the problems set forth above.

BRIEF SUMMARY OF THE INVENTION

A drive system for an electric vehicle accomplishes speed

Patent Application Ser. No. 61/366,252 filed Jul. 21, 2010, 1o changes through the use of electronically controlled, multiple

and hereby incorporated by reference in its entirety. electric motor configurations that are coupled to an output

drive shaft, instead of a speed change transmission. Advan-

BACKGROUND OF THE INVENTION tages of the embodiments include improved performance and
efficiency.

a. Field of the Invention 15 Inone para]]e]-‘coupled, mulltiple-motor embodiment, first

The instant disclosure relates senerally to propulsion and second electric motors having respective first and second

. . & ¥y 1o prop output shafts are coupled to an output drive shaft through
mecham sms for an electric car, anq more particularly to mul- respective gear arrangements. Each gear arrangement has its
tiple electric motor-based mechanisms. own gear ratio. The output drive shaft is configured for con-

b. Background Art 20 nection to adrive arrangement for driving at least one vehicle

It is known to use electric motors in electric or hybrid-  wheel. The drive system further includes an electronic control
electric vehicles. For example, it is known to use DC electric unit (ECU) and a computer-readable memory coupled
motors and/or AC electric induction motors in electric vehicle thereto. Control logic, which may comprise software, may be
applications. However, there is desire to improve the effi- stored in the memory and be configured for execution by the
ciency of operation. With regard to the electric motor energi- 25 ECU. The cont.rol logic is conﬁgur ed to contr(_)] the first a?nd
zation itself, various control schemes have been developed second motors in accordanc; witha predetermmed operating
that improve efficiency ofthat aspect. For example, AC induc- strategy. One such strategy involves operation of the motors

. P Y P mp-C, in first, second and third modes of operation. In the first mode
thn motor control approache.s, such as Vaqable frequency of operation, the first motor is active while the second motor
drive (VFD) technology, have improved efficiency. However, is inactive. In the second mode, both motors are active. In the
there remains fundamental inefficiency in the current electri- 3° third mode of operation, the first motor is inactive and the
cal drive train architecture. The basic problems will be second motor is active. Through the foregoing, both torque
described below, in connection with FIGS. 16-17, which and power are improved across a broader speed range, as
illustrate typical electric motor torque and power curves. Cpmpared to sjngle motor conﬁgurati.ons‘ In a'dditbion, effi-

As shown in FIG. 16, the developed torque declines as the __ ciency can be improved through selective energization of the
motor speed increases, such that the available torque at high >> motors or through various other approaches described here-
motor speeds is relatively limited. As a consequence, as 1naIfter. . . . .

. . . n a serially-coupled, multi-motor embodiment, the drive
;hoyvn nFIG. 17, the avallgble power 2}150 becomes relatively system for a vehicle includes a first electric motor having first
limited as the motor speed increases. Since the useful range of stator and rotor portions and a second electric motor having
torque over speed (i.e., RPM) is limited, ifan electric motoris ., second stator and rotor portions. The second stator portion is
directly coupled to a drive shaft without transmission, the coupled to the first rotor portion and the second rotor portion
vehicle will have a limited top speed and has limited torque is coupled to an output drive shaft, which in turn is configured
and horsepower at such high speed. The typical solution to for connection to a drive arrangement for driving at least one
this problem is to incorporate a transmission between the VehicleWheel.The drive system further includes an electronic
motor and the drive shaft. The transmission allows (i.e., 45 controlunit(ECU)andacomputer-readable memory coupled
through a gear ratio selection) a desirable motor RPM range, thereto. In addition, cqntrol logic, which may comprise soft-
a range at which the motor can produce adequate torque and ware, may be stored in the memory and_ be.:ﬂconﬁgured for
horsepower (and at a desired efficiency), can be associated execution by the ECU. The control 1.oglc 18 conﬁgure;d to

rsep . . V), control the first and second motors in accordance with a
with the deSI.red vehicle speed. .. predetermined operating strategy. One strategy includes at

Qne practl_ca! pro_blem is that a tI:anSl’nlSSlOIl (g, aut_o— 30 least a first and a second mode of operation. In the first mode
matic transmission) is difficult to design to match the special of operation, the first motor is inactive while the second motor
torque curve of an electric motor. Also, a transmission adds is active. In the second mode, both motors are active. In the
weight, cost, and efficiency loss to the vehicle and/or drive second mode, the rotational speed of the output shaft corre-
train. Moreover, the transmission has its own unique failure sponds to the sum of the individual rotational speeds of the
modes, which potentially affects reliability. 55 two motors.

Conventional electric car drive train architecture is inher- In a further embodiment, the first and second motors are
ited from that used in internal combustion (IC) engine pow- coupled to the output drive shaft through a differential gear.
ered vehicle designs, namely, an architecture including one These and other benefits, features, and capabilities are
engine paired with one transmission. While hybrid electric provided according to the structures, systems, and methods
vehicles add a supplementary source of power (i.e., both IC 60 depicted, described and claimed herein.
engine and electric motor), a transmission is still used to
match the optimum RPM range of both power sources to a BRIEF DESCRIPTION OF THE DRAWINGS
desired vehicle speed. Even with the use of emerging motor
control approaches, such as VFD motor technology, electrical FIG. 1 is a block diagram view of a system including an
motors are nonetheless relatively inefficient at both low and 65 improved driveline for an electric vehicle.

high speed (RPM) and are also relatively inefficient at low
power output levels. These limitations reduce the overall

FIG. 2 is a diagrammatic and block diagram view of a first,
parallel-coupled embodiment of the driveline of FIG. 1.
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FIG. 3 is a torque versus speed chart reflecting the opera-
tion of the parallel embodiment of FIG. 2.

FIG. 4 is a torque versus speed chart showing multiple
modes of operation of the parallel embodiment of FIG. 2.

FIG. 5 is a torque versus speed chart of FIG. 4 modified to
include the combined torque of both motors.

FIG. 6 is a combined torque and power versus speed chart
reflecting the operation of the parallel embodiment of FIG. 2.

FIG. 7 is a torque versus speed chart showing the operation
of'the parallel embodiment of FIG. 2 as further supplemented
with one-to-one redundant, secondary electric motors sub-
stantially servicing the speed ranges serviced by the primary
electric motors.

FIG. 8is atorque versus speed chart showing the operation
ofthe parallel embodiment of FIG. 2 as further supplemented
with many-to-one redundant, secondary electric motors
where one redundant motor services or overlaps the speed
ranges serviced two or more primary motors.

4

arrangement 34, is operative to control the operation thereof,
including movement of drive shaft 36.

The electric motor arrangement 34 is responsive to the
control signal(s) 32 and is configured in the several embodi-
ments described herein to efficiently rotate output drive shaft
36. Electric motor arrangement 34 includes a plurality of
electric motors mechanically coupled to each other in differ-
ent ways. In common, however, is the elimination of the
conventional speed change transmission. In lieu of the trans-
mission, which adds weight, cost and contributes to ineffi-
ciency, the drive system 20 includes control logic 30 that is
configured to accomplish “gear selection” by selective ener-
gization of one or more of the electric motors included within
arrangement 34. The drive system 20 is useful in a wide
variety of applications, including automotive vehicle appli-
cations such as electric-powered vehicle applications, fuel
cell vehicle applications or plug-in hybrid electric vehicles.

Several embodiments are disclosed below and include (1)
a parallel-coupled embodiment wherein multiple electric

FIG. 9 is a diagrammatic and block diagram view of sec- 20 motors are mechanically coupled in parallel to output shaft
ond, serial-coupled embodiment of the driveline of FIG. 1. 36, (2) a serially-coupled embodiment wherein multiple

FIG. 10 is a torque and power versus speed chart reflecting motors are mechanically coupled in series to each other and
the operation of the serial-coupled embodiment of FIG. 9. where the collective output is provided to or as output shaft

FIG. 11 is a diagrammatic and block diagram view of third, 36; and (3) an electric motor arrangement using a differential
serial-coupled embodiment of the driveline of FIG. 1, includ- 25 gear.

ing a differential gear.

FIGS. 12 and 13 are diagrammatic views of a differential
gear set and a parallel gear set, respectively.

FIGS. 14A-14E are diagrammatic and block diagram
views of an exemplary embodiment of an electric motor
arrangement depicting the conversion of the electric motor
arrangement from a serially-coupled configuration to a par-
allel-coupled configuration.

FIGS. 15A-15F are diagrammatic and block diagram
views of another exemplary embodiment of an electric motor
arrangement depicting the conversion of the electric motor
arrangement from a serially-coupled configuration to a par-
allel-coupled configuration.

FIGS. 16 and 17 are torque and power versus speed charts,

In the parallel-coupled embodiment, the distributed, mul-
tiple motors are disposed in a parallel (mechanical) arrange-
ment. Gear selection is achieved by electrically energizing
certain ones of the motors in accordance with a predeter-
mined control strategy or scheme. In an exemplary embodi-
ment, this parallel arrangement eliminates the need for a
transmission because multiple motors with different RPM
ranges and or different gear ratios drive the drive shaft 36.

In the serially-coupled embodiment, two or more motors
are, in-effect, mechanically daisy-chained together (i.e., seri-
ally) to add horsepower. As opposed to the parallel embodi-
ment, in the serial embodiment, the motors mechanically-
coupled in series are operative to contribute significant torque
across all operating speeds (RPM).

respectively, reflecting the operation of a conventional elec- 40  Inthedifferential embodiment, which is a particular imple-

tric motor. mentation of the serially-coupled motor arrangement, two or

more electric motors combine to power output drive shaft 36,

DETAILED DESCRIPTION OF THE INVENTION where the speed (RPM) of the drive shaft is the addition of the
speed of each of the contributing motors.

Referring now to the drawings wherein like reference 45  With continued reference to FIG. 1, drive arrangement 38

numerals are used to identify identical components in the
various views, FIG. 1 is a block diagram view of a drive
system 20 configured for use in an improved driveline of an
electric vehicle 22. FIG. 1 further shows an electronic control
unit (ECU) 24, which may include a processor 26 and a
memory 28, control logic 30 configured to produce one or
more output control signal(s) 32, an electric motor arrange-
ment 34 having an output drive shaft 36, a drive arrangement
38 and one or more vehicle wheel(s) 40.

The ECU 24 is configured through control logic 30 to
perform a plurality of functions described in greater detail
below, which involve controlling the operation of the electric
motor arrangement 34. It should be understood that while
ECU 24 is shown as a single block, actual implementation
may involve multiple ECU’s and/or multiple processing
cores, either co-located and/or distributed in location. ECU
24 may comprise conventional components known to those of
ordinary skill in the art. In an embodiment, ECU 24 may
comprise a general programmable unit and wherein control
logic 30 may comprise software.

Control logic 30 is configured to produce one or more
control signal(s) 32, which, when supplied to electric motor

65

may comprise conventional drive arrangements known in the
art to interface between a drive shaft and one or more drive
wheel(s) 40. For example, drive arrangement 38 may com-
prise a differential gear (not shown in FIG. 1) whose two
wheel outputs are respectively coupled to a pair of wheels 40.
It should be understood that variations are possible, and yet
remain within the scope and spirit of the present invention.
FIG. 2 is a diagrammatic and block diagram view of a first,
parallel-coupled embodiment of the driveline of FIG. 1, des-
ignated electric motor arrangement 34a. Arrangement 34a
includes a first and second electric motors 42 and 44 having
respective first and second output shafts 46 and 48 both
coupled to output drive shaft 36 through respective first and
second gear arrangements 50 and 52. The first and second
gear arrangements 50 and 52, in turn, have respective first and
second gear ratios 54 and 56 associated therewith. The fore-
going defines a parallel motor architecture. As further shown
in FIG. 2, the drive shaft 36 is configured to be coupled to a
drive arrangement 38a, which may be any conventional drive
arrangement known in the art suitable for driving wheels 40.
For example, for an automotive vehicle application, the drive
arrangement 38a may comprise a differential gear. Electric

Petitioner EX1007
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motors 42 and 44 may comprise conventional motors known
in the art, such as AC induction motors. Although not shown,
motor drive circuitry blocks would also be included, respon-
sive to control signals 32 produced by control logic 30.

