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(57) ABSTRACT 

A control method for operating internal combustion engine 
electric hybrid vehicles With smaller battery packs, particu 
larly in con?gurations Where an electric motor or 
electric motor/generator (E/MG), a battery, and associated 
controls are inserted betWeen the engine and a continuously 
variable or automatic transmission. The interaction betWeen 
the combustion engine and battery operated electric motor is 
controlled by taking energy into the batteries only if it is 
more efficient than throttling the engine and operating the 
engine at a loWer ef?ciency. Additionally, the batteries are 
charged to a certain state or the batteries are maintained at 
a particular state of charge. A goal of the invention is to 
obtain the best possible fuel economy While maintaining 
good driveability. 
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METHOD FOR CONTROLLING THE OPERATING 
CHARACTERISTICS OF A HYBRID ELECTRIC 

VEHICLE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. applica 
tion Ser. No. 10/606,128 ?led on Jun. 24, 2003, now US. 
Pat. No. , incorporated herein by reference in its 
entirety, Which is a 35 U.S.C. § 111(a) continuation of PCT 
international application serial number PCT/US02/00220 
?led on Jan. 3, 2002 Which designated the US, incorporated 
herein by reference in its entirety, and Which claims priority 
from US. provisional application Ser. No. 60/259,662 ?led 
on Jan. 3, 2001, incorporated herein by reference in its 
entirety. 
[0002] This application is a continuation-in-part of US. 
application Ser. No. 09/677,288 ?led on Oct. 2, 2000, now 
US. Pat. No. 6,809,429, incorporated herein by reference in 
its entirety, Which is a continuation of PCT international 
application serial number PCT/US99/09880 designating the 
US. ?led on Apr. 19, 1999, incorporated herein by reference 
in its entirety, and Which is a continuation-in-part of US. 
application Ser. No. 09/063,993 ?led on Apr. 21, 1998, now 
US. Pat. No. 6,054,844, incorporated herein by reference in 
its entirety. 

[0003] This application is a continuation-in-part of US. 
application Ser. No. 09/063,995 ?led on Apr. 21, 1998, now 
US. Pat. No. 6,116,363, incorporated herein by reference in 
its entirety. 

[0004] Priority is claimed to each of the foregoing appli 
cations. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0005] Not Applicable 

REFERENCE TO A COMPUTER PROGRAM 
APPENDIX 

[0006] Not Applicable 

BACKGROUND OF THE INVENTION 

[0007] 1. Field of the Invention 

[0008] The present invention generally pertains to an 
improved method for controlling the operating characteris 
tics of an internal combustion engine coupled to a drive train 
having a continuously variable transmission or a properly 
spaced multi-speed transmission, and more particularly to a 
partial charge depletion and charge sustaining control 
method suitable for use With smaller battery packs. 

[0009] 2. Description of the Background Art 

[0010] In US. Pat. No. 5,842,534, incorporated herein by 
reference, I described a charge depletion method and appa 
ratus for operating the electric motor and small auXiliary 
poWer unit, such as an internal combustion engine, in a 
hybrid electric vehicle (HEV) separately or together depend 
ing upon the driving conditions. Operation of the electric 
motor and auXiliary poWer unit are coordinated so that the 
vehicle operates as Zero emissions vehicle (ZEV) or electric 
car at all speeds beloW a cruising threshold, unless the depth 
of discharge of the batteries eXceeds a charge threshold in 
Which case the vehicle operates in an HEV mode. Further, 
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the vehicle operates in an HEV mode at speeds above the 
cruising threshold. The batteries are depleted during opera 
tion and are not charged by the auXiliary poWer unit, eXcept 
during emergencies in Which case the batteries are only 
charged enough to provide a performance enhancement to 
the small auXiliary poWer unit. In operation, the vehicle 
speed is sensed, the level of the depth of discharge of the 
battery is sensed, at vehicle speeds above a threshold speed 
the auXiliary poWer unit is activated to poWer the vehicle and 
the electric motor is used to supplement the auXiliary poWer 
unit When required, at vehicle speeds beloW the threshold 
speed the auXiliary poWer unit is deactivated and the electric 
motor is used to poWer the vehicle, and the threshold speed 
is automatically and dynamically adjusted as a function of 
said level of the depth of discharge. 

