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(57) ABSTRACT 

Method for calibrating and synchronizing sensed operating 
torques of an engine and a generator in a planetary gear 
based hybrid electric vehicle is disclosed. The method 
includes providing a sensor that detects the operational 
torque of an engine of a hybrid electric vehicle at the 
engine’s interface With a planetary gear system of the hybrid 
electric vehicle. A sensor is provided that detects the opera 
tional torque of a generator of a hybrid electric vehicle at the 
motor’s interface With the planetary gear system of the 
hybrid electric vehicle. The planetary gear system of the 
hybrid electric vehicle is operated in a split mode so that the 
generator is directly linked to the engine and a reading of the 
sensor that detects the operational torque of the generator 
may be used to compute the operating torque of the engine. 
Paired values of sensed operational torques of the engine 
and the generator at like times are recorded. Each pair of 
recorded values are arithmetically processed and a calibrat 
ing value is computed therebetWeen. The sensing and 
recording of paired values is repeated at the same sensed 
generator and engine speeds and torques thereby enabling 
the calculation of computed average calibrating values at 
each of the particular sensed generator speeds suitable for 
subsequent utilization in computing corresponding engine 
torques in the future. The engine and the generator are 
controlled utilizing the average calibrating value at future 
times of transition betWeen poWer-split mode and parallel 
mode of the planetary gear system so that the engine is 
substantially synchronized With the generator at the time of 
direct linkage across the planetary gear arrangement thereby 
avoiding driver detectible irregularities in the performance 
of the poWer train of the hybrid electric vehicle. 
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METHOD AND ARRANGEMENT IN A HYBRID 
VEHICLE FOR MATCHING ENGINE AND 
GENERATOR TORQUES AT TIMES OF 
ENGAGEMENT AND DISENGAGEMENT 

RELATED APPLICATION(S) 

[0001] This patent application claims priority to US. 
Provisional Application No. 60/245,090 ?led Oct. 31, 2000 
and entitled HYBRID ELECTRIC VEHICLE. Said appli 
cation in its entirety is hereby expressly incorporated by 
reference into the present application. 

DESCRIPTION 

[0002] Industrial Applicability: 

[0003] The present invention ?nds applicability in the 
transportation industries, and more speci?cally private and 
commercial vehicles. Of particular importance is the inven 
tion’s incorporation into hybrid electric vehicles. 

BACKGROUND ART 

[0004] Generally, a hybrid electric vehicle combines elec 
tric propulsion With traditional internal combustion engine 
propulsion to achieve enhanced fuel economy and/or loWer 
exhaust emissions. Electric propulsion has typically been 
generated through the use of batteries and electric motors. 
Such an electric propulsion system provides the desirable 
characteristics of high torque at loW speeds, high ef?ciency, 
and the opportunity to regeneratively capture otherWise lost 
braking energy. Propulsion from an internal combustion 
engine provides high energy density, and enjoys an existing 
infrastructure and loWer costs due to economies of scale. By 
combining the tWo propulsive systems With a proper control 
strategy, the result is a reduction in the use of each device in 
its less ef?cient range. Furthermore, and as shoWn in FIG. 
1 regarding a parallel hybrid con?guration, the combination 
of a doWnsiZed engine With an electric propulsion system 
into a minimal hybrid electric vehicle results in a better 
utiliZation of the engine, Which improves fuel consumption. 
Furthermore, the electric motor and battery can compensate 
for reduction in the engine siZe. 

[0005] In typical con?gurations, the combination of the 
tWo types of propulsion systems (internal combustion and 
electric) is usually characteriZed as either series or parallel 
hybrid systems. In a pure series hybrid propulsion system, 
only the electric motor(s) are in direct connection With the 
drive train and the engine is used to generate electricity 
Which is fed to the electric motor(s). The advantage of this 
type of system is that the engine can be controlled indepen 
dently of driving conditions and can therefore be consis 
tently run in its optimum efficiency and loW emission ranges. 
A key disadvantage to the series arrangement is the loss in 
energy experienced because of the inef?ciencies associated 
With full conversion of the engine output to electricity. 

[0006] In a pure parallel hybrid propulsion system, both 
the engine and the electric motor(s) are directly connected to 
the drive train and either one may independently drive the 
vehicle. Because there is a direct mechanical connection 
betWeen the engine and the drive train in a parallel hybrid 
propulsion system, less energy is lost through conversion to 
electricity compared to a series hybrid propulsion system. 
The operating point for the engine, hoWever, can not alWays 
be chosen With full freedom. 
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[0007] The tWo hybrid propulsion systems can be com 
bined into either a sWitching hybrid propulsion system or a 
poWer-split hybrid propulsion system. A sWitching hybrid 
propulsion system typically includes an engine, a generator, 
a motor and a clutch. The engine is typically connected to 
the generator. The generator is connected through a clutch to 
the drive train. The motor is connected to the drive train 
betWeen the clutch and the drive train. The clutch can be 
operated to alloW series or parallel hybrid propulsion. 

[0008] A poWer-split hybrid system, as is exemplarily 
employed With respect to the present invention, includes an 
engine, a generator and a motor. The engine output is “split” 
by a planetary gear set into a series path from the engine to 
the generator and a parallel path from the engine directly to 
the poWer train. In a poWer-split hybrid system, the engine 
speed can be controlled by varying the poWer split to the 
generator by Way of the series path, While maintaining the 
mechanical connection betWeen the engine and drive train 
through the parallel path. The motor augments the engine on 
the parallel path in a similar manner as a traction motor in 
a pure parallel hybrid propulsion system, and provides an 
opportunity to use energy directly through the series path, 
thereby reducing the losses associated With converting the 
electrical energy into, and out of chemical energy at the 
battery. 