In the illustrated embodiment, the first gear ratio is desig-
nated N to 1 while the second gear ratio is designated M to 1.
In an embodiment, the gear ratios 54, 56 are different,
although in certain other embodiments, the gear ratios may be
the same, with the electric motors 42, 44 having different
operating characteristics. As noted above, in an embodiment,
the electric motors 42, 44 are coupled to drive shaft 36 with
different gear ratios 54, 56. Accordingly, the rotors (not
shown) of both motors 42, 44 turn when any one of the motors
42, 44 turns. Each motor 42, 44 will be energized for a

6

a shaft speed between zero (0) and RPM-1, then the control
logic 30 will select operation in the first mode 58.

Likewise, in the second mode of operation 60, both motors
42 and 44 are active (i.e., energized). The second mode 60
corresponds to a second condition where the rotational speed
of shaft 36 is within a second speed interval 66. In FIG. 4, the
second speed interval 66 extends approximately from the first
transition speed RPM-1 to a second transition speed, desig-
nated RPM-2, which is greater than the first transition speed
RPM-1. Thus, when a desired vehicle speed dictates a shaft
speed between RPM-1 and RPM-2, then the control logic 30
will select operation in the second mode 60.

Finally, in the third mode of operation 62, motor 44 is
active (i.e., energized) while motor 42 is inactive (i.e., de-

; ) \ . ; 15 energized, acting as a flywheel). The third mode 62 corre-
partlf:ular RPM range that will drive the VeI.ncle 22ina sponds to a third condition where the rotational speed of shaft
specific speefi range (i.e., each motor has a different RPM 36 is within a third speed interval 68. In FIG. 4, the third speed
range and switching between motors 42, 44 allows forswitch-  ipterval 68 extends approximately from the second transition
ing between RPM ranges). When one of the motors 42, 44 is speed RPM-2 to a third transition speed, designated RPM-3
energized, however, the other one of the motor(s) 42, 44 may 20 that is greater than the second transition speed RPM-2. Thus,

remain de-energized.

For example, when motor 42 is energized and turns at a
speed of N RPM, the rotor of motor 44, which may remain
de-energized, nonetheless remains coupled to the shaft and

when a desired vehicle speed dictates a shaft speed between
RPM-2 and RPM-3, then the control logic 30 will select
operation in the third mode 62. Because the gear ratios asso-
ciated with each motor 42, 44 are different, each motor 42, 44

thus turns at a speed of M RPM. In this use-case, the rotational 25 operates in its desired RPM range (i.e., characterized by a
momentum presented by motor 44 acts as and otherwise desired torque and power output) without requiring a speed
performs the function of a conventional flywheel with respect change transmission.

to the drive train (i.e., output drive shaft 36). That is, the Thus, the drive system of the instant disclosure eliminates
momentum of motor 44 may act to dampen speed fluctuations the need for a transmission, by substituting selective energi-
of shaft 36 (and thus the drive train as a whole). Conversely, 30 zation of one or more of at least a pair of electric motors

when motor 44 is energized and turns at M RPM, the rotor of
motor 42 is not energized and turns at N RPM. The rotational
momentum of the rotor of motor 42 acts as a flywheel to the
drive train.

FIG. 3 is a torque versus speed chart showing the operation
of a parallel-coupled embodiment. The torque curves 70, 72
reflect the motors 42, 44 of FIG. 2 each being configured to
have a similar output torque curve (i.e., torque versus speed
profiles) but where motor 44 is configured with a 2-to-1 gear
ratio advantage over motor 42. Under this scenario, first
torque curve 70 covers a first speed range (i.e., approximately
0-10,000 RPM), but a second torque curve 72 associated with
motor 44 extends out to a higher maximum RPM (i.e., 20,000
RPM) and covers an extended RPM range as well (i.e., 0-20,

w
&
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(parallel configuration) mechanically coupled to the drive
shaft. The operating strategy thus involves selectively ener-
gizing the motors either one at a time or simultaneously,
depending on the circumstances, so that the motors are oper-
ated in their respective “sweet spots” to thereby improve
performance.

FIG.5is atorque versus speed chart showing the combined
torque of both motors. For illustration purposes only, both
motors 42, 44 are operated from between about zero (0) RPM
to about RPM-2 RPM (i.e., modes 58 and 60 in this example).
For simultaneous operation, the output torque versus speed,
which is shown by torque curve 74, corresponds to the sum of
the individual output torque from both motors 42, 44.

FIG. 6 is a chart showing torque and power (separately)

000 RPM). In the higher RPM range, motor 42 is not operat- 45 versus speed for a two motor, parallel-coupled embodiment
ing. The condition of motor 44 operating alone is equal to a (i.e., as shown in FIG. 2). The power of motor 42 is shown as
single motor configuration driving the drive shaft through a trace 76. The power of motor 44 is shown as trace 78. The
transmission. torque of motor 42 is shown as trace 80. The torque of motor
FIG. 4 is a torque versus speed chart showing multiple 44 is shown as trace 82. The combined, total power of both
modes of operation over the entire RPM range for the paral- 50 motors 42, 44 is shown as trace 84.
lel-coupled embodiment of FIG. 2. Control logic 30, in this In operation, in those speed intervals where control logic
illustrated embodiment, is configured to implement a prede- 30 activates both motors 42, 44, the total power output (i.e.,
termined operating strategy that specifies the control of the trace 84) corresponds to the sum of the individual power
operation of the electric motor arrangement 34a in a first output from each motor 42, 44. There are a number of addi-
mode of operation 58, a second mode of operation 60 and a 55 tional observations. First, assuming that in a higher speed

third mode of operation 62.

In the first mode of operation 58, motor 42 is active (i.e.,
energized) while motor 44 is inactive (i.e., de-energized, act-
ing as a flywheel). As shown, the x-axis indicates speed,
which may be taken to correspond to the rotational speed of
output drive shaft 36. The first mode 58 corresponds to a first
condition where the rotational speed of shaft 36 is within a
first speed interval 64. In FIG. 4, the first speed interval 64
extends from approximately zero (0) RPM to a first transition
speed, designated RPM-1. It should be understood that the
rotational speed of the shaft 36 corresponds to the vehicle
speed. In other words, when a desired vehicle speed dictates

60

65

range (i.e., 10k to 20 k RPM in FIG. 6) that control logic 30
discontinues operation of motor 42, then the resulting output
of the configuration would be identical to that of single elec-
tric motor combined with a transmission. Second, the paral-
lel-coupled configuration, without a transmission, does
deliver more power in the higher speed range (i.e., 10 k to 20
k RPM in FIG. 6), when compared to a single motor without
transmission configuration (e.g., see FIGS. 16-17), where the
only (single) motor in the system must be configured also for
low speed operation. The parallel-coupled configuration also
delivers more power and torque in the lower speed range (e.g.,
0-10,000 RPM) when both motors 42, 44 operate, which
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represents performance improvements compared to a single
motor with transmission configuration. Finally, in the higher
speed range (i.e., 10 kto 20k RPM in FIG. 6), motor 42 does
not contribute to the power curve (i.e., because it is not ener-
gized).

FIG. 7 is a torque versus speed chart showing the operation
of the parallel embodiment of FIG. 2 as supplemented with
one-to-one redundant, secondary electric motors, while FIG.
8 shows one-to-many staggered electric motor operation. As

8

least two primary motors. This configuration can offer cost
reduction compared to a one-to-one redundancy scheme,
while providing sufficient redundancy as well as standby
burst power, as described above.

For purposes of description, the overall speed range con-
tains a number of transition speed thresholds designated
RPM,, RPM,, RPM,, RPM, and RPM.,,, and which is broken
down into three speed intervals: a first speed interval 98
(between zero (0) RPM and RPM, ); a second speed interval

set forth above, multiple electric motors can be mechanically- 10 100 (between RPM, and RPM,;); and a third speed interval
coupled (in parallel) to a single drive shaft 36. As illustrated in 102 (between RPM, and RPM,,). FIG. 8 shows three primary
FIGS. 7-8, supplemental electric motors that are energized to motors, designated motor-1, motor-2 and motor-3, having
operate in overlapping speed ranges with the primary electric respective torque-versus-speed curves designated 104, 106
motors can be configured to provide redundancy as well as for and 108. Likewise, FIG. 8 also shows two redundant motors,
improving reliability. For example, when one motor is oper- 15 designated motor-4 and motor 5, having respective torque-
ating, the redundant motors are dissipating heat (i.e., cooling versus-speed curves designated 110 and 112. The number of
down). A distributed motor architecture without a transmis- redundant motors is less than the number of primary motors.
sion, as set forth herein, provides overall improved perfor- The control logic 30 is configured to operate the redundant
mance, reliability as well as cost-to-performance ratio. motors (or at least one of them) so as to operate in a speed
The drive system corresponding to FIG. 7 includes six (6) 20 interval that overlaps the speed intervals of two or more
motors that are mechanically-coupled to a single drive shaft primary motors. For example, control logic 30 can be config-
36. Motor-1 and Motor-2 operate in the same speed (RPM) ured to control motor-4 to operate from about RPM,, to RPM,,,
range, and the respective torque-versus-speed curves are des- thereby overlapping speed interval 98, associated with pri-
ignated 86 and 88. These two motors each function as a mary motor-1, and speed interval 100, associated with pri-
redundant backup motor to the other. Similarly, Motor-3 and 25 mary motor-2. Likewise, control logic 30 can be configured to
Motor-4 also operate in the same speed (RPM) range, and the control motor-5 to operate from about RPM, to RPM,,
respective torque-versus-speed curves are designated 90 and thereby overlapping speed interval 100, associated with pri-
92. These two motors function as a redundant backup motor mary motor-2, and speed interval 102, associated with pri-
to the other. Likewise, Motor-5 and Motor-6 operate in the mary motor-3.
same speed (RPM) range and the respective torque-versus- 30  Variations are contemplated. For example, a supplemen-
speed curves are designated 94 and 96. These two motors tary motor configuration, similar to the redundant motor con-
function as redundant backup motors to the other. figuration described above in connection with FIG. 7, may be
In this configuration, the primary motors (i.e., motor-1, used where one type of motor is used for the primary (driving)
motor-3, and motor-5) are coupled to the drive shaft 36 with motor while a second type of motor can be used for the
respective gear arrangements having respective gear ratios, as 35 secondary (redundant) motor.
described above. The secondary (or redundant) motors (i.e., For example, in an embodiment, the primary motor com-
motor-2, motor-4, and motor-6, respectively) are also directly prises an AC induction motor, which has certain characteris-
(mechanically) coupled to the drive shaft 36 through a respec- tics desirable for operation as the main, driving motor. For
tive gear arrangement, but such gear arrangements match the example, an AC induction motor is more suitable for use in
gear ratio of the corresponding primary motor (i.e., motor-1 40 continuous load applications, although it is relatively more
and motor-2 are coupled to shaft 36 with gear arrangements expensive and relatively heavier for its output power. In such
having substantially the same gear ratios). FIG. 7 shows a an embodiment, a second type of motor, for example a per-
slight offset between the respective torque curves, but this is manent magnet DC (PMDC) motor can be used as the sec-
primarily for clarity in isolating the contribution of each ondary (redundant) motor, as it is relatively lower in cost and
motor/gear arrangement combination. 45 weight/unit power, compared to the AC induction motor, and
The control logic 30 is configured to activate or de-activate is thus optimized for providing intermittent (or even periodic)
one or more of the redundant motors in accordance with a bursts of powers. For example, such additional power may be
predetermined strategy. The strategy may include activating desirable during vehicle acceleration. In sum, while first and
one or more of the redundant motors in one or more of the second motor types (which are different) may be configured,
modes of operation described above. For example only, both 50 mechanically, in parallel, the resultant configuration provides
the primary motor and the redundant motor can be activated needed standby torque, all at an overall lower cost, size and
(energized) simultaneously when the ECU 24 (control logic weight. Motor characteristics than can distinguish one type of
30) determines that additional (i.e., burst) power is required. motor from another therefore include weight, size, rated load
As a further example, however, the ECU 24 (control logic 30) handling level, continuous versus intermittent load handling,
can de-activate one of the primary or redundant motors when 55 operating efficiency rating (electrical), a torque and/or power
the vehicle 22 is cruising, and thus only one motor for a speed output versus speed, a torque or power output versus speed as
interval is needed to sustain the cruising speed. More gener- a function of the motor weight, as well as other characteristics
ally, the redundant motor can be activated when the primary known to those of ordinary skill in the art.
motor is de-activated (i.e., deliberately by the control logic While conventional drive systems include one engine and
30, for example, to allow cooling) or when the primary motor 60 one transmission (with a plurality of gears), a parallel-
is otherwise inoperable. The converse is also true. coupled architecture as described above can eliminate the
FIG. 8 shows a redundant motor configuration that is not size, weight, cost, complexity and reliability implications of a
one-to-one but is rather one-to-many. Each redundant motor transmission. Specifically, it should be understood that a
can be configured to operate in a staggered fashion so as to speed change transmission is a relatively difficult component
cover overlapping speed (RPM) ranges of the primary 65 to design in the context of an electric car. The above-de-