[0011] In US. Pat. No. 6,116,363, incorporated herein by 
reference, I described another charge depletion method and 
apparatus Where operation of the electric motor and auXil 
iary poWer unit are coordinated as a function of a control 
policy for the auXiliary poWer unit based on desired least 
fuel consumption and/or vehicle emissions characteristics. 
In operation, the speed of the vehicle is sensed, the depth of 
discharge of the battery is sensed, at vehicle speeds above a 
threshold speed auXiliary poWer unit is activated to poWer 
the vehicle and the electric motor is used to supplement the 
auXiliary poWer unit When required, at vehicle speeds beloW 
the threshold speed the auXiliary poWer unit is deactivated 
and the electric motor is used to poWer the vehicle, and the 
threshold speed is dynamically adjusted as a function of the 
depth of discharge, Wherein the threshold speed and adjust 
ment of the threshold speed are a function of a control policy 
for the auXiliary poWer unit based on desired fuel consump 
tion and/or vehicle emissions characteristics. 

[0012] In my prior US. application Ser. No. 09/677,288 
?led on Oct. 2, 2000, Which is a continuation of PCT 
international application serial number PCT/US99/09880 
published on May 4, 2000 as International Publication No. 
WO 00/25417 and incorporated herein by reference, I 
described a control method for internal combustion engine 
electric hybrid vehicles that Was designed to operate With a 
large battery pack or a high poWer battery pack. This 
approach Was an improvement of the method described in 
my prior patent, US. Pat. No. 6,054,844, incorporated 
herein by reference, Which describes a method and apparatus 
for controlling the poWer output of an internal combustion 
engine in a vehicle having a continuously variable transmis 
sion (CVT) or automatic transmission (AT In these meth 
ods, a motor/generator is controlled to counteract the nega 

tive effect of the —RIESE term in the dynamic equation 

—RIESE + TER - Thm - TRL I“? dR 

[0013] representing the engine/transmission system Where 
otDS=acceleration of the vehicle re?ected to the drive shaft, 

R: Si, 
SDS 

[0014] IE=engine inertia, IDS=vehicle inertia at the drive 
shaft, SE=engine speed, SDS=drive shaft speed, TE=engine 
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torque, Tloss=torque losses, and TRL=road load torque at the 
driveshaft. The motor/generator, in counteracting counteract 

the negative effect of the —RIESE in the dynamic equation, 
can then be used to allow the engine to operate at “Wide open 
throttle” (WOT), or along the “Ideal Torque/Speed Operat 
ing Line” (IOL) for best efficiency and loWest emissions, or 
along any other predetermined operation line. In this Way, 
the engine can be run continuously While energy ?oWs into 
or out of the battery energy storage system connected to the 
electric motor/generator. If the battery is large enough to 
drive the vehicle a long distance, then the efficiency of 
energy into and out of the battery is high since the battery 
internal resistance is loW. This concept is especially desir 
able for a charge depletion hybrid electric vehicle as 
described in my prior patent, US. Pat. No. 5,842,534 Which 
is incorporated herein by reference, Where the large battery 
pack is charged from stationary poWerplants. With smaller 
battery packs, hoWever, the efficiency of energy into and out 
of the battery is loWer. Therefore, there is a need for a control 
method that is particularly suited for use With smaller batter 
packs. 

BRIEF SUMMARY OF THE INVENTION 

[0015] The present invention provides the needed control 
method for operating internal combustion engine electric 
hybrid vehicles With smaller battery packs, particularly in 
con?gurations Where an electric motor (E/M) or electric 
motor/generator (E/MG), a battery, and associated controls 
are inserted betWeen the engine and a continuously variable 
or automatic transmission. 

[0016] According to an aspect of the invention, the inter 
action betWeen the combustion engine and battery operated 
electric motor is controlled by taking energy into the bat 
teries only if it is more fuel efficient than throttling the 
engine and operating the engine at a loWer ef?ciency. 

[0017] According to another aspect of the invention, the 
batteries are charged to a certain state or the batteries are 
maintained at a particular state of charge. 

[0018] According to still another aspect of the invention, 
the engine “turn-on” speed is used to regulate the depth of 
discharge of the battery system by observing the average 
depth of discharge over a period of time and maintaining the 
depth of discharge betWeen a maximum and minimum With 
the engine. 

[0019] According to a further aspect of the invention, the 
depth of discharge of the battery system is cycled With the 
engine to maintain the depth of discharge betWeen a maXi 
mum and minimum. 

[0020] Furthermore, in accordance With another aspect of 
the invention, the average depth of discharge is maintained 
over a period of time that is long compared to driver action. 

[0021] An aspect of the invention also includes a battery 
control method Wherein a closed loop system is set to 
regulate depth of discharge of the battery With a frequency 
bandWidth sufficient to meet predetermined operating crite 
ria such as battery life, vehicle range, and driveability. 