[0009] In a typical poWer-split hybrid system, the genera 
tor is usually connected to the sun gear of the planetary gear 
set. The engine is connected to the planetary carrier and the 
output gears (usually including an output shaft and gears for 
interconnection With the motor and the Wheel-poWering, 
?nal drive train) are connected to the ring gear. In such a 
con?guration, the poWer-split hybrid system can generally 
be operated in four different modes; one electric mode and 
three hybrid modes. 

[0010] In the electric mode, the poWer-split hybrid system 
propels the vehicle utiliZing only stored electrical energy 
and the engine is turned off. The tractive torque is supplied 
from the motor, the generator, or a combination of both. This 
is the preferred mode When the desired poWer is loW enough 
that it can be produced more ef?ciently by the electrical 
system than by the engine and When the battery is suf? 
ciently charged. This is also a preferred mode for reverse 
driving because the engine cannot provide reverse torque to 
the poWer train in this con?guration. 

[0011] In the parallel hybrid mode, the engine is operating 
and the generator is locked. By doing this, a ?xed relation 
ship betWeen the speed of the engine and the vehicle speed 
is established. The motor operates as either a motor to 
provide tractive torque to supplement the engine’s poWer, or 
can be operated to produce electricity as a generator. This is 
a preferred mode Whenever the required poWer demand 
requires engine operation and the required driving poWer is 
approximately equal to an optimiZed operating condition of 
the engine. This mode is especially suitable for cruising 
speeds exclusively maintainable by the small internal com 
bustion engine ?tted to the hybrid electric vehicle. 

[0012] In a positive split hybrid mode, the engine is on and 
its poWer is split betWeen a direct mechanical path to the 
drive train and an electrical path through the generator. The 
engine speed in this mode is typically higher than the engine 
speed in the parallel mode, thus deriving higher engine 
poWer. The electrical energy produced by the generator can 
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How to the battery for storage or to the motor for immediate 
utilization. In the positive split mode, the motor can be 
operated as either a motor to provide tractive torque to 
supplement the engine’s poWer or to produce electricity 
supplementally With the generator. This is the preferred 
mode Whenever high engine poWer is required for tractive 
poWering of the vehicle, such as When high magnitude 
acceleration is called for, as in passing or uphill ascents. This 
is also a preferred mode When the battery is charging. 

[0013] In a negative split hybrid mode, the engine is in 
operation and the generator is being used as a motor against 
the engine to reduce its speed. Consequently, engine speed, 
and therefore engine poWer, are loWer than in parallel mode. 
If needed, the motor can also be operated to provide tractive 
torque to the drive train or to generate electricity therefrom. 
This mode is typically never preferred due to increased 
losses at the generator and planetary gear system, but Will be 
utiliZed When engine poWer is required to be decreased 
beloW that Which Would otherWise be produced in parallel 
mode. This situation Will typically be brought about because 
the battery is in a Well charged condition and/or there is loW 
tractive poWer demand. In this regard, Whether operating as 
a generator or motor, the toque output of the generator is 
alWays of the same sense (+/—); that is, having a torque that 
is alWays directionally opposed to that of the engine. The 
sign of the speed of the generator, hoWever, alternates 
betWeen negative and positive values depending upon the 
direction of rotation of its rotary shaft, Which corresponds 
With generator vs. motor modes. Because poWer is depen 
dent upon the sense of the speed (torque remains of the same 
sense), the poWer Will be considered to be positive When the 
generator is acting as a generator and negative When the 
generator is acting as a motor. 

[0014] When desiring to sloW the speed of the engine, the 
current being supplied to the generator is changed causing 
the speed of the generator to sloW. Through the planetary 
gear set, this in turn sloWs the engine. This effect is accom 
plished because the resistive force acting against the torque 
of the generator is less at the engine than at the drive shaft 
Which is connected to the Wheels and is being in?uenced by 
the entire mass of the vehicle. It should be appreciated that 
the change in speed of the generator is not equal, but instead 
proportional to that of the engine because of gearing ratios 
involved Within the connection therebetWeen. 

[0015] In electric and hybrid electric vehicles, large capac 
ity electricity storage device(s), usually in the form of 
battery packs, are required. By conventional design, these 
batteries include a plurality of cylindrical battery cells that 
are collectively utiliZed to obtain suf?cient performance and 
range in the vehicle. Typically, batteries are positioned 
Within the vehicle in a compartment con?gured to protect 
against damage and to prevent the cells, and mostly their 
acidic contents, from causing injury or damage, especially in 
the event of a crash. When stored in these typically con?ned 
compartments), heat buildup generated from use and/or 
charging affects the endurance of the batteries, and in some 
circumstances can destroy individual battery cells. Tradi 
tional cooling of the batteries and the battery compartment 
requires increasing the volume of the compartment for air 
cooling and/or running cooling hoses to eXternal radiators. 

[0016] Typically, to achieve a smooth engine start in a 
hybrid electric vehicle in Which the engine is mechanically 
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interconnected With the drive Wheels, the start of engine fuel 
injection and ignition are made at revolutionary speeds 
above any mechanical resonance speeds of the drive train. 
Additionally, at full take-off acceleration, any delay in the 
engine’s production of poWer typically decreases engine 
performance. Still further, to achieve smooth driving char 
acteristics and obtain loW fuel consumption, the engine 
torque and speed change rates must be limited. At full 
take-off, this usually results in an increased time period for 
the engine to reach maXimum poWer, and all of these 
conditions deteriorate acceleration performance of the 
vehicle. 