motors. In this one-to-many arrangement, each redundant or
secondary motor is configured to provide redundancy for at

scribed parallel motor configuration, even where multiple
electric motors are used, can still be cheaper than having a
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transmission. In addition, it should be understood that in the
parallel motor configuration described herein, a de-energized
motor does not have to be disconnected from the output drive
shaft. In particular, the rotor of the de-energized motor (or
motors) can function as a conventional flywheel, where its
rotational momentum may be used to reduce rotational speed
fluctuations (which is required in most applications, such as
vehicle applications). In addition, the parallel coupled motors
define a powertrain architecture wherein drive shaft speed

10
execution by the ECU 24 (i.e., processor 26). The control
logic 30 produces suitable control signals 32 destined to
control the operation (i.e., to control the manner of energiza-
tion and de-energization) of electric motor arrangement 345.
In operation, assume that motor 114 is energized to rotate at a
speed of RPM-1. Since the stator 116 is mechanically
restrained or grounded, the rotor 118 will turn at the speed of
RPM-1 (when taken with reference “ground”). Further
assume that motor 120 is likewise energized, but to a rota-

changes are effected by selective energization/de-energiza- 10 ;| speed of RPM-2. The rotor 124 will turn at a relative
tion of one or more of the distributed motors, rather than X .
o speed of RPM-2 with respect to stator 122. Since the stator
through the use of a transmission. In effect, the parallel motor . . . .
. . N AT 122 is turning at the speed of RPM-1 by virtue of the mechani-
architecture defines a drive train with multiple “engines” and . .
each with one gear. cal connect{ng r_nember 1263 thg (output) rotor 124 will turn at
Additionally, the selection of particular motor(s) to ener- 15 @ speed which 1s.the combination of bgth motors 114, 120,
gize/de-energize can be accomplished through, for example, namely, at a rotational speed of subst:antlally (RPM'I"'RPM'
software logic (i.e., control logic 30) in combination with 2) as referenced to “ground”.‘ln addmor}, the torque delivered
electrical switching (i.e., motor control). This combination  at the output of motor 120 is substantially the same as the
provides improved ﬁelelhty’ Compared to, for example’ torque delivered at the output of motor 114, provided that the
hydrau]ic and/or mechanical approaches, Further, the cou- 20 mass (i.e., rotational inertia) of motor 120 is not considered.
pling is accomplished through a magnetic field, thereby Overall, serially-coupled motor embodiments (such as in
reducing components subject to wear and tear. FIG. 9) allow higher torque output to be delivered at a higher
FIG. 9 is a diagrammatic and block diagram view of a rotational speed (i.e., RPM-1+RPM-2), which exceeds the
second, serially-coupled motor embodiment of the electric maximum rotational speed that a single motor configuration
motor arrangement of FIG. 1, designated 345. In this embodi- 25 can provide. Thus, even without a transmission, the serially-
ment, two or more motors can be “daisy-chained” together to coupled motor drive train embodiments have the torque and
add horsepower output in a linear fashion, as described below. power output capability to drive a vehicle to relatively high
This approach allows all motors in the series arrangement to maximum speed.
contribute across the entire speed band (RPM). This is in Similar to the parallel-coupled motor embodiments, the
contrast to the parallel-coupled motor embodiments, where 30 predetermined strategy for operating the serially-coupled
only selected motors operate in specified RPM ranges. The motor embodiments may include at least first, second and
trade-off between the two approaches involves mechanical third modes operation. In the first mode of operation, the
complexity versus improved performance. second motor 120 is active and the first motor is inactive. In
As shown in FIG. 9, arrangement 345 includes a first elec- the second mode of operation, both the first and second
tric motor 114 having first stator and rotor portions 116 and 35 motors 114,120 are active. In the third mode of operation, the
118, respectively, a second electric motor 120 having second first motor 114 is active while the second motor is inactive. Of
stator and rotor portions 122 and 124, respectively, and output course, both motors can be inactive (fourth mode of opera-
drive shaft 36 (as already described above). In the illustrative tion).
embodiment, the second stator portion 122 is coupled (i.e., It warrants emphasizing that the control logic 30, in accor-
mechanically) via a mechanical coupling member 126 to the 40 dance with its predetermined operating strategy, would ener-
first rotor portion 118 of motor 114. This connection 126 may gize each of the first and second motors at respective speeds
be deployed in-line (i.e., axially), such as by attaching the of RPM-1 and RPM-2. Moreover, it is the mechanical rela-
stator body 122 to a shaft (not shown), which is an extension tionship between the two motors that results in the increased
of the first rotor 118. It should be understood that variations rotational speed of (RPM-1+RPM-2) at the output drive shaft
are possible (e.g., co-axial arrangements). Accordingly, the 45 36. Thus, even though the motor 120 is energized to rotate
stator 122 of motor 120 will rotate at the same speed (RPM) RPM-2, which is less than the actual speed of rotor 124
as the rotor 118 of motor 114. The extension 126 can be (relative to “ground”), this does not slow down rotor 124,
replaced with a gear to modify RPM. since the relative speed of rotor 124 with respect to already
The second rotor portion 124 is mechanically coupled to rotating stator 122 is in-fact maintained.
the drive shaft 36, which is configured for connection to drive 50  FIG. 10 is a torque and power versus speed chart reflecting
arrangement 385 for driving at least one wheel (vehicle the operation of the serially-coupled motor embodiment of
wheels shown at 40). Although the first stator 116 is shown as FIG. 9. Trace 130 shows the output torque of a single motor
mechanically “grounded” (e.g., fixed to a vehicle frame or the (e.g., motor 120), trace 132 shows the combined torque pro-
like), it should be understood that the invention is not so vided by two motors (e.g., motors 114, 120) and trace 134
limited, and additional stages may be added in a like manner 55 shows the combined power output provided by two motors
as described and illustrated, and as generalized in equation (1) (e.g., motors 114, 120). FIG. 10 shows that the speed range
below (assuming Motor-1’s stator is fixed or “grounded”): over which a single motor can deliver torque is effectively
doubled when two motors are put in a serially-coupled con-
Rotor Speed of Motor-#=RPM-1+ figuration (i.e., compare the trace 130, which extends across
REM-2+... +RPMn @ 60 the range 0-10,000 RPM, with the trace 132, which extends
where Motor-1 develops RPM-1 (rotor relative to its sta- across the range 0-20,000 RPM). However, also note that the
tor), Motor-2 develops RPM-2 (again, rotor relative to its peak torque is not increased or decreased because of the serial
stator), and so on. configuration (i.e., both trace 130 and trace 132 have their
Control logic 30 (best shown in FIG. 1) is configured with peaks at very low speed). The serially-coupled motor arrange-
a predetermined operating strategy for controlling electric 65 ment provides an equivalent output as compared to a single

motor arrangement 345b. As above, the control logic 30, which
may comprise software, can be stored in memory 28 for

motor with double the amount of power and also coupled with
a two-to-one gear ratio. The net result is that this serial con-

Petitioner EX1007
Toyota v. Bunker Hill IPR2026-00333
16 of 27



US 8,618,752 B2

11

figuration will have the same torque of a single motor and
have double the maximum rotational speed range (RPM).

FIG. 10 also shows that the power peak is significantly
higher than the power peak in FIG. 6. The difference is that, in
the parallel configuration, Motor-1 stops contributing when
its maximum rotational speed (RPM) has been exceeded. In
the serially-coupled motor configuration, both motors con-
tribute until the maximum rotational speed (RPM) for each
motor is reached.

FIG. 11 is a diagrammatic and block diagram view of a
third, serially-coupled motor, embodiment of the electric
motor arrangement, designated 34¢, which includes a differ-
ential gear set 136. The arrangement 34¢ includes a differen-
tial gear set 136 comprising a main port 138 and first and
second differential ports 140 and 142, a first electric motor
144, and a second electric motor 146. As with the other
embodiments, an output drive shaft 36 is configured to be
coupled to a drive arrangement 38¢, which itself is configured
to drive at least one wheel (vehicle wheels shown at 40).

—

5

12
(RPM-1+RPM-2). This arrangement achieves the same
result, in operation, as that described above for the serially-
coupled motor embodiments.

This method of adding the rotational speed (RPM) from
two motors is easier to implement mechanically. For
example, both motors can be mounted to fixed platforms.
Also this configuration will allow either of the motors to be
locked, as described in greater detail below.

Variations are possible. For example, where the respective
rotational orientations of the main port 138 and the first dif-
ferential port 140 are opposite (e.g., CW versus CCW), then
the rotational speed of the second differential port 142 will be
additive of the two inputs.

In another implementation, one motor of a serial arrange-
ment (which may take the form of that illustrated in FIG. 9 or
some other serial arrangement) can be controlled by ECU/
control logic 30 to a stall condition (i.e., to zero speed) and
then a locking device (not shown) can be used to lock the shaft

As Background, in the conventional use of a differential 20 ofthe motor. For example, control logic 30 may be configured
gear set, the main port 138 would be coupled to a vehicle drive to energize the subject motor so as to progressively increase
shaft, while first and second differential ports would be an oppositely directed torque until the motor rotor stops.
coupled to a pair of vehicle wheels, wherein the differential Once the ECU/control logic 30 detects the stall condition,
gear set is used to deliver power from the drive shaft to the  then the ECU/control logic 30 can engage a mechanical lock
wheels. Moreover, assuming a vehicle drive shaft rotates ata 25 or the like to fix the rotatable portion (i.e., rotor/shaft) to the

rotational speed (R ;) while delivering a torque (T ), the con-
ventionally-used differential gear set will deliver a wheel
torque (T) equal to T /2 to each wheel, at a rotational speed of
R, When one wheel (i.e., referred to as W1) is slowed down
to a rotational speed (RPM) of (R ~1), the other wheel (i.e.,
referred to as W2) will speed up its rotational speed (RPM) by
a corresponding amount, to (R #+1). However, if wheel W1 is
stopped, causing its rotational speed to go to zero (i.e., in
other words, slowed down by an amount equal to R ;, namely,
R,~R=0), the other wheel W2 will speed up by an amount
corresponding to the amount by which W1 slowed down, i.e.,
by an amount equal to R, (i.e., speed is 2R ~R +R ). Con-
versely, if one wheel (e.g., W1) is stopped and forced to turn
backwards at a rotational speed (RPM) of R,,, then the rota-
tional speed (RPM) of the other wheel W2 will be (R +R +
R,). The foregoing provides the background for further
description of electric motor arrangement 34¢ using differen-
tial gear set 136.