[0022] An additional aspect of the invention is to regulate 
the depth of discharge of the battery system in a mechanical 
CVT hybrid electric vehicle Without fully charging the 
battery With the engine. 
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[0023] Another aspect of the invention is to use vehicle 
speed as a determinant of vehicle energy demand. 

[0024] Still another aspect of the invention is to provide a 
vehicle control system for a CVT engine-motor parallel 
prime mover, by using the electric motor and battery to 
provide acceleration and deceleration compensation for the 
CVT poWertrain system dynamics. This provides higher 
level instant response and better fuel economy than can be 
achieved With an internal combustion CVT alone. 

[0025] A further aspect of the invention is to optimiZe 
overall poWertrain efficiency, by considering circulated 
energy through the E/M battery system by comparing engine 
throttle vs. E/M control for deceleration. 

[0026] Further aspects and advantages of the invention 
Will be brought out in the folloWing portions of the speci 
?cation, Wherein the detailed description is for the purpose 
of fully disclosing preferred embodiments of the invention 
Without placing limitations thereon. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] The invention Will be more fully understood by 
reference to the folloWing draWings Which are for illustrative 
purposes only: 

[0028] FIG. 1 is a block diagram of an engine, electric 
motor generator, CVT, battery and computer-controlled par 
allel hybrid poWertrain con?guration according to the 
present invention. 

[0029] FIG. 2 is a graph of a typical acceleration/decel 
eration cycle in the HEV mode Where battery status to be 
controlled With the accelerator pedal shoWing combined 
engine and electric motor torque-speed characteristics and 
engine efficiency in accordance With the present invention. 

[0030] FIG. 3 is a graph shoWing engine throttle-torque 
speed curves in relation to the ideal operating line (IOL) in 
accordance With the present invention for the 100% IOL 
line, the 65% IOL line, and the 0% IOL. 

[0031] FIG. 4 is a graph of throttle-speed curves shoWing 
a throttle schedule during an acceleration-deceleration cycle 
according to the present invention derived from the curves 
shoWn in FIG. 3. 

[0032] FIG. 5 is a battery regeneration control graph 
depicting incremental battery depth of discharge mainte 
nance according to the present invention. 

[0033] FIG. 6 is a graph depicting an alternative charge 
maintenance control by a charge depletion control system 
shoWing hoW the engine “turn on” speed cycles and alloWs 
the DOD to cycle about a given state depending on the 
driving conditions. 

[0034] FIG. 7 is a control diagram for battery charge 
maintenance by control of an engine, E/MG, and CVT or 
multispeed transmission according to the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0035] Referring noW to FIG. 1 through FIG. 7, the 
present invention comprises a control method and system for 
operating internal combustion engine electric hybrid 
vehicles With smaller battery packs, particularly in con?gu 
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rations Where an electric motor or electric motor/ 
generator (E/MG), a battery, and associated controls are 
inserted betWeen the engine and a continuously variable or 
automatic transmission. It Will be appreciated that When the 
term “battery” is used herein, the term can include any 
energy storage device such as an ultra-capacitor, electro 
chemical battery, or the like. 

[0036] 1. Applying OptimiZation Concepts to Determine 
When to Throttle the Engine or Provide Regeneration of the 
Batteries While Driving. 

[0037] A?rst objective of this invention is to minimize the 
fuel consumption and emissions for a parallel hybrid electric 
poWertrain given an engine, an electric motor/generator, a 
continuously variable transmission (CVT) or properly 
spaced multi-speed automatic transmission, a poWertrain 
system computer controller, and a speci?c battery pack. 
Each of these components have losses When operating. This 
invention minimiZes the sum of the losses of the components 
to provide the best conversion ef?ciency from liquid fuel to 
drive energy at the Wheels. A second objective is to provide 
the best ef?ciency for recharging or maintaining the charge 
of the battery pack. The theory of operation is described in 
the folloWing texts and ?gures. 

