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REGENERATION AND BRAKE 
MANAGEMENT SYSTEM 

RELATED APPLICATION 

The present speci?cation is a Divisional and claims priority 
under 35 U.S.C. § 121 of US. patent application Ser. No. 
10/989,772 ?led Nov. 16, 2004 titled “Regeneration and 
Brake Management System,” Which application is incorpo 
rated herein by reference in its entirety. 

BACKGROUND 

The present system and method relate generally to hybrid 
motor vehicles, and more particularly, to a brake management 
system adapted to regenerate a fuel source of a hybrid motor 
vehicle. 

Automobile manufacturers are continuously Working to 
improve fuel ef?ciency in motor vehicles. Improvements in 
fuel ef?ciency are typically directed toWard reducing Weight, 
improving aerodynamics, and reducing poWer losses through 
the vehicle poWer‘train. HoWever, the need to improve fuel 
ef?ciency is commonly offset by the need to provide 
enhanced comfort and convenience to the vehicle operator. As 
an example, manually-shifted transmissions are more fuel 
e?icient than automatic transmissions due to loWer parasitic 
losses. The higher losses associated With conventional auto 
matic transmissions originate in the torque converter, the 
plate clutches and the hydraulic pump used to control opera 
tion of the hydraulic shift system. HoWever, a vast majority of 
domestic motor vehicles, for example, are equipped With 
automatic transmissions due to the increased operator conve 
nience they provide. Recent advances in poWer-operated shift 
systems have alloWed development of “automated” versions 
of manual transmissions, Which automatically shift betWeen 
sequential gear ratios Without any input from the vehicle 
operator. Thus, automated manual transmissions provide the 
convenience of a traditional automatic transmission With the 
ef?ciency of a manual transmission. 

Passenger vehicle and heavy truck manufacturers are also 
actively Working to develop alternative poWertrain systems in 
an effort to reduce the level of pollutants exhausted into the air 
by conventional poWertrain systems equipped With internal 
combustion engines. Signi?cant development efforts have 
been directed to electric and fuel-cell vehicles. Unfortunately, 
these alternative poWertrain systems suffer from several dis 
advantages and, for all practical purposes, are still under 
development. HoWever, “hybrid” electric vehicles, Which 
include an internal combustion engine and an electric or 
hydraulic motor, offer a compromise betWeen vehicles poW 
ered by traditional internal combustion engines and full elec 
tric-poWered vehicles. These hybrid vehicles are equipped 
With an internal combustion engine and an electric or hydrau 
lic motor that can be operated independently or in combina 
tion to provide motive poWer to the vehicle. 

There are tWo types of hybrid vehicles, namely, series 
hybrid and parallel hybrid vehicles. In a series hybrid vehicle, 
poWer is delivered to the Wheels by the electric motor, Which 
draWs electrical energy from a generator or a battery. The 
engine is used in series hybrid vehicles to drive a generator 
that supplies poWer directly to the electric motor or charges 
the battery When the state of charge falls beloW a predeter 
mined value. In parallel hybrid vehicles, the electric motor 
and the engine can be operated independently or in combina 
tion pursuant to the running conditions of the vehicle. 