[0017] As can be appreciated, the engine is not alWays 
running during vehicle operation. If the engine is stopped for 
a suf?ciently long period during the operation of the vehicle, 
the eXhaust system catalyst may cool doWn too much, and to 
such a degree that a temporary, but signi?cant increase in 
eXhaust emissions occur upon restart and until the catalyst 
once again Warms to its effective temperature. 

[0018] In another aspect, the battery state-of-charge 
(SOC) in a hybrid electric vehicle is typically controlled 
using SOC feedback control. When applying SOC feedback 
control, hoWever, and When the vehicle is operating in a loW 
velocity region, the SOC feedback control tends to groW 
unstable as velocity increases. Instability also occurs When 
the vehicle is operating at high velocity and the velocity of 
the vehicle then decreases. The same instability or Weakness 
can still occur even When using “feed-forward” type esti 
mating of required tractive force; the same being a typical 
complement to SOC feedback control. This is particularly 
true at loW vehicle velocities With velocity increases and at 
high vehicle velocities With velocity decreases. Even When 
properly designed, the SOC feedback control can also be 
Weak at full take-off. 

[0019] In a typical poWer-split hybrid electric propulsion 
arrangement, the control strategy advantageously involves 
operating the engine along optimum ef?ciency torque vs. 
speed curves. A trade-off eXists betWeen traction force 
performance and fuel economy Which, for optimiZation, 
typically requires selection of a particular gear ratio betWeen 
the engine and the Wheels that causes the engine to deliver 
more poWer than is needed for vehicle propulsion. This 
generally occurs at cruising in parallel mode, or near con 
stant vehicle velocity conditions. Operation under these 
conditions can, sometimes, cause the battery and charging 
system to reject energy being presented thereto from the 
engine. This problem is generally solved by decreasing or 
limiting the engine output poWer by entering negative split 
mode Which entails using the generator as a motor to control 
the engine to a decreased speed. Such control alloWs the 
engine to folloW an optimum curve at reduced engine output 
poWer. 

[0020] Use of the generator as a motor gives rise to a 
poWer circulation in the poWer-train Which leads to unde 
sirable energy losses at the generator, motor, inverters and/or 
planetary gear set. These energy losses may be manifest as 
heat generation Which indicates that most ef?cient use is not 
being made of the installed drive train. 

[0021] In a poWer-split hybrid propulsion system having 
planetary gear set(s) and utiliZing a generator lock-up 
device, a harshness in ride occurs When the generator 
lock-up device is engaged or released. This is due primarily 
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to the difference in hoW engine torque is estimated When the 
vehicle is in different operating modes. Typically, When the 
generator is locked up, engine torque is estimated from the 
combustion control process of the engine. When the gen 
erator is free, as in split mode, hoWever, engine torque is 
estimated from the generator torque control process. The 
difference in values of these tWo estimating techniques gives 
rise to What usually amounts to a variation in operating 
torque betWeen the engine and generator When the lock-up 
device is engaged or disengaged, thereby creating harshness 
in the vehicle’s operation, usually manifest as abrupt 
changes or jerkiness in the vehicle’s ride. 

[0022] As earlier indicated, the generator is typically used 
to control the engine in poWer-split hybrid mode. This is 
usually accomplished by employing a generator having 
maximum torque capabilities substantially greater than the 
engine’s maximum torque that is transmittable to the plan 
etary gear system. Failure to have such a control margin can 
result in generator over-speed and possible damage to the 
propulsion system. Such a control margin means, hoWever, 
that the engine and generator are not fully exploited at full 
capacity acceleration. 

[0023] Several de?ciencies associated With the use of 
knoWn hybrid electric vehicle designs and methods of 
operating the same have been described hereinabove. Sev 
eral inventive arrangements and methods for operating 
hybrid electric vehicles are described hereinbeloW that mini 
miZe, or remedy these de?cient aspects of knoWn designs, 
and/or provide bene?ts, in and of themselves, to the user. 
These neW, improved and otherWise potentiated solutions 
are described in greater detail hereinbeloW With respect to 
several alternative embodiments of the present invention. 

DISCLOSURE OF THE INVENTION 

[0024] In a ?rst aspect, an arrangement for a compact 
battery and cooling system therefore is disclosed. The 
arrangement includes a plurality of elongate battery cells, 
each battery cell having a longitudinal axis and a hexagonal 
cross-sectional shape in a plane oriented substantially per 
pendicular to the longitudinal axis. The cells are parallelly 
oriented, each to the others, Within a battery housing. 
Preferably, the cells are arranged in a honeycomb con?gu 
ration With opposed faces of adjacent battery cells proxi 
mately located one to the other in face-to-face relationship. 
At least one substantially hexagonally shaped cooling chan 
nel is provided at an interior location Within the plurality of 
battery cells. 

[0025] In a second aspect, a method for potentiating an 
engine’s poWer contribution to a hybrid electric vehicle’s 
performance in a take-off operating condition is disclosed. 
Normally, fuel injection to, and ignition at the engine are 
only commenced When the engine is operating at a speed 
exceeding the resonance speed of the drive train to reduce 
engine start harshness; such resonance speeds of the drive 
train being dictated, at least in part, by transmission back 
lash, softness and the like. During high driver acceleration 
demands, hoWever, ignition and the injection of fuel is 
desirably started as early as possible to potentiate output 
poWer and acceleration. 