Referring again to FIG. 11, one of the two motors (i.e.,
motor 146) is connected to the “drive shaft” input or main port
138, while the other one of the two motors (i.e., motor 144) is
connected to one of the “wheel outputs” or differential port
140. Thus, the first motor 144 is mechanically coupled to
impart a first rotational torque in a first rotational orientation
(i.e., rotation in direction of arrow 148) at a first rotational
speed (RPM-1) to the first differential port 140. Further, the
second motor 146 is mechanically coupled to impart a second
rotational torque in a second rotational orientation (i.e., rota-
tion in direction of arrow 150) at a second rotational speed
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frame or the like to prevent subsequent rotation. Once
mechanically locked, that motor can then be powered down
until there is a need for that motor. When more power (i.e.,
torque) is required, both motors can be placed in the serially-
coupled motor configuration using a differential gear set such
as that described above. Again, if less power is required, a
motor can be taken off-line. The control logic 30 can be
configured to make the determination of when to take a motor
off-line and when to bring an off-line motor back on-line, all
based on the command or needed output torque, and what
combination of motors and energization levels best meets the
commanded or needed output torque.

In a still further implementation, the two motors 144, 146
connected to differential gear 136 may or may not be of the
same power output or of the same type/design. The lock
torque method can switch the motor to the load dynamically
as load demand changes. The control logic 30 can be further
configured to determine which one of the two motors, or both
of them, should be energized and/or de-energized based not
only the load conditions (i.e., needed torque), but also of the
motor types, respective efficiencies, etc. For example, in an
embodiment, assume the first and second electric motors 144,
146 have respective torque-versus-speed profiles, where each
profile includes arespective efficiency defined at a plurality of
operating points. The ECU/control logic 30 can be configured
to select which one of the motors (or which one of the ports
138, 140) of the differential gear set to lock based on which
one of the first and second motors has the higher efficiency,

(RPM-2) to the main port 138. 55 based on the efficiency profiles, for a desired output rotational
In an embodiment, the control logic 30 is configured to speed and torque (operating point).
control the first and second motors 144, 146 such that the In another implementation, a manual speed change (gear
second differential port 142 (which is coupled to output shaft change) is made possible by the lock torque feature of the
36) itself imparts a desired output torque, at a desired output invention. In particular, as described above, the control logic
rotational speed, in a desired rotational orientation (i.e., rota- 60 30 can be configured to take one of the motors off-line
tion in direction of arrow 152). In one embodiment, the con- dynamically, and lock the rotor and/or shaft thereof. When a
trol logic 30 is configured to energize motor 144 so as to force motor is not powered on, it is relatively straightforward to
input differential port 140 to rotate in the direction of arrow change the gear associated with the off-line motor, which in
148, which is the opposite of the desired, output rotation in the turn affects the gear ratio between the motor and differential
direction of arrow 152 at output differential port 142. In this 65 gear. Accordingly, in another embodiment, the hardware

embodiment, shaft 36 will rotate at a rotational speed that is
additive (i.e., the sum) of the two motors 144 and 146, namely,

arrangement further includes a selectable/engageable plural-
ity of gears associated with one or both of the motors. When
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the control logic 30 takes the motor off-line, a “manual”
transmission gear shift can occur (without loss of fluid cou-
pling).

In another implementation, a preferred gear for a future
operational condition may be anticipated and the gear
engaged with the off-line motor accordingly. Using two
motors, when one is on-line, the second motor that is off-line
can be configured to the anticipated gear to take over opera-
tion from the first motor and its associated gear.

14

operation using two motors can be used to improve efficiency,
under a power and regenerate feature, described below.

More particularly, the control logic 30 can be configured to
control the multiple motors in such a way that one motor
provides power at a high power output level, such as at 100%
output, where it is more efficient than at a lower level. The
second motor can be operating in a regenerating mode such
that it works as a generator, which presents as a load to the first
motor. The second motor “generator” (electrical) output can

The gear switch will not be in the critical path and the 10 % h
motor that is on-line drives the drive shaft of the vehicle while be captured and stored in an energy storage mechanism, such
the off-line motor can be associated with the anticipated gear, as a rechargeable battery (not shown). I.f the second motor
powered up, and then co-power the load and ultimately take absorbs, for example, 90% of the mechanical output from the
over with the new gear. The gear switch will contribute no ~ first motor, then 10% of the mechanical output of the first
time delay in power delivery. At all times, torque is being 15 motor is delivered to the output drive shaft 361Accord1ngly,
delivered to the shaft, albeit from one or both motors, without while only 10% of the first motor’s mechanical output is
interruption. delivered to the drive shatft, it is still operating (producing) at
In an exemplary embodiment, each motor is configured to 100% of its mechanical output. Accordingly, energy is not
drive a parallel gear shaft (not shown) that in turn drives the being wasted.
differential gear set. The parallel gear shaft may have one or 20 For example, at 100% of its rated mechanical output, the
more gears disposed thereon that engage both (1) the output . o/ (: :
. . first motor has an efficiency of 95% (i.e., with respect to the
of'the motor (i.e., rotor/shaft) and (2) a gear on the drive shaft . . . .
. conversion of electrical energy into a mechanical output-
36. In other words, the parallel gear shaft is in between the . o . .
. torque-note this means that 105.26% of electrical energy is
motor output and the output shaft. In one embodiment, the ded duce 100% of th q The fi
parallel gear shaft is configured to be moved to engage and 25 2°9¢ to produce A 6 of the rated output). The r.st motor
disengage gears on the gear shaft and gears on the output shaft thus has a loss of 5%. If the. second motor, v:)!orkmg. as a
(otor) of the motor. A linear motor (now shown), under the ~ enerator, can generate electrical energy at 95% efficiency
control of control logic 30, may be used to effect this move- (i.e., with respf-:ct to th? conversion of .1nput mej:hamcal
ment, thereby achieving a gear change. The linear motor may ~ energy-torque, into electrical energy), while absorbing 90%
be controlled by ECU 24/control logic 30 that also controls 30 of the mechanical output from the first motor, then the second
the operation of the motors (i.e., which motor is active, when ~ motor recovers about 81.23% of the electrical energy origi-
is it active, and what is the output of the motor, for example). nally applied to the first motor. The overall efficiency for the
Accordingly, when a gear shift is desired, the appropriate energy recovery is 90.25% (i.e., 95%%95%=90.25%). By
motor can be locked up and taken off-line using, for example using this method, 19.76% of energy is used to deliver 10% of
only, the lock torque technique described above, and the other 35 the output. The overall efficiency is therefore approximately
motor will assume sole responsibility for driving the differ- 50.6% (i.e., 10%/19.76%=50.6%). The calculations in this
ential gear set and ultimately the output drive shaft 36. Once example are set forth in Table 1 below.
TABLE 1
Motor/Generator Example 1
Motor 1 Motor 2
% of Battery (use as motor)  (use as generator) % of
Mechanical Electrical Mechancial Electrical Battery
Output Input/Output Output Output Energy
Efficiency 95.00% 95%
Operating at % of rated output 100.00% 105.26 100.00
Output % to drive 10.00% 10.53 10.00
Output % recaptured 90.00% 94.74 90.00 85.50
Electricity From Motor 2 -85.50 -81.23%
Net energy consumed 19.76 18.78%
Energy wasted 9.76 9.28%
Overall efficiency 50.60%

taken off-line, the gears can be switched and then the motor

In another example, if the first motor is operated at 70%

55 e

can be re-activated and may ramp up to speed to either take ~ output, the first motor has a loss of 3.5% (this is 96.5%
over driving of the output drive shaft 36 or at least contribute ggigfor/lcy% Sta(tied anO‘he¥ll"Vg‘ya an gle(citpcaﬁ.ener 2y 1rllpur} ﬁf
to it. Therefore, the shifting is seamless and smooth, and the -54% of rated output will be required in this exelmp e. 1he

. . o . . second motor can load down the first motor by 60% to allow
qﬂVe shaft 36 18 alwayg, l 00% of the time, driven S0 no doyvn 10% of the rated output to the drive shaft. The second motor
time or delay in the driving of the shaft—thereby improving 60 {1 tions as a generator of 95% efficiency. The overall effi-
efficiency and performance. . ciency for the energy recovery is 91.68% (ie.,

When a motor is used to deliver 10% or 20% of its rated 96.5%%95%=91.68%). By using this method, 15.54% of
output power level, the operation is not energy efficient. The  energy is used to deliver 10% of the output. The overall
efficiency can be as poor as 30%, versus an improved effi- efficiency is therefore approximately 64.35% (i.e., 10%/
ciency of 95% when the motor is running at a power level over 65 15.54%=64.35%). The calculations in this example are set

about 60% of its designed load. In any of the embodiments
described herein (i.e., those arranged serially or in parallel),

forth in Table 2 below. This is an improved configuration to
that previously described.
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Motor/Generator Example 2.

Motor 1 Motor 2
% of Battery (use as motor) (use as generator) % of
Mechanical Electral Mechancial Electrical Battery
Output Input/Output Output Output Energy

Efficiency 96.50% 95%
Operating at % of rated output 70.00% 72.54 70.00
Output % to drive 10.00% 10.36 10.00
Output % recaptured 60.00% 62.18 60.00 57.00
Electricity From Motor 2 -57.00 -55.01%
Net energy consumed 15.54 21.42%
Energy wasted 5.54 7.64%
Overall efficiency 64.35%

The control logic 30 can thus be configured to control the
operation of the two motors in a power and regenerate
arrangement to appropriately deliver the required power to

tion of the functionality and operation of the differential gear
set 154 will not be repeated here, rather the description of the
differential gear set 136 set forth above is incorporated here

the output drive shaft 36, while at the same time improving 2° by reference. Likewise, a detailed description of the parallel
efficiency. It should be understood that the control logic 30 gear set 162 was described above and will not be repeated
can be configured to not only determine a range of available here, although it should be understood that each input in the
energization schemes to meet the requested output torque/ parallel arrangement 162 may have a respective gear set and
power, butto also overlay an efficiency analysis so as to select 55 gear ratio associated therewith, just like described above. As
operating points (e.g., energization levels, such as 70%, with the other embodiments described above, output shaft 36
100%, etc.) that also improve efficiency, as described above. is configured to be coupled to a drive arrangement 384, which
Building upon the methods described above, different size itself is configured to drive at least one wheel (vehicle wheels
motors (i.e., asymmetric motor configuration) can be used in shown at 40).
the serially-coupled motor arrangement to optimize effi- ;0  With reference to FIG. 14A, a first or initial state of the
ciency over speed (RPM) range and power output levels. A electric motor arrangement 344 is illustrated wherein the
small output motor has better efficiency at relatively lower electric motor arrangement 344 is arranged in a serially-
speed. In contrast, a large (output) motor is selected to mainly coupled configuration. In this state, the first motor 164 and the
operate in relatively higher speed conditions and for accel- second motor 166 are serially-coupled together similar to that
eration. By optimizing the difference between two motor size 35 illustrated in FIG. 9. More particularly, the first and second
and design characteristics, the efficiency level at any speed motors 164, 166 each have stator and rotor portions. As illus-
(RPM) and at any load level can be optimized. trated in FIG. 14A, the stator portion of the first motor 164 is
For example, if a large motor is used for slow speed or mechanically “grounded” (e.g., fixed to a vehicle frame or the
cruising operation, only perhaps 15% of its rated mechanical like), while the rotor portion is mechanically coupled via a
output is used (e.g., typical cruising uses 20 to 30 horsepower, 40 mechanical coupling member 170 to the stator portion of the
which is about 15% of a 150 horsepower motor). Such a second motor 166. The mechanical coupling member 170
motor is running at a very inefficient level. If a small motor is may generally take the form of the mechanical coupling
used for this type of operation, the motor can run at output member 126 described above. However, as will be described
levels of over 60% of its rated output, which operating point in greater detail below, in an exemplary embodiment, the
is in a much more energy efficient range (i.e., typical motor 45 mechanical coupling member 170 is also configured to allow
efficiency approaches optimum level when operating over for a selective “break” between the first and second motors
60% of its rated output). 164, 166, and therefore, the coupling member 170 may com-
Building on the principles of the parallel-coupled and seri- prise at least in part, for example and without limitation, a
ally-coupled configurations of the electric motor arrangement clutch (e.g., electromagnetic clutch) or the like (not shown)
described above with respect to FIGS. 2, 9, and 11, other 50 adapted to provide this functionality. As will be described in
embodiments of the electric motor arrangement may allow greater detail below, in an exemplary embodiment, the cou-
for the conversion of a serially-coupled configuration into a pling member 170 may comprise one or more clutches to
parallel-coupled configuration. The conversion can occur selectively couple the first motor 164 to either the second
under the programmed control of control logic 30. By revers- motor 166 or the third motor 168, as well as to selectively
ing the steps, a parallel-coupled configuration can be con- 55 couple the second motor 166 to either the first motor 164 or
verted to a serially-coupled configuration. “ground”. In any event, because the stator portion of the
For example, FIGS. 14A-14E are schematic and block second motor 166 is coupled to the rotor of the first motor 164
diagram views of an electric motor arrangement 34d. The in the arrangement illustrated in FIG. 14A, the stator portion
electric motor arrangement 344 includes a differential gear of the second motor 166 will rotate at the same speed (RPM)
set 154 (schematically illustrated in FIG. 12) comprising a 60 as the rotor portion of the first motor 164. Additionally, the
main port 156 and first and second differential ports 158 and rotor portion of the second motor 166 will rotate at the com-
160, a parallel gear set 162 (schematically illustrated in FIG. bined speeds of the first and second motors 164,166 (i.e., with
13), a first electric motor (M) 164, a second electric motor respect to “ground”) and is also mechanically coupled via the
(M,) 166, and a third electric motor (M;) 168. With respect to combination of an output shaft 172 and the parallel gear set
the differential gear set 154, the functionality and principles 65 162 to the drive shaft 36.