[0038] FIG. 1 shoWs a block diagram of an embodiment 
of a parallel hybrid electric CVT system 10 designed for loW 
fuel consumption and emissions, and high performance 
according to the present invention. This ?gure shoWs an 
internal combustion engine 12 poWered by a fuel supply 14, 
and an electric motor generator (E/MG) 16 coupled to the 
engine 12 either via a clutch 18 or other coupling device 
such as a torque converter, etc. E/MG 16 is poWered by a 
battery 20, and the battery energy is controlled via an E/MG 
controller 22, Which controls the torque on engine 12 applied 
by E/MG 16. E/MG 16 is coupled to a CVT or multispeed 
transmission 24 Which receives, at its input, a combination 
of the engine torque (TE) and motor torque (TM) 26 and in 
turns a drive shaft 28. Drive shaft 28 is in turn coupled to a 
?nal drive 30 Which turns an axle 32 Which is coupled to the 
Wheels 34. Acontrol computer 36 sets the control parameters 
and monitors the operation of the system. The control 
parameters include, for example, example, the engine 
throttle 38, shift of ratio rate (rate of change of ratio) 40 of 
the CVT or multispeed transmission 24, and E/MG torque 
parameters 42 for controller 22. Operational characteristics 
that are monitored include the ratio 44 of the CVT or 
multispeed transmission 24, engine speed (SE) 46, depth of 
discharge 48 of the battery provided by a battery monitoring 
system (computer) 50, vehicle speed 52, and driver input 54 
(e.g., accelerator/brake pedal motion). Engine torque (TE) 
56 to the extent required is not measured directly but is 
derived from the ideal operation line (IOL). 

[0039] FIG. 2 shoWs a typical acceleration/deceleration 
cycle With the accelerator pedal. Positive (+) torque (+TM) 
means the E/MG is taking energy from the batteries, and 
negative (—) torque (—TM) means the E/MG is acting as a 
generator to recharge or regenerate the batteries. The cycle 
begins With the vehicle operating at a steady state on a level 
road With the accelerator pedal in a particular position. The 
driver suddenly decides that he needs to accelerate the 
vehicle. The accelerator pedal in this poWertrain system 
commands “poWer,” and as it is suddenly moved to a neW 
operating position, torque from the electric motor Will be 
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increased to reach the required poWer instantly. Then poWer 
is held according to the accelerator pedal command and the 
CVT ratio is changed to increase the gasoline engine poWer 
by changing its speed and throttle position so that it remains 
on the ideal operating line (IOL). The electric motor (E/MG) 
torque is decreased keeping a constant total poWer curve 
until the E/MG torque reaches Zero. A neW higher poWer is 
reached along the ideal operating line (IOL) of the engine. 
The energy required to do this must originate from the 
batteries and is supplied by the electric motor. Thus, starting 
from operating point “A” the engine and E/MG Will move to 
point “B” instantly supplying more torque and poWer. The 
E/MG torque decreases along a constant poWer line BC as 
the ratio of the CVT is changed until a neW operating point 
C is reached. This poWer level and operating point of the 
engine Will be maintained as long as the accelerator pedal is 
held in a ?xed position. The CVT Will change ratio as the 
vehicle accelerates. When the driver decides to return the 
accelerator pedal to the poWer level corresponding to point 
“A” (Where the cycle started) the electric motor generator 
Will provide a negative torque to loWer the poWer level at 
“C” to the poWer level of line AD almost instantly. Then this 
negative E/MG torque Will cause the engine speed to 
decrease along the IOL to point “E”. Since the load (torque) 
on the engine is high and the throttle is not closed, the engine 
continues to operate at high ef?ciency and loW emissions. 
The E/MG is used to “drag” the engine speed doWn and 
consequently the poWer doWn to “E”. The poWer generated 
then returns to the batteries up to point E, the electric motor 
torque is decreased to Zero, and the engine throttle is 
decreased to the poWer level of the curve from “D” to “A”. 
This level of poWer is indicated by point “F”. The points “E” 
and “F” are chosen by a computation of efficiencies Where 
there is equal or higher efficiency by engine throttle than by 
regeneration through the battery electric motor system. (The 
electric motor generator and battery system ef?ciency may 
be about (0.9G><0.9B><0.9BX><0.9M)=0.65). Thus, point “E” 
is determined by When the brake speci?c fuel consumption 
(BSFC) of the engine is increased more than 35% to achieve 
the poWer reduction desired at point “F”. At this point, the 
E/MG torque is set to Zero and the throttle of the engine is 
reduced to satisfy the poWer command. 

[0040] FIG. 3 shoWs the engine throttle curves in relation 
to the ideal operating line (IOL). ShoWn on this ?gure are the 
100% IOL line, the 65% IOL line, and the 0% IOL line. 
These lines then determine the engine efficiency relative to 
the IOL. Thus the 65% IOL line is about 65% as ef?cient (or 
35% higher BSFC) as the 100% IOL operating line. Decel 
eration torque “E” to “F” can be accomplished by a throttle 
change from 30% to 18% or by regenerated energy to the 
battery. Regeneration has a loss of energy due to a generator 
battery-motor loss of approximately 35%. 