[0026] In a third aspect, a method for maintaining a 
catalyst of an emissions system in a hybrid electric vehicle 
in an operative condition is disclosed. The method includes 
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sensing that an engine of a hybrid electric vehicle has 
stopped operating. A time period is predicted after Which a 
catalyst of an emissions system associated With the engine 
Will cool to a light-off temperature beloW Which the catalyst 
becomes ineffective. The predicting step is based on knoWn 
qualities of the catalyst and ambient conditions in Which the 
vehicle is being operated. The engine is restarted When the 
predicted time period has expired thereby maintaining the 
catalyst at temperatures in excess of the light-off tempera 
ture. 

[0027] In a fourth aspect, a method for minimiZing driver 
perceptible drive train disturbances during take-off in a 
hybrid electric vehicle When maximiZed poWer is often 
desired is disclosed. The method includes sensing an actual 
state-of-charge (SOC) value of a battery in a hybrid electric 
vehicle and a traveling velocity of the vehicle during takeoff 
operation. The sensed actual SOC value is compared With a 
SOC reference value and computing a delta SOC value as a 
difference therebetWeen. A velocity-based SOC calibration 
factor is looked up that corresponds to the traveling velocity 
of the vehicle. A combination is utiliZed of the delta SOC 
value and the SOC calibration factor as a SOC feedback 
engine speed control instruction to an engine controller of 
the hybrid electric vehicle. A driver’s desired vehicular 
acceleration is sensed based on accelerator position. Maxi 
mum possible engine poWer generatable at the sensed 
vehicle speed is determined, as is a required poWer value 
from the poWer train of the vehicle to meet the driver’s 
desired vehicular acceleration. The maximum possible 
engine poWer generatable at the sensed vehicle speed is 
compared With the required poWer value and computing a 
delta poWer train requirement value as a difference therebe 
tWeen. A velocity-based and accelerator position-based 
poWer calibration factor is looked-up that corresponds to the 
traveling velocity of the vehicle and the accelerator position. 
A combination of the delta poWer train requirement value 
and the poWer calibration factor is utiliZed as a poWer 
requirement feed-forWard engine speed control instruction 
to an engine controller of the hybrid electric vehicle. 

[0028] In a ?fth aspect, a method for optimiZing the 
operational efficiency of a hybrid electric vehicle is dis 
closed. The method comprises operating an engine of a 
hybrid electric vehicle preferentially on an optimiZed poWer 
curve of the engine for maximiZing the ef?ciency of the 
engine and sensing a state-of-charge (SOC) condition of a 
battery of the hybrid electric vehicle being at a preferential 
value indicative of no additional charging being desired. The 
running torque of the engine is reduced beloW the optimiZed 
torque curve to a point that the poWer produced by the 
engine is substantially equal to the poWer demanded for 
driving the hybrid electric vehicle. 

[0029] In a sixth aspect, a method for calibrating and 
synchroniZing sensed operating torques of an engine and a 
generator in a planetary gear based hybrid electric vehicle is 
disclosed. The method includes providing a sensor that 
detects the operational torque of an engine of a hybrid 
electric vehicle at the engine’s interface With a planetary 
gear system of the hybrid electric vehicle. A sensor is 
provided that detects the operational torque of a generator of 
a hybrid electric vehicle at the motor’s interface With the 
planetary gear system of the hybrid electric vehicle. The 
planetary gear system of the hybrid electric vehicle is 
operated in a split mode so that the generator is directly 
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linked to the engine and a reading of the sensor that detects 
the operational torque of the generator may be used to 
compute the operating torque of the engine. Paired values of 
sensed operational torques of the engine and the generator at 
like times are recorded. Each pair of recorded values are 
arithmetically processed and a calibrating value is computed 
therebetWeen. The sensing and recording of paired values is 
repeated at the same sensed generator and engine speeds and 
torques thereby enabling the calculation of computed aver 
age calibrating values at each of the particular sensed 
generator speeds suitable for subsequent utiliZation in com 
puting corresponding engine torques in the future. The 
engine and the generator are controlled utiliZing the average 
calibrating value at future times of transition betWeen 
poWer-split mode and parallel mode of the planetary gear 
system so that the engine is substantially synchroniZed With 
the generator at the time of direct linkage across the plan 
etary gear arrangement thereby avoiding driver detectible 
irregularities in the performance of the poWer train of the 
hybrid electric vehicle. 

[0030] In a seventh aspect, a method for potentiating the 
utiliZable torque output capacity of a hybrid electric vehicle 
is disclosed. The method includes controlling operation of 
an engine of a hybrid electric vehicle using a generator, the 
engine and generator being interconnected through a plan 
etary gear system, the generator having approximately equal 
torque output capacity as the engine based on connective 
gear ratio selection. An engine controller is utiliZed for 
managing the engine’s operation thereby permitting the 
engine to be operated at a torque output level substantially 
equal to the maximum torque output of the generator With 
out a signi?cant margin of excess control capacity of the 
generator over the engine. An overpoWer condition is 
detected in Which the torque output of the engine is sur 
passing the maximum torque output of the generator. The 
engine is controlled to a torque output that is less than the 
maximum torque output of the generator. 

[0031] The general bene?cial effects described above 
apply generally to the exemplary descriptions and charac 
teriZations of the devices, mechanisms and methods dis 
closed herein. The speci?c structures and steps through 
Which these bene?ts are delivered Will be described in detail 
hereinbeloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0032] In the folloWing, the invention Will be described in 
greater detail by Way of examples and With reference to the 
attached draWings, in Which: 

[0033] FIG. 1 is a graphical comparison of torque gener 
ated by a parallel hybrid and systems that have either an 
engine or motor. 

[0034] FIG. 2 is a perspective of a hybrid electric vehicle 
shoWing exemplarily system component locations on the 
vehicle. 

[0035] FIG. 3 is a schematic depicting the architecture of 
a poWer-split hybrid electric vehicle. 