of operation thereof are the same as that of the differential
gear set 136 described above. Accordingly, a detailed descrip-

With continued reference to FIG. 14A, the third motor 168
is mechanically coupled via an output shaft 174 thereof to the
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first differential port 158 of the differential gear set 154, while
the main port 156 thereof is mechanically “grounded” (e.g.,
fixed to a vehicle frame or the like). The second differential
port 160 of the differential gear set 154 is mechanically
coupled via a coupling member 176 to the parallel gear set
162, which in turn develops an output torque on output drive
shaft 36.

As briefly described above, in a first state, the combination
of the first and second motors 164, 166 and the differential
gear set 154 are both coupled to drive shaft 36 via the parallel
gear set 162. More particularly, the output shaft 172 of the
second motor 166 and the coupling member 176 coupled to
the second differential port 160 of the differential gear set 154
are coupled to the drive shaft 36 through respective gear
arrangements (and gear ratios) represented by the parallel
gear set 162. In an exemplary embodiment, this is accom-
plished in substantially the same manner as that described
above with respect to motors 42 and 44, and as illustrated in
FIG. 2. Accordingly, the description above corresponding to

18

“break” between the two motors. As set forth above, this may
be accomplished by including a clutch or other like compo-
nent (not shown) in the coupling member 170 that operates
under the control of, for example, the control logic 30.
Because the first motor 164 is no longer coupled with the
second motor 166, the first and second motors 164, 166 are
now disengaged from each other. As illustrated in FIG. 14B,
the configuration of the third motor 168 and the differential
gear set 154 remains the same as it is in the first state above.
In this second state, the second motor 166 and the differ-
ential gear set 154 are both coupled to drive shaft 36 via the
parallel gear set 162 in the same manner as was described
above with respect to the first state illustrated in FIG. 14A.
The control logic 30 is configured to then control the first,
second, and third motors 164, 166, 168 arranged in the man-
ner illustrated in FIG. 14B to cause the electric motor arrange-
ment 34d to operate in an intermediate mode of operation
between a serially-coupled and a parallel-coupled mode of
operation. More particularly, the control logic 30 is config-

coupling of the motors 42 and 44 to the drive shaft 36 is 20 uredto (1) de-energize or “stop” the first motor 164 (i.e., take
incorporated here by reference. the first motor 164 “off-line”); (2) continue to energize the

In an exemplary embodiment, the control logic 30 is con- second motor 166; and (3) de-energize the third motor 168 so
figured to control the first, second, and third motors 164, 166, as to allow it to continue to spin freely (i.e., act as a flywheel)
168 arranged in the manner illustrated in FIG. 14A to cause as a result of the rotation imparted onto the coupling member
the electric motor arrangement 344 to operate in a serially- 25 176, as described above. Accordingly, when arranged as illus-

coupled mode of operation. More particularly, the control
logic 30 is configured to perform several functions: (1) ener-
gize or “run” the first and second motors 164, 166 (i.e., the
first and second motors 164, 166 are “on-line”’) in the “serial”
mode of operation, as described; and (2) de-energize the third
motor 168, which configures the third motor 168 to spin
freely (i.e., act as a flywheel) as a result of its mechanical
connection to the parallel gear set 162 (i.e., the parallel gear
set 162 is driven the serial combination of the first and second
motors 164, 166—this causes the coupling member 176 to
rotate therewith, which rotation is imparted to the second
differential port 160 of differential gear set 154). Accord-
ingly, when arranged as illustrated in FIG. 14A and controlled
as described above, the electric motor arrangement 344 oper-
ates in substantially the same manner as the serially-coupled
electric motor arrangement 345 illustrated in FIG. 9, notwith-
standing the addition of the parallel gear set 162 in electric
motor arrangement 344d. This is because the lower branch is
inactive (i.e., flywheel).

40

trated in FIG. 14B and controlled as described above, the
electric motor arrangement 34d operates in a mode wherein
only the second motor 166 is driving the drive shaft 36.
FIG. 14C represents a second step for converting the
arrangement 344 to a parallel-coupled configuration, and
depicts a third state of the electric motor arrangement 34d. In
this state, the second motor 166, and the output shaft 172
thereof, in particular, remains mechanically coupled to the
drive shaft 36 via the parallel gear set 162. Further, the stator
portion of the second motor 166 remains mechanically
grounded as it was in the second state illustrated in FIG. 14B.
As was the case in both the first and second states described
above (FIGS. 14A-14B), the stator portion of the first motor
164 remains mechanically grounded, however, the rotor por-
tion, while remaining fixed, is configured to be engaged with
the main port 156 of the differential gear set 154. The switch-
ing of the rotor portion of the first motor 164 to the main port
156 (i.e., from being de-coupled) may be accomplished with
one or more clutches or other like components (not shown).

In an instance where it is desired to switch the configura- 45 As illustrated in FIG. 14C, the third motor 168 remains
tion of the electric motor arrangement 344 from a serially- coupled with the first differential port 158 of the differential
coupled configuration to a parallel-coupled configuration, the gear set 154, as it was in the first and second states described
control logic 30 is configured to implement such a conver- above.
sion. More specifically, the control logic 30 is configured to In this third state, the second motor 166 and the differential
control the components (i.e., the motors the coupling mem- 50 gear set 154 are both coupled to drive shaft 36 via the parallel

bers (e.g., clutches, etc.) to perform the following steps to
transform the arrangement 34d from a serially-coupled con-
figuration (FIG. 14A) to a parallel-coupled configuration
(FIG. 14E).

FIG. 14B represents a first of step of an exemplary meth-
odology, and depicts a second state of the electric motor
arrangement 344. In this state, the second motor 166, and the
output shaft 172 thereof, in particular, remains mechanically
coupled to the drive shaft 36 via the parallel gear set 162.
However, rather than the stator portion of the second motor
166 being mechanically coupled to the rotor portion of the
first motor 164, in this state the stator portion of the second
motor 166 is mechanically grounded (i.e., fixed to a vehicle
frame or the like) just as the stator portion of the first motor
164 is also grounded. In order for the second motor 166 to
switch from being coupled with the first motor 164 to being
grounded, the coupling member 170 allows for the selective

60

65

gear set 162 in the same manner as was described above with
respect to the first state illustrated in FIG. 14A.

In an exemplary embodiment, the control logic 30 is con-
figured to control the first, second, and third motors 164, 166,
168 arranged in the manner illustrated in FIG. 14C to cause
the electric motor arrangement 34d to operate in another
intermediate mode of operation to convert from a serially-
coupled to a parallel-coupled mode of operation. More par-
ticularly, the control logic 30 is configured to (1) keep the first
motor 164 de-energized or “stopped” (i.e., “off-line”); (2) to
keep the second motor 166 energized or “running”; and (3) to
permit the third motor 168 to continue to spin freely (i.e., act
as a flywheel) as a result of the rotation imparted onto the
coupling member 176 at the second differential port 160 by
the rotation of the output shaft 172 of the second motor 166
through the parallel gear set 162. Accordingly, when arranged
as illustrated in FIG. 14C and controlled as described above,
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the electric motor arrangement 34d operates in a mode
wherein the first motor 164 is being engaged with the differ-
ential gear set 154 and the drive shaft 36 is once again driven
solely by the second motor 166.

FIG. 14D represents a third step for converting the arrange-
ment 344 to a parallel-coupled configuration, and depicts a
fourth state of the electric motor arrangement 34d. In this
state, the second and third motors 166, 168 are arranged or
configured in the same manner as they were in the third state
described above and illustrated in FIG. 14C. However, the
first motor 164, and an output shaft 178 thereof, in particular,
and the main port 156 of the differential gear set 154 are now
mechanically coupled together as opposed to both being
grounded or fixed.

In this fourth state (i.e., FIG. 14D), the second motor 166
and the differential gear set 154 are both coupled to drive shaft
36 via the parallel gear set 162 in the same manner as was
described above with respect to the first state illustrated in
FIG. 14A.

In an exemplary embodiment, the control logic 30 is con-
figured to control the first, second, and third motors 164, 166,
168 arranged in the manner illustrated in FIG. 14D to cause
the electric motor arrangement 34d to operate in yet another
intermediate mode of operation between a serially-coupled
and a parallel-coupled mode of operation. More particularly,
the control logic 30 is configured to energize or “run” each of
the first, second, and third motors 164, 166, 168 (i.c., all of the
motors are “on-line”). Accordingly, when arranged as illus-
trated in FIG. 14D and controlled as described above, the
electric motor arrangement 344 operates in a mode wherein
the first and third motors 164, 168 are serially-coupled
together and operate in substantially the same manner as the
serially-coupled electric motor arrangement 34c¢ illustrated in
FIG. 11, the description of which is incorporated here by
reference. Further, the second motor 166 (i.e., the output shaft
172 thereof) and the differential gear set 154 (i.e., the second
differential port 160 thereof) are coupled together in a parallel
configuration such that each is mechanically coupled to and
drives the drive shaft 36 via the parallel gear set 162. This may
be accomplished in substantially the same manner as the
parallel-coupled electric motor arrangement 34q illustrated in
FIG. 2, the description of which is also incorporated here by
reference. Thus, in this state, the electric motor arrangement
34d operates in a dual serially-coupled (motors 164, 168) and
parallel-coupled (motor 166 and the differential gear set 154)
configuration wherein each of the motors 164, 166, 168 may
drive the drive shaft 36.

FIG. 14E represents a fourth and final step for converting
the arrangement 34d to a parallel-coupled configuration, and
depicts a fifth state of the electric motor arrangement 34d. In
this state, the second motor 166, and the output shaft 172
thereof, in particular, remains mechanically coupled to the
drive shaft 36 via the parallel gear set 162. Further, the stator
portion of the second motor 166 remains mechanically
grounded as it was in various states described above. As was
the case in each of the states described above, the stator
portion of the first motor 164 also remains mechanically
grounded in this state, while the rotor portion remains
coupled via the output shaft 178 to the main port 156 of the
differential gear set 154.