Improving the ef?ciency of hybrid vehicles includes 
recouping energy spent by the electric motor. Generally, the 
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2 
control strategy for recouping energy spent by the electric 
motor involves operating the motor in a reverse operation 
causing it to function as a generator during braking opera 
tions. HoWever, attempting to recover spent energy through 
regenerative braking presents a number of issues. First, it is 
not possible or practical to recover all the braking energy at 
gross Weights, at high speeds, or at high deceleration rates 
because some braking energy has to be transferred to the 
brakes under these situations. HoWever, it Would be desirable 
to retrieve as much of the braking energy as practical. Second, 
the amount of energy retrieved and transferred during regen 
erative braking varies depending on many variables, some of 
Which Will change during vehicle operation, such as the 
amount of Wind acting on the vehicle, absorber motor torque 
variations, temperature changes, age of the vehicle, grade of 
the terrain, Weight transfers, rolling resistance, etc. Third, the 
requested amount of braking (deceleration) by the driver Will 
vary and usually increase as the vehicle sloWs. Fourth, regen 
eration Will unbalance tWo-Wheel-drive brake systems and 
could cause unusual brake and tire Wear. Attempting to obtain 
the maximum amount of energy through regeneration gener 
ally unbalances the brake system of a tWo -Wheel drive vehicle 
because regeneration provides a negative torque on the drive 
Wheels, in addition to the braking force applied by the braking 
system. During regenerative braking, the non-drive Wheels 
spin freely, only being acted upon by the braking system. This 
uneven application of negative torque betWeen the drive and 
non-drive Wheels results in a potential for skidding the drive 
Wheels, thus causing uneven tire Wear and brake Wear. 
Accordingly, there exists a need for improved regenerative 
brake control systems for use in hybrid vehicles that facilitate 
an ef?cient, yet safe regeneration of energy. 

SUMMARY 

A regeneration and brake management system includes a 
prime mover, an energy storage device associated With the 
prime mover, and a regenerative braking system including a 
controller and at least one friction brake, Wherein the regen 
erative braking system is con?gured to at least partially dis 
able the at least one friction brake during regenerative brak 
ing. 

According to one exemplary embodiment, the above-men 
tioned regeneration and brake management system is applied 
to a hybrid poWertrain system. When applied to a poWertrain 
system, the present system is con?gured to maximiZe the 
amount of energy accumulated through regenerative braking 
by at least partially disabling the friction brakes When su?i 
cient deceleration may be obtained through regenerative 
braking. Further, the present system reduces drive Wheel skid 
ding, and uneven tire and brake Wear. 

Additionally, an exemplary method for operating a regen 
erative poWer‘train system includes providing a prime mover, 
an energy storage device associated With the prime mover, a 
regenerative braking system including a controller and at 
least one friction brake, and at least partially disabling the at 
least one friction brake during regenerative braking. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments of the present system and method Will noW 
be described, by Way of example, With reference to the 
accompanying draWings, Wherein: 

FIG. 1 is a schematic vieW of an exemplary hybrid poWer 
train system for a motor vehicle; 

FIG. 2 is a schematic vieW of an exemplary regenerative 
braking system adapted for use in the hybrid poWertrain sys 
tem shoWn in FIG. 1; 
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FIG. 3 is a ?owchart illustrating an exemplary method for 
maximizing regeneration in a braking system according to 
one exemplary embodiment; 

FIG. 4 is a graphical representation of a hybrid poWertrain 
regeneration operation according to one exemplary embodi 
ment thereof; 

FIG. 5 is a simple schematic diagram illustrating a control 
system for implementing the method of FIG. 3 according to 
one exemplary embodiment thereof; 

FIG. 6 is a simple schematic diagram illustrating a control 
system for implementing the method of FIG. 3 according to 
one exemplary embodiment; 

Throughout the draWings, identical reference numbers 
designate similar, but not necessarily identical, elements. 

DETAILED DESCRIPTION 

The present system and method provide an integral anti 
skid, hydraulic brake pressure intensi?er, and regenerative 
control system. More speci?cally, the present system and 
method are con?gured to maximize the amount of energy 
accumulated through regenerative braking by at least par 
tially disabling the friction brakes When su?icient decelera 
tion may be obtained through regenerative braking. Conse 
quently, regeneration of energy is maximized While providing 
a requested amount of deceleration to the vehicle. Addition 
ally, the anti-skid functions of the vehicle are enhanced by a 
controller that manages and distributes the maximum avail 
able and acceptable kinetic energy to the storage batteries and 
distributes the excess energy to the appropriate friction 
brakes. By predicting and monitoring regenerator torque 
based on current, combined With the driver’s pedal input 
request and Wheel speed information detection, regeneration 
is maximized Without causing vehicle operating problems, 
such as Wheel slippage, imbalance that can cause drive Wheel 
skidding, or uneven tire and brake Wear. 