[0036] FIG. 4 is a cross-sectional schematic representa 
tion of a planetary gear set. 

[0037] FIG. 5 is a simpli?ed schematic vieW of a one-Way 
clutch shoWn in FIG. 2. 
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[0038] FIG. 6 is a schematic depicting control relation 
ships betWeen the various systems of a hybrid electric 
vehicle as coordinated utiliZing the CAN. 

[0039] FIG. 7 is a functional schematic depicting the 
processes, tasks and controls of the various systems of the 
exemplary hybrid electric vehicle. 

[0040] FIG. 8a is a schematic horiZontal cross-sectional 
vieW of a battery for a hybrid electric vehicle according to 
one aspect of the present invention(s). 

[0041] FIG. 8b is a schematic horiZontal cross-sectional 
vieW of a traditional battery having cylindrically-shaped 
cells. 

[0042] FIG. 8c is a schematic vertical cross-sectional 
vieW of a battery cooling system as depicted in FIG. 8a. 

[0043] FIGS. 9 and 10 schematically illustrate a method 
for minimiZing driver perceptible drive train disturbances 
during take-off in a hybrid electric vehicle. 

[0044] FIGS. 11 through 15 schematically illustrate a 
method for potentiating the utiliZable torque output of a 
particularly siZed engine in a hybrid electric vehicle. 

MODE(S) FOR CARRYING OUT THE 
INVENTION 

[0045] As required, detailed embodiments of the present 
invention are disclosed herein; hoWever, it is to be under 
stood that the disclosed embodiments are merely exemplary 
of the invention(s) that may be embodied in various and 
alternative forms. The ?gures are not necessarily to scale; 
some features may be exaggerated or minimiZed to shoW 
details of particular components. Therefore, speci?c struc 
tural and functional details disclosed herein are not to be 
interpreted as limiting, but merely as a basis for the claims 
and as a representative basis for teaching one skilled in the 
art to variously employ the present invention. 

[0046] As depicted in FIGS. 1 and 2, a hybrid electric 
transporting vehicle 10 has a poWer train system (having 
components generally designated With reference numbers 
from the 500’s series) included therein for providing pro 
pulsion, as Well as serving supplemental functions Which are 
described in greater detail herein. Predominantly, the poWer 
train system is positioned in an engine room 11 located near 
a passenger compartment 12 of the vehicle 10. A battery 
compartment or housing 14, also positioned near the pas 
senger compartment 12 holds one or more batteries 410. As 
Will be appreciated by those skilled in the art, the positioning 
of both the engine room 11 and battery housing 14 is not 
limited to the locations set forth in FIG. 2. For example, 
either may be positioned in front of, or behind the passenger 
compartment 12. 

[0047] As depicted in FIG. 2, the overall systems archi 
tecture of the electric hybrid vehicle 10 comprises an engine 
system 510, including an internal combustion engine 511 
(petrol, diesel or the like), that is mechanically connected by 
an output shaft system 520 to a transaxle system 530. The 
transaxle system 530 is further connected to a drive shaft 
system 540 utiliZed to rotate one or more drive Wheels 20 
that propel the hybrid electric transporting vehicle 10. In a 
preferred embodiment, the combustion engine 511 is con 
trolled by an engine control module (ECM) or unit 220 
Which is capable of adjusting, among possible parameters, 
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air?ow to, fuel How to and/or ignition at the engine 511. The 
engine 511 is mechanically connected via an output shaft 
522 to the transaxle system 530. A planetary gear set 535 
establishes interconnection betWeen the engine 511 (via the 
output shaft 522), a generator 532, and the drive shaft system 
540 (via the transaxle system 530). A motor 531 is also 
coupled to the drive shaft system 540, also possibly via the 
transaxle system 530. 

[0048] In one embodiment, and Which is illustrated in at 
least FIGS. 3 and 5, a one Way clutch 521 is engageable 
With the output shaft 522, Which in turn is connect to the 
engine 511 and to the planetary gear set 535. The function 
of the one-Way clutch 521 is to limit the engine to being only 
a poWer/torque input to the planetary gear set 535, and With 
only one direction of rotation. Consequently, the one-Way 
clutch 521 prevents poWer or torque from being transmitted 
from the planetary gear set 535 back to the engine 511. 

[0049] In another aspect, and as shoWn in FIG. 4, the 
planetary gear set 535 comprises a plurality of concentri 
cally positioned planet gears 539 mechanically engaged 
betWeen a perimeter region of a centrally located sun gear 
538 and an interior surface of a ring gear 537. The individual 
gears that make up the plurality or set of planet gears 539 are 
?xed in positions relative to each other by a planetary carrier 
536. 

[0050] The generator 532 is mechanically connected to the 
sun gear 538 and is con?gured to convey rotational poWer 
and torque to and from the planetary gear set 535. In a 
preferred embodiment, the generator 532 is capable of being 
locked to prevent rotation of the sun gear 538 by a generator 
brake or lock-up device 533. As further contemplated by the 
present invention, the motor 531 is mechanically connected 
to the ring gear 537 and is con?gured to convey rotational 
poWer and torque to and from the planetary gear set 535. In 
a preferred embodiment, and as schematically shoWn in 
FIG. 3, the drive shaft system 540 is engagable With the 
motor 531 and effectively terminates at the drive Wheel 20, 
via What can be a conventionally con?gured transmission/ 
differential arrangement 542. 