With continued reference to FIG. 14E, in this state, the
third motor 168 is disengaged from the differential gear set
154. More particularly, the first differential port 158 of the
differential gear set 154 is switched from being coupled with
the rotor portion of the third motor 168 to being mechanically
fixed or grounded. As described above with respect to switch-
ing relating to the first and second motors 164, 166 and the

—_
o

—_
W

20

25

40

60

20

main port 156, the switching of the first differential port may
be accomplished with a clutch or other like component (not
shown) that operates under the control of the control logic 30,
for example. Accordingly, in this state, the first motor 164 is
coupled via the output shaft 178 thereof to the main port 156
of the differential gear set 154, and the first differential port
158 is mechanically “grounded”. As with each of the states
above, the second differential port 160 of the differential gear
set 154 remains mechanically coupled, viathe combination of
the coupling member 176 and the parallel gear set 162, to the
drive shaft 36.

In this fourth state, the second motor 166 and the differen-
tial gear set 154 are both coupled to drive shaft 36 via the
parallel gear set 162 in the same manner as was described
above with respect to the first state illustrated in FIG. 14A.

In an exemplary embodiment, the control logic 30 is con-
figured to control the first, second, and third motors 164, 166,
168 arranged in the manner illustrated in FIG. 14E to cause
the electric motor arrangement 34d to operate in a parallel-
coupled mode of operation. More particularly, the control
logic 30 is configured to keep the first and second motors 164,
166 energized or “running”, and to de-energize or “stop” the
third motor 168 (i.e., take the third motor 168 “off-line”).
Accordingly, when arranged as illustrated in FIG. 14E and
controlled as described above, the electric motor arrangement
34d operates in a mode wherein the first and second motors
164, 166 are coupled in a parallel configuration and operates
in substantially the same manner as the parallel-coupled elec-
tric motor arrangement 34a illustrated in FIG. 2.

Accordingly, be performing the steps of the exemplary
methodology set forth above and adjusting the mechanical
and electrical (energization) configuration of the electric
motor arrangement 34d accordingly, the electric motor
arrangement 344 may be converted from a serially-coupled
configuration to a parallel-coupled configuration. By revers-
ing the steps, a parallel-coupled configuration can be con-
verted to a serially-coupled configuration.

FIGS. 15A-15F are schematic and block diagram views of
an electric motor arrangement 34e, which, like the electric
motor arrangement 344, is configured to be converted from a
serially-coupled to a parallel-coupled configuration. In this
embodiment, the electric motor arrangement 34e includes a
pair of differential gear sets 180 (i.e., 180a and 1805) (sche-
matically illustrated in FIG. 12), each comprising a main port
182 (i.e., 182a and 182b) and first and second differential
ports 184 (i.e., 184a and 1845) and 186 (i.e., 186a and 1865).
The electric motor arrangement 34e further includes a paral-
lel gear set 188 (schematically illustrated in FIG. 13), a first
electric motor (M,) 190, a second electric motor (M,) 192,
and a third electric motor (M;) 194. With respect to the
differential gear sets 180a, 1805, the functionality and prin-
ciples of operation thereof are the same as that of the differ-
ential gear set 136 described above. Accordingly, a descrip-
tion of the functionality and operation of the differential gear
sets 180a, 1805 will not be repeated here, rather the descrip-
tion of the differential gear set 136 set forth above is incor-
porated here by reference. Likewise, a description of a paral-
lel gear set was set forth above and will not be repeated here
with respect to parallel gear set 188. As with the other
embodiments described above, output shaft 36 is configured
to be coupled to a drive arrangement 38e, which itself is
configured to drive at least one wheel (vehicle wheels shown
at 40).

With reference to FIG. 15A, a first or initial state of the
electric motor arrangement 34e is illustrated wherein the
electric motor arrangement 34e is configured in a serially-
coupled configuration. In this state, the first motor 190, and
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the rotor portion thereof, in particular, is mechanically
coupled via a coupling member 196 to the main port 1824 of
the differential gear set 180a. The coupling member 196 may
generally take the form of the coupling members 126, 170
described above, and in an exemplary embodiment is config-
ured to allow for a selective “break” between the first motor
190 and the main port 1824 of the differential gear set 180a.
Accordingly, in an exemplary embodiment, the coupling
member 196 may comprise, at least in part, for example and
without limitation, a clutch (e.g., electromagnetically-con-
trolled, such as by control logic 30, or the like—not shown)
adapted to provide this functionality. As with the arrangement
34d above, the coupling member 196 may comprise one or
more clutches to selectively couple the first motor 190 to the
differential gear set 180a, to couple the first motor 190 and/or
the main port 1824 of the differential gear set 1804 to ground
(FIG. 15B), and/or to couple the first motor 190 to the main
port 1825 of the differential gear set 1805 (FIG. 15E).

In this state, the second motor 192 is mechanically coupled
via an output shaft 198 to the first differential port 1844 of the
differential gear set 180a. The second differential port 186a
of the differential gear set 180a is mechanically coupled via
the combination of a coupling member 200 and the parallel
gear set 188 to the drive shaft 36. Accordingly, the first and
second motors 190, 192 are coupled in a serial configuration
and, notwithstanding the addition of the parallel gear set 188
in the electric motor arrangement 34e, operate in substantially
the same manner as the serially-coupled electric motor
arrangement 34c illustrated in FIG. 11, the description of

—_
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34c illustrated in FIG. 11, notwithstanding the addition of the
parallel gear set 188 in electric motor arrangement 34e.

In an instance where it is desired to switch the configura-
tion of the electric motor arrangement 34e from a serially-
coupled configuration to a parallel-coupled configuration, the
control logic 30 is configured to implement such a conver-
sion. More specifically, the control logic 30 is configured to
control the components (i.e., the motors, the coupling mem-
bers, for example, one or more clutches, etc.) to perform the
following steps to transform the arrangement 34e from a
serially-coupled configuration (FIG. 15A) to a parallel-
coupled configuration (FIG. 15F).

FIG. 15B represents a first step and depicts a second state
of the electric motor arrangement 34e. In this state, the main
port 1825 of the differential gear set 1805 remains fixed or
grounded, and the third motor 194 remains mechanically
coupled to the first differential port 1845 of the differential
gear set 18056. Similarly, the second motor 192 remains
mechanically coupled to the first differential port 184a of the
differential gear set 180a.

However, in this state, the first motor 190 is disengaged
from the main port 1824 of the differential gear set 180a, and
the main port 1824 is switched from being coupled with the
rotor portion of the first motor 190 to being grounded or fixed.
Accordingly, the coupling member 196 allows for the selec-
tive “break” between the first motor 190 and the differential
gear set 180a, which, as set forth above, may be accomplished
by including a clutch or other like component (not shown) in

wh1ch 18 mcgrporated here by reference. . o 39 the coupling member 196 that operates under the control of,
Wlt.h continued reference to I.:IG' 154, in the'lmtlal state, for example, the control logic 30. Because the first motor 190
the third motor 194 is mechanically coupled via an output is no longer coupled with the differential gear set 180a, the
shaft 202 thereof to the first differential port 1845 of the fi dg dp 190. 192 1'1% . 1 ’
differential gear set 1805, while the main port 1825 thereof'is rst and second motors > are lIkewise no longer
mechanically “grounded” (e.g., fixed to a vehicle frame or the 35 coupled together through the differential gear set 180a.

like). The second differential port 1865 of the differential gear
set 1805 is mechanically coupled, via the combination of a
coupling member 204 and the parallel gear set 188, to the
drive shaft 36.

As briefly described above, in this first state, the differen-
tial gear sets 180a, 1805 are both coupled to the drive shaft 36
via the parallel gear set 188. More particularly, the respective
coupling members 200, 204 of the differential gear sets 180aq,
1805 are coupled to the drive shaft 36 through respective gear
arrangements (and gear ratios) represented by the parallel
gear set 188. In an exemplary embodiment, this is accom-
plished in substantially the same manner as that described
above with respect to motors 42, 44, and as illustrated in FIG.
2. Accordingly, the description above corresponding to the
coupling of the motors 42, 44 to the drive shaft 36 is incor-
porated here by reference.

In an exemplary embodiment, the control logic 30 is con-
figured to control the first, second, and third motors 190, 192,
194 arranged in the manner illustrated in FIG. 15A to cause
the electric motor arrangement 34e to operate in a serially-
coupled mode of operation. More particularly, the control
logic 30 is configured to (1) energize or “run” the first and
second motors 190, 192 (i.e., the first and second motors are
“on-line”); and (2) to de-energize the third motor 194, to
permit the third motor 194 to spin freely (i.e., to act as a
flywheel) as aresult of the rotation imparted onto the coupling
member 204 at the second differential port 1865 by the rota-
tion of the coupling member 200 through the parallel gear set
188. Accordingly, when arranged or configured as illustrated
in FIG. 15A and controlled as described above, the electric
motor arrangement 34e operates in substantially the same
manner as the serially-coupled electric motor arrangement

[
=)
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Inthis second state, the differential gear sets 180a, 1805 are
both coupled to the drive shaft 36 via the parallel gear 188 in
the same manner as was described above with respect to the
first state illustrated in FIG. 15A.

In an exemplary embodiment, the control logic 30 is con-
figured to control the first, second, and third motors 190, 192,
194 arranged in the manner illustrated in FIG. 15B to cause
the electric motor arrangement 34e to operate in an interme-
diate mode of operation between a serially-coupled and a
parallel-coupled mode of operation. More particularly, the
control logic 30 is configured to (1) de-energize or “stop” the
first motor 190 (i.e., take the first motor “off-line”); (2) to
keep the second motor 192 energized or “running”; and (3) to
continue the third motor de-energized so as to allow the third
motor 194 to continued to spin freely as it did in the first state.
Accordingly, when arranged as illustrated in FIG. 15B and
controlled as described above, the electric motor arrangement
34e operates in a mode wherein only the second motor 192 is
driving the drive shaft 36 through the parallel gear set 188.

FIG. 15C represents a second step for converting the
arrangement 34e to a parallel-coupled configuration, and
depicts a third state of the electric motor arrangement 34e. In
this state, the third motor 194 remains mechanically coupled
to the first differential port 1845 of the differential gear set
1805. Similarly, the second motor 192 remains mechanically
coupled to the first differential port 1844 of the differential
gear set 180a. The first motor 190, and the rotor portion
thereof, in particular, and the main port 1824 of the differen-
tial gear set 1805 remain grounded or fixed, however, the first
motor 190 is configured for engagement with the main port
18254 in this stage. As described above, the ultimate switching
of both the rotor portion of the first motor 190 and the main
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port 1824 from being grounded to being coupled with each
other may be accomplished with one or more clutches or other
like components (not shown).

In this third state, the differential gear sets 1804, 1805 both
remain coupled to the drive shaft 36 via the parallel gear 188
in the same manner as was described above with respect to the
first state illustrated in FIG. 15A.

In an exemplary embodiment, the control logic 30 is con-
figured to control the first, second, and third motors 190, 192,
194 arranged in the manner illustrated in FIG. 15C to cause
the electric motor arrangement 34e to operate in another
intermediate mode of operation between a serially-coupled
and a parallel-coupled mode of operation. More particularly,
the control logic 30 is configured to (1) keep the first motor
190 de-energized or “stopped” (i.e., “off-line”); (2) to keep
the second motor 192 energized or “running”; and (3) to
continue to de-energize the third motor 194 so as to permit the
third motor 194 to continue to freely spin as it did in the first
and second states. Accordingly, when arranged as illustrated
in FIG. 15C and controlled as described above, the electric
motor arrangement 34e operates in a mode wherein only the
second motor 192 is driving the drive shaft 36 through the
parallel gear set 188, but wherein the first motor 190 is being
engaged with the differential gear set 1804.

FIG. 15D represents a third step for converting the arrange-
ment 34e to a parallel-coupled configuration, and depicts a
fourth state of the electric motor arrangement 34e. In this
state, the first, second, and third motors 190, 192, 194 and the
differential gear sets 180a, 1805 are arranged or configured in
the same manner as they were in the third state described
above and illustrated in FIG. 15C, and the differential gear
sets 180a, 1805 both remain coupled to the drive shaft 36 via
the parallel gear 188 in the same manner as was described
above with respect to the first state illustrated in FIG. 15A.
The difference between this state and the third state described
above is in the control of the first, second, and third motors
190, 192, 194.