Referring noW to FIG. 1, a hybrid poWertrain system (20) 
con?gured to be associated With a hybrid vehicle is shoWn in 
accordance With an embodiment of the present system and 
method. In the illustrated embodiment, poWertrain system 
(20) includes a ?rst prime mover (22), such as a spark-ignited 
or compression-ignited internal combustion engine, and a 
hybrid transmission (24) that includes a second prime mover 
in the form of a motor (26), such as an electric motor/genera 
tor or hydraulic motor/pump. A main synchronizing clutch 
(28) is positioned betWeen ?rst prime mover (22) and hybrid 
transmission (24) to selectively engage and disengage the ?rst 
prime mover (22) from the hybrid transmission (24). The 
main synchronizing clutch (28) may be any number of 
clutches currently knoWn in the art such as a hydraulically or 
electrically operated friction clutch. 

Additionally, as illustrated in FIG. 1, the hybrid poWertrain 
system (20) includes a brake system (40) having at least one 
friction brake (42) associated With each Wheel of a hybrid 
vehicle. The friction brakes (42) may be any type of friction 
braking mechanism including, but in no Way limited to, 
hydraulically actuated brakes, electrically actuated brakes, 
mechanically actuated brakes, disk brakes, drum brakes, anti 
lock brakes, or any other device or combination of devices 
used to selectively reduce the kinetic energy associated With 
a moving vehicle. Further details of the brake system (40) Will 
be given beloW With reference to FIG. 2. 

Continuing With reference to FIG. 1, the poWertrain system 
(20) may include an electronic control unit (ECU) (30) for 
controlling operation of ?rst prime mover (22), main clutch 
(28), brake system (40), and hybrid transmission (24). In a 
particular con?guration, the ECU (30) includes a program 
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4 
mable digital computer that is con?gured to receive various 
input signals, including Without limitation, the operating 
speeds of the ?rst and second prime movers (22, 26), the 
transmission input speed, the selected transmission ratio, the 
transmission output speed, vehicle speed, and the friction 
brake actuation commands. Once received, the ECU (30) 
processes the signals according to logic rules to control 
operation of the poWertrain system (20). For example, the 
ECU (30) may be programmed to deliver fuel to the ?rst 
prime mover (22) When it functions as an internal combustion 
engine. To support this control, each of the ?rst prime mover 
(22), the main clutch (28), the brake system (40), and the 
hybrid transmission (24) may include its oWn controller (32, 
34, 35, 36) respectively. According to one exemplary embodi 
ment, the brake system controller (35) is a brake management 
regeneration anti-skid controller con?gured to implement the 
present system and method as explained in detail beloW With 
reference to FIGS. 3 and 4. HoWever, it Will be appreciated 
that the present system and method are not limited to any 
particular type or con?guration of ECU (3 0), controllers (32, 
34, 35, 36), or to any speci?c control logic for governing 
operation of the hybrid poWertrain system (20). 

In the exemplary embodiment illustrated in FIG. 1, the 
poWertrain system (20) also includes at least one energy stor 
age device (38A, 38B) for providing energy to operate the 
?rst and second prime movers (22, 26). For example, an 
energy storage device (38A) that is in ?uid communication 
With the ?rst prime mover (22) may contain a hydrocarbon 
fuel When the ?rst prime mover (22) functions as an internal 
combustion engine. In another example, the energy storage 
device (38B) may include a battery, a bank of batteries, or a 
capacitor When the second prime mover (26) functions as an 
electric motor/ generator. When so con?gured, the electric 
motor/ generator may be provided in electrical communica 
tion With the electrical storage device (38B) through a drive 
inverter (39), as is knoWn in the art. Alternatively, the energy 
storage device (38B) may function as a hydraulic accumula 
tor When the second prime mover (26) functions as a hydrau 
lic motor/pump. In the hybrid transmission (24) illustrated in 
FIG. 1, negative torque may be used to drive rotation of the 
second prime mover or motor (2 6), operating as a generator or 
a pump, to create and store energy in the energy storage 
device (38B). Moreover, engine braking may be emulated, 
Which may be desirable even if energy storage device (38B) is 
at capacity. For ease of explanation only, the present system 
and method Will be described hereafter in the context of a 
second prime mover or motor (26) that may function as a 
generator. HoWever, it Will be appreciated that the present 
system and method may also be applied to a hydraulically 
driven motor con?gured to operate as a pump. 