[0051] Based on the above disclosed system architecture, 
implementation of an energy management strategy, Which is 
a focus of the hybrid electric vehicle 10, starts at a high level 
Within a vehicle control unit or vehicle systems controller 
(VCU) 100 as schematically shoWn in FIGS. 6 and 7. The 
vehicle systems controller 100 is programmed With control 
strategies for the drive train system and battery system, as 
Well as others. The vehicle systems controller 100 is respon 
sible for interpreting driver inputs, coordinating the compo 
nent controllers, and determining vehicle system operating 
states. The VCU 100 also generates commands to appropri 
ate component sub-sytems based on de?ned vehicle systems 
controller 100 functions, and sends those commands to the 
component controllers that, based thereon, take appropriate 
actions. The vehicle systems controller 100 also acts as a 
reference signal generator for the sub-system controllers. 
The vehicle systems controller 100 may take the form of a 
single, integrated microprocessor, or comprise multiple 
microprocessors that are suitably interconnected and coor 
dinated. 

[0052] Aprimary function of the vehicle systems control 
ler 100 is to carry out vehicle mode processes and tasks (also 
knoWn as the sequential control process), as Well as make 
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torque determinations, set reference values and perform 
energy management processes. Certain systems of the 
vehicle 10 are managed or monitored by a vehicle manage 
ment (VM) unit or controller 105 Which carries out sequen 
tial control processes, including ascertaining the position of 
the vehicle key and gear selector positioning, among others. 
It is at this level that certain inputs from the driver and 
conditions of the vehicle are synthesiZed for utiliZation as 
command inputs for sub-system controllers. 

[0053] At the loWer level of the VCU 100, three sub 
component controllers are illustrated in FIG. 7. The ?rst is 
a high voltage DC controller (HVDC) 115; the second is a 
battery management unit or controller 110 (bbb); and the 
third is a drive train controller 120 (DTC). As indicated 
above, certain inputs and processes are taken from the driver 
and the vehicle’s systems at the vehicle management unit 
105. Conversely, certain outputs relevant to the driver Will 
be transmitted and displayed at the dashboard display unit 
107 from the VCU 100 or the VM 105. 

[0054] The HVDC 115 is responsible for coordinating 
operation of the high voltage components. The positioning 
of this controller is schematically shoWn in FIG. 6. The 
HVDC contains contactors or breakers Which are normally 
positioned to an open con?guration that prevents electricity 
from ?oWing thereacross. But When called on to take action 
and engage the battery 410, for instance When starting of the 
engine 511 is required, these contractors (usually a pair) 
close completing an appropriate connective circuit. 

[0055] As shoWn in FIG. 6, the HVDC serves as a shield 
or buffer betWeen the high voltage battery 410, and the 
inverters 534, as Well as other auxiliary loads run off of the 
electric poWer of the battery 410. An example of such a high 
voltage auxiliary load may include an electrically run air 
conditioning compressor system. In order to act as such a 
buffer, the high voltage output from the battery 410 must be 
relatively sloWly “brought-up” to operating levels at the 
inverter 534 and/or auxiliary loads. In order to accept this 
“run-up” of the voltage, relatively small capacity contactors 
are initially closed that cause voltage from the battery to pass 
to a capacitor in either the inverter 534 or the appropriate 
auxiliary load, across a resistive circuit (a circuit containing 
buffering resistors). Once an appropriate pre-charge is built 
up in the capacitor, primary contractors are then closed 
Which complete the high voltage circuit betWeen the batter 
ies 410 and the capacitor contained Within the receiving 
component Which may be exempli?ed by the DC to AC 
inverter(s) 534, or an auxiliary load such as an electric 
air-conditioning system as indicated hereinabove. In this 
manner, a potentially damaging high voltage is prevented 
from being introduced too quickly to the receiving compo 
nents. 

[0056] The HVDC 115 also carries out certain diagnostic 
functions regarding the components of the HVDC 115, such 
as the contactors Within the HVDC 115 itself, and also 
possibly the several systems interconnected through the 
HVDC, such as the battery 410, the inverters 534, or an 
electrically driven air-conditioning compressor Which has 
not been illustrated in the Figures. Among other parameters, 
these diagnostics may be performed based on measurements 
of voltage and/or current. 

[0057] The HVDC 115 also provides interconnection 
betWeen an exterior charger connection (see ext. charger in 
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FIG. 6), thereby allowing the battery 410 to be “plugged-in” 
for charging from an external power source. 

[0058] The battery management controller (BMU) 110 
handles control tasks relative to the battery system 410. 
Among other characteristics, the EMU 110 can estimate and 
measure state-of-charge (SOC) levels, and voltage and cur 
rent parameters. It can also sense/determine and maintain 
maximum and minimum voltage and current levels With 
respect to the battery 410. Based on these determinations or 
sensed quantities/qualities, the VM 105, via such control 
modules as the DTC 120, can direct certain operations for 
affecting changes in the SOC of the battery 410. Other 
characteristics Which may be monitored include operating 
temperature(s) of the battery 410, and voltages at the indi 
vidual battery cells 412. Similarly, pressure Within the cells 
412 can also be monitored. Failures may be detected and 
reported, at least back to the VCU; but there is also the 
possibility of the information being passed to the operator 
via the dashboard display unit 107. 

[0059] The DTC 120 makes the mode selection under 
Which the several poWering components Will cooperate. 
That includes choices betWeen parallel and split modes, as 
Well as positive and negative split modes. The operational 
points for the several components of the drive train are also 
speci?ed by the DTC 120. Still further, reference values are 
provided by the DTC 120 for the several sub-sytems, 
including the transaxle management control modules or unit 
(TMU) 230 and the engine control module or unit (ECM) 
220. From among the possible settings established by the 
DTC 120, battery charging/discharging mode is a possibil 
ity, as Well as specifying Whether the generator 532 and/or 
motor 531 should be used in their poWering capacity as a 
motor, or their generating capacity as a generator. Torque 
references for the generator and motor are also issued from 
the TMU 230. 