Accordingly, in an exemplary embodiment, the control
logic 30 is configured to control the first, second, and third
motors 190, 192, 194 arranged in the manner illustrated in
FIG. 15D to cause the electric motor arrangement 34e to
operate in yet another intermediate mode between a serially-
coupled and a parallel-coupled mode of operation. More par-
ticularly, the control logic 30 is configured to stall and/or lock
the first motor 190 to allow it to power up. This may be done
in a manner described above or as otherwise known in the art.
The control logic 30 is further configured to keep the second
motor 192 energized or “running”, and to also energize or
“run” the third motor 194 (i.e., the second and third motors are
“on-line”). Accordingly, when arranged as illustrated in FIG.
15D and controlled by control logic 30 as described above,
the electric motor arrangement 34e operates in a mode
wherein (1) the first and third motors 190, 194 are serially-
coupled in the same manner as the electric motor arrangement
34c illustrated in FIG. 11, and (2) the second motor 192 is
coupled (i.e., with the serial combination of the first and third
motors 190, 194) in a parallel configuration in the same
manner as the electric motor arrangement 34aq illustrated in
FIG. 2.

FIG. 15E represents a fourth step for converting the
arrangement 34e to a parallel-coupled configuration, and
depicts a fifth state of the electric motor arrangement 34e. In
this state, the second and third motors 192, 194 are arranged
or configured in the same manner as they were in the fourth
state described above and illustrated in FIG. 15D. However,
the first motor 190, and the rotor portion thereof, in particular,
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and the main port 1825 of the differential gear set 1805 are
now mechanically coupled together.

In an exemplary embodiment, the control logic 30 is con-
figured to control the first, second, and third motors 190, 192,
194 arranged in the manner illustrated in FIG. 15E to cause
the electric motor arrangement 34e to operate in yet still
another intermediate mode of operation between a serially-
coupled and a parallel-coupled mode of operation. More par-
ticularly, the control logic 30 is configured to energize or

run” each of the first, second, and third motors 190,192, 194
(i.e.,all motors are “on-line””). Accordingly, when arranged as
illustrated in FIG. 15E and controlled as described above, the
electric motor arrangement 34e operates in a mode wherein
the first and third motors 190, 194 are serially-coupled
together in substantially the same manner as the serially-
coupled electric motor arrangement 34c illustrated in FIG.
11. Further, the second motor 192, through the differential
gear set 1804, and the serial combination of the first and third
motors 190, 194, through the differential gear set 1805, are
coupled together in a parallel configuration such that each is
coupled to and drives the drive shaft 36 via the parallel gear
set 188. This may be accomplished in substantially the same
manner as the parallel-coupled electric motor arrangement
34q illustrated in FIG. 2. Thus, in this state, the electric motor
arrangement 34e operates in a dual serially-coupled (motors
190, 194) and parallel-coupled (differential gears sets 180a,
1805) configurations wherein each of the motors 190, 192,
194 contribute to powering the drive shaft 36.

FIG. 15F represents a fifth and final step for converting the
arrangement 34e to a parallel-coupled configuration, and
depicts a sixth state of the electric motor arrangement 34e. In
this state, the first and second motors 190, 192 are arranged or
configured in the same manner as they were in the fifth state
described above and illustrated in FIG. 15E. Further, the
differential gear sets 180a, 1805 both remain coupled to the
drive shaft 36 via the parallel gear 188 in the same manner as
was described above with respect to the first state illustrated
in FIG. 15A. The third motor 194, and the rotor portion
thereof, in particular, however, is disengaged from the differ-
ential gear set 1805. More particularly, the first differential
port 1845 of the differential gear set 1805 is switched from
being coupled with the rotor portion of the third motor 194 to
being mechanically grounded or fixed, such that both the
rotor portion of the third motor 194 and the first differential
port 184b are grounded or fixed. As described above, this
switching may be accomplished with a clutch or other like
component (not shown) that operates under the control of the
control logic 30, for example.

In an exemplary embodiment, the control logic 30 is con-
figured to control the first, second, and third motors 190, 192,
194 arranged in the manner illustrated in FIG. 15F to cause
the electric motor arrangement 34e to operate in a parallel-
coupled mode of operation. More particularly, the control
logic 30 is configured to keep the first and second motors 190,
192 energized or “running”, and to de-energize or “stop” the
third motor 194 (i.e., the third motor is taken “off-line”).
Accordingly, when arranged as illustrated in FIG. 15F and
controlled as described above, the electric motor arrangement
34e operates in a mode wherein the first motor 190 (through
the differential gear set 1805) and the second motor 192
(through the differential gear set 180a) are coupled together
in a parallel configuration such that each is coupled to and
drives the drive shaft 36 via the parallel gear set 188. This may
be accomplished in substantially the same manner as the
parallel-coupled electric motor arrangement 34q illustrated in
FIG. 2. Thus, in this state, the electric motor arrangement 34e
operates in a parallel-coupled configuration wherein each of
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the first and second motors 190, 192 may drive the drive shaft
36 through the parallel gear set 188.

Accordingly, by performing the steps of the exemplary
methodology set forth above and adjusting the mechanical
and electrical configuration of the electric motor arrangement
34e accordingly, the electric motor arrangement 34e may be
converted from a serially-coupled configuration to a parallel-
coupled configuration.

Therefore, in view of the above, an additional feature

26

more of the wheels, which adds to the total braking force, will
result in a reduced amount of wear on the vehicle brake pads.

A still further feature enabled by the teachings herein
involves use of recovered energy as a heating source for the
vehicle HVAC system. For context, one of the direct results of
eliminating the transmission in an electric vehicle is the elimi-
nation of a radiator/cooling system. This also eliminates one
source of heat for the heating system. Despite this, two new
sources are now available: (1) the heat removed from the

enabled by the teachings of this disclosure is the ability to 10 operation of the electric motors may be captured and used for
convert from a serially-coupled electric motor arrangement to in-vehicle heating; and (2) the heat produced by the regen-
a parallel-coupled electric motor arrangement by including, erative braking system can also be used as a heating source.
for example, a third electric motor and one (FIGS. 14A-14E) A still further feature enabled by the teachings herein
or more (FIGS. 15A-15F) differential gear sets. In addition, involves the use of multiple-motor modules. Multiple motors
the torque and power delivery characteristics of the parallel 15 can be built into the same housing, similar to a multi-core
and serially-coupled motor arrangements have been CPU within a single package. This packaging approach can
described above, as well as the corresponding efficiency con- facilitate integration into the design of the vehicle, whether
siderations. It should be appreciated that control logic 30 can the motors are in the parallel or the serial configuration.
be configured with a plurality of operating or “shift” sched- A still further feature enabled by the teachings herein
ules that will determine when such a conversion is desirable 20 involves power on demand control and power management.
and thus will occur. As described above, “shift” does not Sensors can be used to monitor accelerator pedal travel (dis-
involve a transmission per se, but rather energizing electric placement) and the speed and acceleration of depression. The
motor(s), and/or de-energizing electric motor(s) and/or in this information can be used to interpret the intent of the driver of
situation, further including the reconfiguration of the the vehicle. The control logic 30 can be configured to be
mechanical arrangement(s) as well. The trigger conditions 25 responsive to such information indicative of driver intent to
monitored by control logic 30 may include, without limita- control the motors in one of a plurality of different operating
tion, user input (e.g., power demand indicated by depression modes (e.g., a performance operating mode, a fuel saving
of an accelerator pedal), vehicle speed, required torque, operating mode or a regular operating mode). In this regard,
vehicle and electric motor operating conditions, available the control logic 30 can be configured to selectively activate
gear ratio(s) to switch into, and the like. 30 and de-activate the one or more of the motor(s) to implement
Another feature enabled by the teachings of the instant the driver’s intent (i.e., demand in accordance with monitored
disclosure pertain to the elimination of differentials and/or pedal activity), which control will result in substantial power
transfer boxes in vehicles. If individual motors can be used to savings. In sum, the monitoring of the act of depressing the
drive each wheel (either two-wheels or four-wheels depend- accelerator pedal (not just its actual position, e.g., 10%, 50%,
ing on if 2-wheel or 4-wheel drive vehicle), then the differ- 35 100%, or amount of travel, but also speed and acceleration of
ential (or transfer box) can be eliminated. In the past, one depression, etc.) can be used to controlling the motors.
electric motor could not provide sufficient torque over the Another feature enabled by the teachings herein, particu-
entire RPM range, and therefore, direct drive was impractical larly the parallel-coupled motor configuration, involves
(i.e., the top speed is limited as there is not enough horse- anticipated spin up of the motors. When the vehicle acceler-
power at high speed). To allow for high speed operation, then, 40 ates or decelerates across a shifting point, the oncoming
each electric motor on each wheel would require its own motor that will be taking over the load can be energized in
transmission. advance. This advance spin-up will ensure smooth switch
The multiple-motor configurations described herein (i.e., over and eliminate the time lapse in gear change. The result is
parallel or serial) eliminate the limitations noted above. Con- a continuous transmission with no shifting delay. The control
sequently, a direct drive configuration at each individual 45 logic 30 can be configured with such methodology.
wheel becomes feasible. The benefit of the direct-drive con- Yet another feature enabled by the teachings herein, par-
figuration is that the differential (rear-end or similar transfer ticularly the parallel-coupled motor configuration, involves
box) can be eliminated along with the weight of such com- the ability to provide a separate drive arrangement for each
ponents. The torque and rotational speed (RPM) of each individual axle(s). In one implementation, one or more
wheel can be monitored and controlled electronically, by 50 motors may be configured to drive the front axle of the
ECU 24/control logic 30. Functions such as anti-skip, anti- vehicle, and one or more other motors may be configured to
spin, traction control, and vehicle stability control, etc. can be drive the rear axle of the vehicle. Each motor (or set of
more effectively implemented, again, via configuration of the motors) will have a different gear ratio for different speed
control logic 30. ranges. For example, in low speed, the front wheels with the
A still further feature enabled by the teachings herein per- 55 desired gear ratio will drive the vehicle; while in high speed,
tains to dynamic braking power and energy recovery. As the rear wheels with the desired gear ratio will drive the
described above, the mechanical energy existing in the rota- vehicle. Additionally, as conditions change, such as road con-
tion of a rotor that is configured as a flywheel (non-driving) ditions, the vehicle can change from and between (1) front
can be converted, through appropriate control by the control wheel drive; (2) rear wheel drive; and (3) all wheel drive. The
logic 30, into electrical energy, which in turn can be used to 60 foregoing methodology can be programmed into the control
charge a battery or other energy storage mechanism. Re- logic 30. In sum, different motors may be used to drive dif-
configuration in this manner, however, presents as a load to ferent axles, either one-at-a-time, or together.
the driving motor(s), and thus can be used for dynamic, regen- Still another feature enabled by the teachings herein, par-
erative braking. Since the motors are hard-coupled together, it ticularly the parallel-coupled motor configuration, involves
should be understood that not all of the motors need to be 65 using electric motors with selective numbers of sectors in the

configured for the regenerative braking function. However,
the added cost of implementing such a feature into one or

rotor portions thereof. The rotor of an electric motor can itself
have 2, 4, 6, or 8 sectors. All or some of the sectors may be
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electrically energized or powered. Different characteristics
can be achieved by the different selections. This is analogous
to a V8 engine running in 2, 4, or 6 cylinder mode. The control
logic 30 can be configured to implement the sector configu-
ration selection and implementation for each electric motor,
based on desired performance.

A still further feature enabled by the teachings herein,
particularly the parallel-coupled motor configuration,
involves the capability of providing multiple motors on the

28

shells forms a second motor (Motor-2). This is a space effi-
cient method of housing multiple motors.