With reference to FIG. 2 of the accompanying draWings, 
the components and method of the exemplary brake system 
(40) Will noW be described in detail. According to one exem 
plary embodiment illustrated in FIG. 2, the exemplary brake 
system (40) includes a brake pedal (100) that is mechanically 
coupled to a master cylinder (105), including a ?uid reservoir. 
As a vehicle operator maneuvers the vehicle, desired decel 
eration is input to the exemplary brake system (40) by actua 
tion of the brake pedal (100). Pressure generated by actuation 
of the pedal (100) is transferred to the master cylinder (105) 
Where it is converted from a mechanical motion to a hydraulic 
pressure. This hydraulic pressure is further applied to an 
intensi?er (110) that ampli?es the hydraulic pressure gener 
ated by the master cylinder (105) as it is applied to the brake 
line (135). Reliable ampli?cation of the hydraulic pressure by 
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the intensi?er (110) is performed With the aid of a charge 
pump (120) and a ?uid accumulator (115), as is currently 
known in the art. 
As illustrated in the exemplary embodiment of FIG. 2, the 

brake lines (135) exit the intensi?er (110) and lead to a front 
and rear proportion valve (130, 131) respectively. The pro 
portioning valves (130, 131) regulate the hydraulic pressure 
that is eventually transferred to the friction brakes (152-158). 
Regardless of the type of friction brakes the hybrid vehicle 
possesses, the rear brakes (156, 158) generally require less 
force than the front brakes (152, 154). In other Words, the 
amount of brake force that can be applied to a Wheel Without 
overcoming the rolling friction depends, at least in part, on the 
amount of Weight on the Wheel. Higher Weight means more 
brake force can be applied to reduce the kinetic energy With 
out locking the Wheel up. The front brakes (152, 154) gener 
ally support a majority of the Weight of at least the ?rst prime 
mover (22) and the hybrid transmission (24), and conse 
quently demand higher braking force or pressure. As a result, 
a front-Wheel driven vehicle Will have the potential to regen 
erate more energy than a rear-Wheel driven vehicle. Conse 
quently, the present exemplary embodiment Will be described 
in the context of a front-Wheel driven vehicle having a hybrid 
poWertrain system (20). HoWever, the present system and 
method may be applied to any vehicle incorporating a hybrid 
poWertrain system (20). 

Continuing With the brake system (40) illustrated in FIG. 2, 
the front and rear proportion valves (130, 131) each transmit 
a pressurized ?uid to the inlet valves (145) of the friction 
brakes (152-158) With a shock damper (140) therebetWeen. 
As the pressurized ?uid is selectively passed through the 
brake inlet valves (145), it acts upon the friction element (not 
shoWn) of the friction brakes (152-158), thereby actuating the 
brakes and reducing the kinetic energy of the vehicle. The 
kinetic energy of the vehicle is reduced at a rate proportional 
to the pressure of the pressurized ?uid acting upon the friction 
element of the brakes (152-158). The inlet valves (145) main 
tain the pressure of the pressurized ?uid against the brakes 
(152-158) until pressure in the brake lines (135) is reduced. 
Once pressure in the brake lines (135) is reduced, the brake 
outlet valves (150) are actuated alloWing the pressurized ?uid 
to be exhausted and ?oW through a return path of the brake 
lines (135) to the charge pump (120) Where the ?uid may be 
reused in the brake system (40). When the pressurized ?uid is 
exhausted from against the brakes (152-158), the braking 
pressure on the brakes (152-158) is reduced or eliminated. 