[0060] As a sub-component under the TMU 230, the 
transaxle control unit TCU 232 handles the transaxle 530 
With respect to torque compensation When starting and 
stopping the engine 511. The TCU 232 uses and controls tWo 
slave processors characteriZed as a generator control unit 
GCU 236 and a motor control unit MCU 234. The GCU 236 
handles the current and torque control of the generator 532; 
typically, via the inverter 534. The GCU 236 receives its 
torque and speed reference information from the TCU 232 
as its immediate controller. The TCU 232 receives a total 
torque reference for the transaxle 530 and the speed refer 
ence value for the engine 511, together With mode reference 
information regarding cooperation betWeen the engine 511 
and generator 532; such as, Whether parallel-, positive-split, 
or negative-split mode con?gurations Will be assumed. The 
TCU 232 generates the torque reference parameters for the 
generator 532 and motor 531, each of Which are imple 
mented under the control of the GCU 236 and MCU 234, 
respectively. The speci?ed torque settings are accomplished 
by controlling the current provided to the respective gen 
erator/motor controllers 236,234. 

[0061] Based on a map of optimal engine torque vs. speed 
curves, engine speed and torque are selected by the DTC 120 
so that the engine system 510 can deliver the desired engine 
poWer and simultaneously lie on one of the engine’s opti 
miZed ef?cient curves. If the DTC 120 determines that the 
speed of the engine 511 is too loW for efficient operation, 
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then the engine 511 is turned (or left) off by the engine 
control unit 220. If the poWer train control module 120 
determines that the speed of the engine 511 is too high to be 
controlled by the generator 532 (based on SOC and genera 
tor limitations), the engine 511 is set to a sloWed operational 
speed by the ECM 220. 

[0062] Once the speed, torque and poWer of the engine 511 
are determined by the vehicle systems controller 100, par 
ticularly at the DTC 120 of the controller 100, then the DTC 
120 further determines the required speed and torque of the 
generator 532 to control the engine 511. The DTC 120, using 
this information, then determines the required speed and 
torque of the motor 531 to meet the difference, if any, 
betWeen driver poWer (torque) demand and the engine 
poWer (torque). 

[0063] Torque determination and monitoring is also car 
ried out at the VCU 100. This function further ensures that 
torque delivered to the drive Wheel(s) 20 is substantially 
equal to the torque (acceleration) demanded by the driver. 
The VCU 100 also monitors and controls the torque from the 
engine 511 and transaxle system 530 by comparing a sensed 
torque against the torque demanded by the driver. Torque 
management by the VCU 100 interprets driver inputs and 
speed control demands to determine regenerative brake 
torque and desired output shaft torque. 

[0064] From the VCU 100, commands and references are 
distributed over a controller area netWork (CAN) 300 to 
component controllers generally referenced herein utiliZing 
reference numbers in the 200’s series. As indicated above, 
these controllers include the ECM 220 and the TMU 230 
that together control the poWer train system to achieve 
ef?cient energy management, partition torque, determine 
engine 511 operating point(s), and decide on, and coordinate 
engine 511 start/stops. Commands and references from the 
VCU 100 to a series regenerative brake controller determine 
regeneration torque limitations, desired regenerative torque 
and Zero vehicle speed control. 

[0065] Finally, if and/or When individual system compo 
nents are rendered inoperative, such as the motor 531 
becomes disabled, the VCU 100 is con?gured to provide 
limited operating control over the poWer train system to 
alloW the hybrid engine vehicle 10 to “limp” home. 

[0066] As shoWn in FIG. 8a, a compact battery system 
400 is made up of a number of elongate battery cells 412, 
each cell 412 having a longitudinal axis and a hexagonal 
cross-section shape in a plane oriented substantially perpen 
dicular to the longitudinal axis. Each cell 412 is parallelly 
oriented to each other Within a battery housing 14. As shoWn 
in FIG. 8a, the plurality of cells 412 are arranged in a 
honeycomb con?guration With opposed faces of adjacent 
cells 412 proximately located one to the other in face-to-face 
relationship. One or more hexagonally shaped cooling chan 
nels 442 are located at an interior location(s) amongst the 
plurality of battery cells 412. As appreciated by those skilled 
in the art, a signi?cant amount of volume is unused and 
Wasted in battery compartments con?gured to hold tradi 
tional cylindrical battery cells as is exemplarily depicted in 
FIG. 8b. Furthermore, the traditional cooling system often 
requires the use of a system of ?uid ?lled pipes to cool a 
fraction of the cylindrically shaped battery cells’ curved 
exterior surface. In contrast, the battery cooling system 440 
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for the hexagonal battery cells 412, as depicted in FIG. 8a, 
presents a greater surface area for heat exchange to take 
place. 
[0067] In another aspect of the system 440, and as is 
shoWn in FIG. 8c, a thermally radiative cap 443 is in ?uid 
communication With one or more of the cooling channels 
442 Which is ?lled With a cooling ?uid 445 that circulates 
betWeen the cap 443 and the channels 442 to cool the battery 
cells 412. The cooling ?uid 445 may consist of Water 
maintained under a vacuum so that it boils at approximately 
40° centigrade. Circulation of the ?uid, as Well as transfor 
mation betWeen the gaseous and liquid states, occurs 
because of the temperature differential betWeen the Warmer 
loWer area among the battery cells 412 and the cooler upper 
area With the cap 443. Exemplarily, this temperature of 
vaporiZation or boiling advantageously falls betWeen these 
Warmer and cooler temperatures. 