[0041] The throttle/speed curves of FIG. 4 are derived 
from the curves in FIG. 3. FIG. 4 shoWs the engine throttle 
as the accelerator pedal Was increased from poWer “A” to 
“B-C” and returned to “A” going through point “E” on the 
IOL. The engine throttle is reduced to approximately the 
65% IOL line at this instant to point “F”. This point “E” is 
Where the loss of engine ef?ciency due to throttling is less 
than the losses through the electrical system. The poWer 
from point “F” to “A” is held constant With engine throttle 
modulation until “A” is reached again. The electric motor 
generator torque is set to Zero from “F” to “A.” 
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[0042] FIG. 5 shows a battery regeneration control graph 
and hoW the gasoline engine torque speed trajectory changes 
and allows the main battery charge to increase or the depth 
of discharge (DOD) to decrease. The charge in the battery 
increases as operation moves to the right in the graph. 

[0043] FIG. 6 shoWs hoW the engine “turn on” speed 
cycles and alloWs the DOD to cycle about a given state 
depending on the driving conditions. The premise is that 
each “average” operating speed has a “turn on” speed Which 
Will maintain the charge. If so, then We can regulate the 
battery state of charge (SOC) by “turn on” speed depending 
on the slope A“A, A“B, or A“C. The regulation ?delity is 
best With A“C. Additional information can be found in my 
prior US. Pat. No. 5,842,534 and US. Pat. No. 6,116,363, 
both of Which are incorporated herein by reference. 

[0044] 2. Determining the Operating Line of the System to 
Maintain the Charge in the Batteries or to Recharge the 
Batteries to a Higher State. 

[0045] The second objective of this invention is to provide 
a technique for operating the vehicle While simultaneously 
maintaining or increasing the battery state of charge. 

[0046] Referring again to FIG. 5, a technique to regener 
ate the batteries With the liquid fuel engine if needed is 
shoWn. The regeneration period should occur over a rela 
tively long period of time or at a loW current so that the 
recharge losses are minimized. The engine is to be kept 
operating at the IOL but the vehicle maximum performance 
may be reduced slightly. The charge rate should be loW. The 
battery regeneration poWer level is chosen so that it approxi 
mately matches the average poWer of the vehicle While 
driving. If this poWer setting is loW relative to the average 
load, the batteries Will sloWly discharge. If the setting is high 
relative to the average then the state of charge Will gradually 
creep up. The objective is to set the charge level so that the 
average state of charge creeps up and doWn at a loW 
frequency relative to the drivers’ action. The frequency of 
cycling should be less than 1/10th the frequency of the driver 
action at the accelerator pedal. The cycling frequency may 
be related to the battery pack siZe and other system param 
eters. The larger the battery pack, the loWer this charge 
frequency response may be and the more robust the control 
system. Or, the bandWidth of energy management should be 
approximately l/loth the driver’s bandWidth. The driver’s 
bandWidth should be approximately 1/10th the bandWidth of 
the internal component controllers, such as the pressure 
controllers of the CVT and the engine throttle controller. 
This separation of operating frequencies alloWs the vehicle 
to achieve robust control. Prediction or “fuZZy” concepts 
may be required for smaller battery packs. These control 
frequency ranges may overlap, thus making prediction nec 
essary. Boundaries of these control ranges can alWays be 
reached by excessive use of the system in some Way that is 
out of the ordinary. The important feature is that these 
boundaries are seldom reached and When they are reached 
the driver knoWs What alternative action is needed to correct 
the de?ciency. 

[0047] For example, if the batteries are being discharged 
and the regeneration level is too loW, the driver may simply 
go easier on the accelerator pedal or the computer may set 
the recharge level slightly higher, meaning the battery regen 
eration poWer level in FIG. 5 is set higher. Such action may 
be taken by a computer or manually by the driver Which 
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makes the system under manual control but such manual 
control is not necessary in general and once the level of 
charge is set for a particular driver it may not have to be 
adjusted again. This level of battery maintenance may be 
related to the Way a person drives. The vehicle can be set to 
the average driver and the driver could tune above or beloW 
this setting. The car Would not be put into jeopardy in any 
Way by this control. Only system ef?ciency is affected. 