Embodiments of the present invention provide a large num-
ber of advantages. One advantage involves the capability of
achieving a higher top speed in an electric vehicle without the
use of speed change transmission. For example, assuming
that a particular motor configuration can deliver sufficient
torque for an electric car without a transmission (i.e., is hard-
coupled to a wheel or other wheel drive arrangement) to

same shaft. Multiple rotors and stators can be built on a solid 10 enable a top speed of 100 MPH, then the two-motor configu-
shaft. The sectors of each can be placed with an off-set angle. rations described herein can deliver sufficient power to drive
For example, two rotors can be 90 degrees from each other. the same vehicle to a top speed of over 150 MPH. Also, the
When one motor is turned “on”, it will have four sectors. torque and power delivered to the output drive shaft will be
When the second motor is turned “on”, it will be equivalent to higher. The energy efficiency is also higher.
having a single motor with eight sectors. Thisisaway to build 15  Another advantage involves the elimination of the speed
an eight or 16 sector motor without being limited by the change transmission. As described above, the transmission is
dimension of the rotor. This is identical to having two motors typically expensive, heavy and often a weak point in terms of
disposed in parallel, with respect to the solid shaft mentioned overall reliability for an electric vehicle. When a second
above. As with the other features, the control logic 30 can be motor is added to eliminate the transmission, the net positive
configured to implement the needed methodology for coor- 20 effects are (1) efficiency improvements (i.e., transmission has
dinating energization of the separate, but related, stators/ significantly less than 100% efficiency, and in some estimates
rotors. the transmission loss is 30%.); (2) a reduction in overall
A still further feature enabled by the teachings herein, weight (i.e., the second motor is lighter than a transmission
particularly the parallel-coupled motor configuration, and its required cooling systems); (3) a reduction in the over-
involves deploying a serially-coupled motor configuration as 25 all cost (i.e., the second motor is less expensive than a trans-
a single unit for one or more “motors” described above in the mission); and (4) reliability improvements overall (i.e., the
parallel-coupled motor configuration. This embodiment is transmission generates heat and is contributes to significant
particularly desirable when high-speed torque and power are failure mode in a vehicle, and in addition, the associated
desired. transmission cooling system is eliminated, which is itself a
In addition, as set forth above, the embodiments described 30 source of failure).
herein are exemplary only and not limiting in nature. For Other advantages, specific to the parallel-coupled motor
example, multiple motor configurations, whether in the par- configuration, includes (1) improved performance, in the
allel or serial configuration, can be implemented with mul- RPM ranges in which both motors operate, particularly
tiple motors of 2, 3, 4, and up to number n. The upper limit improved power and torque compared to a one motor con-
defining n will depend on the motor technology, and there 35 figuration; (2) optimized performance, in particular, each
may be practical limits on the maximum configuration of n. motor can be optimized to function in a narrower RPM range,
The approach may be likened to a CPU using multiple pro- which can offer better optimized performance characteristics;
cessing cores, which offer more performance and energy and (3) physical improvements, in particular, the flywheel
savings. typically used in a vehicle can be reduced in size and weight,
Still another feature enabled by the teachings herein, par- 40 and in addition, the rotors of the motors, which are always
ticularly the parallel-coupled motor configuration, involves turning, can sometimes perform dual purpose and function as
optimized shifting point selection. The desired shifting point flywheels.
(switch points of RPM-1 and RPM-2 in connection with FIG. Further advantages, specific to the serially-coupled motor
4) can be optimized, taking into consideration the perfor- configuration, include various benefits from the use of a trans-
mance characteristics of Motor-1 and Motor-2. The switch 45 mission and serial motor architecture. In an embodiment,
points should be different during up shift versus down shift. when a no loss, automatic, transmission is used, the most
The choices affect the overall efficiency, control system com- efficient part of a motor can be associated with a particular
plexity, performance, etc. The control logic 30 can be config- speed of a car. Coupled with the use of the serial architecture
ured to implement the particular, optimized up-shift and using two asymmetrical motors (i.e., motors of different size),
down-shift points. 50 the drive train can deliver power on demand and as well as
A still further feature enabled by the teachings herein, power down part of the powertrain that is not needed. The
particularly the parallel-coupled motor configuration, advantages include: (1) the ability to use only a small motor to
involves providing an electrical switching system. The paral- sustain cruising speed, improving efficiency as described
lel-coupled motor configuration is similar to an electrical above; (2) minimizing efficiency losses by avoiding the use of
transmission system. What is switched is the power source to 55 a large motor at the lower output levels of its capacity; (3) the
the selected motor instead of switching the mechanical gear. ability to always operate the motors in an RPM range with
The selected gear, in effect, depends on which motor is pow- most torque and power and best efficiency; and (4) improving
ered on, the desired torque and power that is delivered to the reliability by eliminating the traditional automatic transmis-
output drive shaft. It should be understood that control logic sion, as well as improving efficiency by eliminating the loss
30 can be configured to implement the switching of “gears”, 60 associated with an automatic transmission.
as described above. It should be understood that an electronic controller or
In a still further feature enabled by the teachings herein, ECU as described above for certain embodiments may
particularly the serially-coupled motor configuration, include conventional processing apparatus known in the art,
involves deployment of a concentric housing for the serially- capable of executing pre-programmed instructions stored in
coupled motor configuration. Two motors can be built into a 65 an associated memory, all performing in accordance with the

single spherical enclosure with three co-centric shells. The
outer two shells forms one motor (Motor-1) and the inner two

functionality described herein. To the extent that the methods
described herein are embodied in software, the resulting soft-
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ware may be stored in an associated memory and where so
described, may also constitute the means for performing such
methods. Implementation of certain embodiments of the
invention, where done so in software, would require no more
than routine application of programming skills by one of
ordinary skill in the art, in view of the foregoing enabling
description. Such an electronic controller or ECU may further
be of the type having both ROM, RAM, a combination of
non-volatile and volatile (modifiable) memory so that the
software can be stored and yet allow storage and processing
of dynamically produced data and/or signals.

What is claimed is:

1. A drive system for a vehicle, comprising:

a differential gear set having a main port and first and
second differential ports, said second differential port
being configured to be mechanically coupled to a wheel
of said vehicle;

a first electric motor being mechanically coupled to impart
a first rotational torque in a first rotational orientation at
a first rotational speed to said first differential port;

a second electric motor being mechanically coupled to
impart a second rotational torque in a second rotational
orientation at a second rotational speed to said main
port;

an electronic control unit (ECU) configured to control said
first and second electric motors such that said second
differential port of said differential gear set imparts a
desired output torque at a desired output rotational
speed.

5

—

0

—
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having respective gear ratios associated therewith to
thereby define a parallel motor architecture, said drive
shaft being configured for connection to a drive arrange-
ment for driving at least one wheel;
an electronic control unit (ECU) and a computer-readable
memory coupled thereto;
control logic stored in said memory and configured to be
executed by said ECU, said control logic being config-
ured to control said first and second motors in accor-
dance with a predetermined operating strategy, said
strategy including first, second and third modes of
operation, wherein in said first mode of operation said
first motor is active and said second motor is inactive, in
said second mode of operation said first and second
motors are active, and in said third mode of operation,
said first motor is inactive and said second motor is
active.
10. The drive system of claim 9 wherein said drive shaft has
a rotational speed associated therewith, and wherein said first
mode corresponds to a first condition where said rotational
speed is within a first speed interval, wherein said second
mode corresponds to a second condition where said rotational
speed is within a second speed interval, and wherein said third
mode corresponds to a third condition where said rotational
speed is within a third speed interval, wherein rotational
speeds in said third interval being greater than rotational
speeds in said second interval, and wherein rotational speeds
in said second interval are greater than speeds in said first

2. The drive system of claim 1, wherein said ECU is con- 30 .
- . interval.
figured to control said first and second motors so that said first 11. The drive system of claim 10 further including a third
and second rotational orientations are configured in a way electr.ic motor de}flinin a redundant motor counle dg to said
wherein said output rotational speed is an additive function of . & . P .
said first and second rotational speeds. drive shaft through a gear arrangement having third gear ratio
3. The drive system of claim 2 wherein said ECU is con- 35 associated therewith, said control logic being configured to

figured to control said first and second motors such that said
first rotational orientation is one of clockwise and counter-
clockwise and said second rotational orientation is the other
one said clockwise and counter-clockwise.

4. The drive system of claim 1 wherein said ECU is con-
figured to control one of said first and second motors to a stall
condition, said ECU being further configured to mechani-
cally lock of said first port and said main port of said differ-
ential gear set corresponding to said motor in said stalled
condition.

5. The drive system of claim 4 wherein said ECU is con-
figured to determine when to effect said mechanical lock
based on at least said desired output torque.

6. The drive system of claim 5 wherein said ECU is further
configured to determine said desired output torque based at
least in part on a load presented at said second differential
port.

7. The drive system of claim 4 wherein said first and second
electric motors have respective torque-versus-speed profiles
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control said redundant motor in accordance with said operat-
ing strategy, said strategy including activating said redundant
motor in at least one of said first, second and third modes of
operation.

12. The drive system of claim 11 wherein said redundant
motor is configured to provide redundancy for one of said first
and second electric motors.

13. The drive system of claim 12 wherein said redundant
motor is activated when said one of said first and second
electric motors is deactivated or is otherwise inoperable.

14. The drive system of claim 12 wherein said redundant
motor and said one of said first and second motors are acti-
vated simultaneously.

15. The drive system of claim 11 wherein said redundant
motor is configured to provide redundancy for both of said
first and second electric motors.

16. The drive system of claim 15 wherein said redundant
motor is activated when at least one of said first and second
motors is deactivated or is otherwise inoperable.

wherein each profile includes a respective efficiency at a 55 17. The drive system of claim 15 wherein said strategy
plurality of operating points, said ECU being further config- includes operating said redundant motor across a fourth speed
ured to select which one of said first port and said main port of interval that overlaps a plurality of said first, second and third
said gear set to lock based on which one of said corresponding speed intervals.

first and second motors has the higher efficiency, based on 18. The drive system of claim 11 wherein said first and
said profiles, for a desired output rotational speed and torque. 60 second motor comprise a first type of electric motor, said

8. The drive system of claim 4, wherein at least one of said
first and second motors are coupled to said first differential
port and said main port via a speed change gear.

9. A drive system for a vehicle, comprising:

first and second electric motors having respective first and

second output shafts, said first and second output shafts
being coupled to a drive shaft through gear arrangements

65

redundant motor being a second type of motor different from
said first type in at least one characteristic including rated load
handling level, continuous or intermittent load rating, effi-
ciency, torque, power, and speed output.

19. The drive system of claim 18 wherein said first and
second motors comprise an AC induction type of motor and
said redundant motor comprises a DC type of motor.
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20. A drive system for a vehicle, comprising: second rotor has a second rotational speed taken relative to
a first electric motor having first stator and rotor portions; said second stator; when said first motor is active, said second
a second electric motor having second stator and rotor rotor having composite rotational speed corresponding to the
portions; sum of said first and second rotational speeds when said first
wherein said second stator portion is coupled to said first 5 and second motors are active.
rotor portion and said second rotor portion being 22. In a vehicle, a method of operating an electric motor

arrangement configured to deliver power to an output drive
shaft, comprising the steps of:
operating the electric motor arrangement in a first, serially-
10 coupled motor configuration in accordance with a set of
operating parameters; and
altering the first configuration to a second, parallel-coupled
motor configuration when a change in one or more
parameters in the set of operating parameters satisfy
5 predetermined configuration-change criteria.
23. The method of claim 22 further including the step of:
altering the second configuration to the first configuration
when a further change in one or more operating param-
eters satisfy predetermined configuration-change crite-
20 ria.

coupled to a drive shaft configured for connection to a
drive arrangement for driving at least one wheel;

an electronic control unit (ECU) and a computer-readable
memory coupled thereto;

control logic stored in said memory and configured to be
executed by said ECU, said control logic being config-
ured to control said first and second motors in accor-
dance with a predetermined operating strategy, said
strategy including first, and second modes of operation,
wherein in said first mode of operation, said second
motor is active and said first motor is inactive, in said
second mode of operation said first and second motors
are active.

21. The drive system of claim 20 wherein said first rotor has

a first rotational speed taken relative to said first stator, said ® ok ok F %

—
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