[0068] An air circulation system cools the battery arrange 
ment by draWing air through an air inlet exposed to the 
passenger compartment 12 and directs the air along a 
circulation path that crosses the radiative cap 443. The 
temperature of the air draWn from the passenger compart 
ment 12 is normally in a range suited for passenger comfort, 
a temperature normally Well beloW 40° centigrade. The 
intake may also pull air from outside the vehicle if ambient 
conditions are favorable. Air source selection may be easily 
accomplished using a ?ap-style valve common in other air 
duct environments. 

[0069] After traversing the circulation path, the cooling air 
is most preferably discharged aWay from the passenger 
compartment 12 to avoid circulation and the introduction of 
heat and potentially airborne contaminants into the passen 
ger compartment 12 that may have been picked up from the 
battery system 400. The risk of this occurrence, hoWever, is 
reduced signi?cantly through this battery’s 410 con?gura 
tion in Which the circulated air passes over the closed system 
of the battery and its housing, and not through or near the 
more haZardous chemical cells 412. 

[0070] To further promote cooling, the radiative cap 443 
may be con?gured With a plurality of ?n-type members 444 
that extend from an exteriorly exposed surface thereof for 
enhancing thermal discharge of heat from the cap 443 to air 
circulated across the ?ns 444. 

[0071] In another aspect, the disclosed invention(s) 
include a method for potentiating an engine’s 511 poWer 
contribution to a hybrid electric vehicle’s 10 performance in 
a take-off operating condition. Normally, fuel injection to, 
and ignition at the engine 511 are only commenced When the 
engine 511 is operating at a speed exceeding the resonance 
speed of the drive train to reduce engine start harshness; 
such resonance speeds of the drive train being dictated, at 
least in part, by transmission backlash, softness and the like. 
During high driver acceleration demands, hoWever, ignition 
and the injection of fuel is desirably started as early as 
possible to potentiate output poWer and acceleration. The 
present method amends this typical operation and includes 
initiating take-off acceleration of the vehicle 10 exclusively 
using the motor 531, predicting the future demand for an 
engine’s 511 poWer contribution to the vehicle’s 10 imme 
diate future poWer demand during the take-off acceleration, 
and starting the engine 511 at the time that the determination 
is made of future demand for the engine’s 511 poWer 
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contribution during the take-off acceleration. This full take 
off control method or process further includes making the 
prediction of future demand at the initiation of take-off 
acceleration and/or increasing the speed of engine 511 
operation as rapidly as predetermined operating ef?ciency 
parameters permit. The full take-off control method Which 
increases the speed of engine 511 operation as rapidly as 
predetermined operating ef?ciency parameters permit may 
also include a step of alloWing the increase in speed of 
engine operation to progress to a predetermined peak ef? 
ciency rate and diverting excess poWer from the engine 511 
to the generator 532 that generates electricity With the 
diverted poWer. This full take-off control method Which 
increases the speed of the engine 511 operation as rapidly as 
predetermined operating ef?ciency parameters permit, may 
also include a step of alloWing the increase in speed of 
engine 511 operation to progress to a predetermined peak 
ef?ciency rate Which enables exclusive utiliZation of the 
engine 511 to meet the entirety of the vehicle’s 10 future 
poWer demand and reducing the motor’s 531 contribution to 
the poWer supplied to the vehicle 10 so that no excess poWer 
above demand is supplied by the engine 511. 

[0072] In still a further aspect, the present invention pro 
vides a process or method for maintaining a catalyst 702 of 
an emissions system 700 in a hybrid electric propulsive 
system in an operative state. The method calls for sensing 
that the engine 511 has stopped operating. A time period is 
then predicted after Which the catalyst 702 Will cool doWn 
beloW a temperature (also knoWn as a light-off temperature) 
at Which the catalyst becomes ineffective. Pursuant thereto, 
the engine 511 is restarted When the time period has expired 
or lapsed, thereby maintaining the catalyst 702 at tempera 
tures in excess of the light-off temperature, regardless of 
Whether poWer is need from the engine 511 at that time. 
Predicting the time period after Which the catalyst 702 Will 
cool doWn takes into consideration knoWn qualities of the 
catalyst 702 and ambient conditions in Which the hybrid 
electric vehicle 10 is being operated. Such knoWn qualities 
of the catalyst 702 include, but are not limited to, heating 
and cooling characteristics of the catalyst 702, life expect 
ancy of the catalyst 702, and age of the catalyst 702. 
Relevant ambient conditions in Which the vehicle 10 is being 
operated include, but are not limited to, Weather and envi 
ronmental conditions such as temperature, humidity and 
contaminant loads, as Well as traf?c conditions and road 
conditions. As an example, if driving is occurring in hilly 
terrain, this can be sensed as a cyclical demand for engine 
poWer for recurring uphill climbs. If this is quanti?ed, it may 
be considered in the control parameter as a predictable 
occurrence. Additionally, the system may take into account 
sensed or “learned” driver habits or performance for pre 
dicting purposes Which can include the a particular driver’s 
demand for poWer is cyclical or otherWise patterned. This 
may be typi?ed by some drivers’ bad habit of repeatedly 
accelerating to a speed, and then subsequently sloWing 
therefrom. When the decrease in speed is realiZed by the 
driver, rapid acceleration is then demanded for again setting 
the desired travel speed. If the control system “learns” such 
a pattern, it may be utiliZed in the predicting or calculating 
process for maximum elapse time before the catalyst exces 
sively cools. 
[0073] This method for maintaining the exhaust catalyst 
702 in an operative condition may also include sensing the 
catalyst’s 702 temperature and initiating operation or stop 