[0048] Where the poWer to regenerate the batteries is 
determined by the control computer to be “X” kiloWatts, the 
gasoline engine is set to operate at a poWer level higher than 
required to maintain vehicle speed. If the cycle described 
under normal level road conditions as described above starts 
at point A in FIG. 2, then due to battery direct charge 
command, the engine operating point is moved to point AC 
to the right along the IOL. Thus, at steady state cruise point 
AC supplies the road load and charge load “X”. If the 
accelerator pedal moves suddenly to accelerate the car, then 
the operating point moves to BC. The incremental poWer is 
the same as in FIG. 2. Thus the vehicle acceleration is not 
affected under normal operation. The battery charge curve 
simply moves to the right to the points AC, BC, CC, and DC. 
The points E, F remain the same. As the level of negative 
poWer reaches A‘ the engine throttle is opened to operate on 
the IOL and the EMG is set to charge the batteries at the 
level at the start of this example cycle. 

[0049] When the brake pedal is depressed, the braking 
policy described in my International Publication No. WO 
00/25417 and my prior patents US. Pat. No. 5,842,534, US. 
Pat. No. 6,054,844, and US. Pat. No. 6,116,363 is invoked 
as before. 

[0050] The amount of “charge poWer” required to main 
tain battery state of charge is determined by the amount of 
de?cit from the ideal set by a system control policy. The 
“gain” on charge poWer de?cit Will determine the time 
constant of the charge. This charge policy is not normally 
needed since the charge depletion policy of US. Pat. No. 
5,842,534 accounts for most of the transition from charge 
depletion to charge sustaining. 

[0051] Note that the normal “charge depletion” algorithm 
of US. Pat. No. 5,842,534, depletes charge by control of 
engine “turn on” speed shoWn as shoWn in FIG. 4 of that 
patent. If this speed is high (e.g., “highWay” driving) the 
battery depletes as the vehicle drives. For “city” driving, 
hoWever, FIG. 6 herein shoWs an improved control policy 
Which alloWs the vehicle to use more gasoline and less 
electric energy on a given driving cycle, as the DOD 
increases, until points A, B or C. Here, the engine, motor, 
CVT, and computer controller Would control the engine 
“turn-on” speed and DOD control line to maintain a DOD 
set in the computer. The control lines A, B, and C in FIG. 
6 indicate three example DOD’s that can be maintained With 
this policy in a particular loW speed driving cycle. This 
policy should regulate a “turn-on” velocity for a consistent 
driving cycle. The system Will deplete the battery to DOD 1, 
2, or 3 corresponding to “turn on” policies A, B, or C, 
respectively. For more positive regulation, the “turn-on” 
speed can be loWered to V MIN and observe the DOD. If the 
DOD decreases to A‘, B‘ and C‘ respectively, then the battery 
charges. At this point the control computer can sWitch the 
“turn-on” speeds to A“, B“ and C“ respectively. The DOD 
Will then cycle betWeen 1 & 1‘ or 2 & 2‘ or 3 & 3‘. The 
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advantage of this concept is that battery state is maintained 
by regenerative braking and engine control energy With no 
“direct” or intentional charge. Thus, efficiency is the highest 
possible. If the use of this method is not adequate to maintain 
the DOD, then the above-described policy of engine poWer 
control can be used in addition. 

[0052] During highWay cruise, at high velocities above V 
MAX, there may not be enough deceleration events With 
enough energy to maintain a certain DOD. Then the com 
puter control concept of FIG. 5 Would be used to increase 
the engine poWer operating point by increasing the engine 
speed, While operating the engine along the IOL, as 
described in the second paragraph of this Section 2 above. 
The control computer Will determine the amount of charge 
poWer dependent on DOD error, charge rate and a control 
loop frequency determined by driving characteristics. It is 
desired to maintain the DOD at a relatively loW frequency 
compared to the driver accelerator pedal frequency. 

[0053] The block diagram of FIG. 7 depicts a general 
implementation for the policies discussed above. The poli 
cies are set by factors 100 such as battery life, electric energy 
use, and other long term factors or policies and, if desired, 
an optional manual control (e. g., override sWitch) 102 can be 
provided. The desired depth of discharge 104 is then com 
pared With the current average depth of discharge 106 and an 
error signal 108 is output to the poWertrain controller (e.g., 
engine, motor, CVT or multispeed transmission control 
computers) 110. The output of poWertrain controller 110 is 
the engine “turn on” speed or charge poWer setting 112 
Which is input to the poWertrain system (e.g., engine, motor, 
CVT or multispeed transmission) 114 along With fuel 116. 
The electrical energy use 118 is monitored by the battery 
status computer 120 Where the battery depth of discharge 
122 is determined in real time. The real-time depth of 
discharge measurements are time averaged in an averaging 
program 124 to generate the current average DOD 106. 

[0054] 3. LoW to Zero Accelerator Pedal Command 
Operation. 
[0055] At loW to Zero accelerator pedal depression, it is 
preferably to use the CVT or transmission to control the 
engine to operate at its minimum speed. This minimum 
speed is maintained at closed throttle and fuel shut off. The 
negative poWer at this minimum engine speed is loW and 
provides a natural source of deceleration for a “normal” 
driveability feeling. Further, since the negative poWer is loW, 
for good driveability the engine clutch may not be opened. 
The engine clutch opening Would occur at loW vehicle 
speeds set by other policies discussed above. 

[0056] For long mountain grade deceleration Where this 
battery system can no longer accept charge, a mountain 
drive mode (e.g., loW gear selection such as D1 or D2 in a 
transmission), may be desired. This is easily accomplished 
by setting the minimum engine speed higher, thereby pro 
viding high or engine deceleration poWer and closed throttle 
and Zero fuel. 

[0057] Accordingly, the present invention provides a num 
ber of advantages over other control methods, including, but 
not limited to: 

[0058] 1. Regulating the DOD of the battery system 
by the use of engine “turn-on” speed for loW speed 
city driving; 
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[0059] 2. Regulating the DOD of the battery system 
by averaging the DOD over a long period, long 
compared With driver action; 

[0060] 3. Setting a closed loop system to regulate 
DOD of a hybrid electric vehicle With a frequency 
bandWidth loW enough to maximiZe battery life, 
range, etc.; 

[0061] 4. Depleting the batteries to provide direct 
“Wall-plug” electric vehicle propulsion energy, but 
not recharging With gasoline to full charge. The 
engine is used to maintain a level of DOD Which is 
sufficient to anticipate all expected energy require 
ments Within a driving cycle; and 

[0062] 5. Using vehicle speed as a determinant of 
driving energy demand. For example, 60 mph and 
above is considered highWay driving. BeloW 60 mph 
is considered city driving. Thus the proposed control 
policy is changed according to vehicle speed. It is 
understood that other control details such as driving 
histories, time in a driving state, and other factors 
may be used to practically implement these controls. 

[0063] Furthermore, those skilled in the art Will readily 
appreciate that the control methods, policies and/or algo 
rithms of the present invention may be implemented on any 
conventional computer system under processor control 
using conventional programming techniques. 

[0064] Although the description above contains many 
speci?cities, these should not be construed as limiting the 
scope of the invention but as merely providing illustrations 
of some of the presently preferred embodiments of this 
invention. Therefore, it Will be appreciated that the scope of 
the present invention fully encompasses other embodiments 
Which may become obvious to those skilled in the art, and 
that the scope of the present invention is accordingly to be 
limited by nothing other than the appended claims, in Which 
reference to an element in the singular is not intended to 
mean “one and only one” unless explicitly so stated, but 
rather “one or more.” All structural, chemical, and functional 
equivalents to the elements of the above-described preferred 
embodiment that are knoWn to those of ordinary skill in the 
art are expressly incorporated herein by reference and are 
intended to be encompassed by the present claims. More 
over, it is not necessary for a device or method to address 
each and every problem sought to be solved by the present 
invention, for it to be encompassed by the present claims. 
Furthermore, no element, component, or method step in the 
present disclosure is intended to be dedicated to the public 
regardless of Whether the element, component, or method 
step is explicitly recited in the claims. No claim element 
herein is to be construed under the provisions of 35 U.S.C. 
112, sixth paragraph, unless the element is expressly recited 
using the phrase “means for.” 

1-6. (canceled) 
7. In a hybrid electric vehicle having an internal combus 

tion engine, an electric motor, and a battery system for 
poWering the electric motor, the improvement comprising: 

using engine “turn-on” speed to regulate depth of dis 
charge of the battery system by observing average 
depth of discharge of the battery system over a period 
of time and maintaining the depth of discharge betWeen 
a maximum and minimum With the engine. 
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8. Abattery control method for an hybrid electric vehicle 
having an internal combustion engine, an electric motor, and 
a battery system for powering the electric motor, compris 
ing: 

using engine “turn-on” speed to regulate depth of dis 
charge of the battery system by observing average 
depth of discharge of the battery system over a period 
of time and maintaining the depth of discharge betWeen 
a maXimum and minimum With the engine. 

9. Abattery control apparatus for a hybrid electric vehicle 
having an internal combustion engine, an electric motor, and 
a battery system for poWering the electric motor, compris 
mg: 

a computer; and 

programming associated With said computer for using the 
engine “turn-on” speed to regulate the depth of dis 
charge of the battery system by observing average 
depth of discharge of the battery system over a period 
of time and maintaining the depth of discharge betWeen 
a maXimum and minimum With the engine. 

10. In a hybrid electric vehicle having an internal com 
bustion engine, an electric motor, and a battery system for 
poWering the electric motor, the improvement comprising: 

cycling depth of discharge of the battery system With the 
engine to maintain the depth of discharge betWeen a 
maXimum and minimum. 

11. Abattery control method for a hybrid electric vehicle 
having an internal combustion engine, an electric motor, and 
a battery system for poWering the electric motor, compris 
mg: 

cycling depth of discharge of the battery system With the 
engine to maintain the depth of discharge betWeen a 
maXimum and minimum. 

12. A battery control apparatus method for a hybrid 
electric vehicle having an internal combustion engine, an 
electric motor, and a battery system for poWering the electric 
motor, comprising: 

a computer; and 

programming associated With said computer for cycling 
depth of discharge of the battery system With the engine 
to maintain the depth of discharge betWeen a maXimum 
and minimum. 

13. In a hybrid electric vehicle having an internal com 
bustion engine, an electric motor, and a battery system for 
poWering the electric motor, the improvement comprising: 

setting a closed loop system to regulate depth discharge of 
the battery system With a frequency bandWidth suffi 
cient to meet predetermined operating criteria; 

said predetermined operating criteria selected from the 
group consisting essentially of battery life, vehicle 
range, and driveability. 

14. An improvement as recited in claim 13, further 
comprising: 

regulating depth of discharge of the battery system With 
out fully charging the battery system With the engine. 

15. Abattery control method for a hybrid electric vehicle 
having an internal combustion engine, an electric motor, and 
a battery system for poWering the electric motor, compris 
mg: 
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setting a closed loop system to regulate depth discharge of 
the battery system With a frequency bandWidth suffi 
cient to meet predetermined operating criteria; 

said predetermined operating criteria selected from the 
group consisting essentially of battery life, vehicle 
range, and driveability. 

16. A method as recited in claim 15, further comprising: 

regulating depth of discharge of the battery system With 
out fully charging the battery system With the engine. 

17. A battery control apparatus for a hybrid electric 
vehicle having an internal combustion engine, an electric 
motor, and a battery system for poWering the electric motor, 
comprising: 

a closed loop system con?gured to regulate depth dis 
charge of the battery system With a frequency band 
Width sufficient to meet predetermined operating crite 
ria; 

said predetermined operating criteria selected from the 
group consisting essentially of battery life, vehicle 
range, and driveability. 

18. An apparatus as recited in claim 17, further compris 
mg: 

a computer; and 

programming associated With said computer for regulat 
ing depth of discharge of the battery system Without 
fully charging the battery system With the engine. 

19. In a hybrid electric vehicle having an internal com 
bustion engine, an electric motor, and a battery system for 
poWering the electric motor, the improvement comprising: 

using vehicle speed as a determinant of vehicle energy 
demand from said battery system. 

20. Abattery control method for an hybrid electric vehicle 
having an internal combustion engine, an electric motor, and 
a battery system for poWering the electric motor, compris 
mg: 

using vehicle speed as a determinant of vehicle energy 
demand from said battery system. 

21. A battery control apparatus for a hybrid electric 
vehicle having an internal combustion engine, an electric 
motor, and a battery system for poWering the electric motor, 
comprising: 

a computer; and 

programming associated With said computer for using 
vehicle speed as a determinant of vehicle energy 
demand from said battery system. 

22. In a hybrid electric vehicle having an internal com 
bustion engine, an electric motor, a battery system for 
poWering the electric motor, and a continuously variable 
transmission (CVT) poWertrain system, the improvement 
comprising: 

using the electric motor and battery system to provide 
acceleration and deceleration compensation for the 
CVT poWertrain system dynamics. 

23. A control method for a hybrid electric vehicle having 
an internal combustion engine, an electric motor, a battery 
system for poWering the electric motor, and a continuously 
variable transmission (CVT) poWertrain system, compris 
mg: 
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using the electric motor and battery system to provide 
acceleration and deceleration compensation for the 
CVT poWertrain system dynamics. 

24. A control apparatus for a hybrid electric vehicle 
having an internal combustion engine, an electric motor, a 
battery system for poWering the electric motor, and a con 
tinuously variable transmission (CVT) poWertrain system, 
comprising: 
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a computer; and 

programming associated With said computer for using the 
electric motor and battery system to provide accelera 
tion and deceleration compensation for the CVT poW 
ertrain system dynamics. 