FIG. 2 also illustrates a number of one-Way valves (160) 
and an accumulator (165) disposed in the brake system (40). 
As shoWn, the one-Way valves (160) are oriented to permit the 
?oW of a high pressurized ?uid to a loWer pressurized ?uid in 
a ?rst direction When a pressure differential exists in the brake 
lines (135). HoWever, in a second direction, the one-Way 
valves (160) are con?gured to prevent such a ?oW. Conse 
quently, the one-Way valves (160) provide a stabilization of 
the pressurized ?uid in one direction While maintaining a high 
pressure accumulation in a second direction. Similarly, the 
accumulator (165) disposed in the brake system (40) is 
coupled to the output of the intensi?er (110) and the input of 
the brake inlet valves (145) through a number of one-Way 
valves (160). As illustrated, the accumulator (165) and the 
one-Way valves (160) regulate a minimum pressure at the 
brake inlet valves (145) by alloWing a ?oW of pressurized 
?uid to the brake inlet valves When the pressurized ?uid 
provided by the proportioning valves (130, 131) drops beloW 
the pressure output by the accumulator. 

Additionally, as illustrated in FIG. 2, the exemplary brake 
system (40) includes Wheel speed pick-ups (151) and a num 
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6 
ber of pressure transducers (125) selectively placed in ?uid 
communication With the brake lines. The pressure transduc 
ers (125) are con?gured to monitor the hydraulic pressure 
present in various portions of the brake lines (135) and relay 
the resulting pressure measurements to the brake system con 
troller (35). Similarly, the Wheel speed pick-ups (151) are 
con?gured to monitor the velocity of the vehicle Wheels and 
convert the measured velocities to a corresponding electrical 
signal that may then be transferred to the brake system con 
troller (35; FIG. 1) or the ECU (30; FIG. 1). The brake system 
controller (35; FIG. 1) or the ECU (30; FIG. 1) may then use 
the received measurements collected by the pressure trans 
ducers (125) and the Wheel speed pick-ups (151) to further 
control the ?uid pressure regulating components of the brake 
system (40). Further details of the control executed by the 
brake system controller (35; FIG. 1) or the ECU (30; FIG. 1) 
Will be described beloW With reference to FIGS. 3 and 4. 
As illustrated in FIGS. 3 and 4, the present exemplary 

method begins by ?rst determining Whether a deceleration 
has been requested (step 300). According to one exemplary 
embodiment, throttle pedal (100; FIG. 2) position may be 
used as pre-indicator of an opportunity for deceleration, and 
thus, regeneration. Additionally, a request for deceleration 
and regeneration may be indicated by an increase in the ?uid 
pressure of the brake system (40), as detected by any of the 
pressure transducers (125), or by activation of a brake light 
system. 
Once a deceleration has been requested (YES, step 300) 

and detected by the brake system controller (35; FIG. 1), the 
ECU (30; FIG. 1) or the brake system controller determines 
the deceleration torque requested (step 305) by the vehicle 
operator. According to the present exemplary embodiment, 
the pressure transducers (125; FIG. 2) may be used to deter 
mine the deceleration torque requested from the user by cor 
relating the pressure generated in the braking system (40; 
FIG. 2) With a desired deceleration torque. Additionally, 
according to another exemplary embodiment, the decelera 
tion torque requested is determined from an analysis of the 
amount of force exerted by the vehicle operator on the brake 
pedal (100; FIG. 2). 
As illustrated in FIG. 4, line F represents an exemplary 

hydraulic pressure generated by a vehicle operator. The pres 
sure generated by a vehicle operator’s actuation of the brake 
pedal (100; FIG. 2) may vary anyWhere from zero to over 
2000 psi. As mentioned previously, the braking or decelera 
tion torque requested is then determined by the brake system 
controller (35; FIG. 2) or the ECU (30; FIG. 2) from the 
hydraulic pressure generated, as represented in FIG. 4 by line 
G. According to the exemplary embodiment illustrated in 
FIG. 4, the deceleration torque requested (G), When applied to 
the Wheels, Will produce a desired level of deceleration (D). 
The deceleration torque used to produce the desired level of 
deceleration (D) may come from any combination of regen 
eration braking, rolling resistance, Wind resistance, front fric 
tion brake application, and/or rear friction brake application. 
As Will be described beloW, the exemplary method illustrated 
in FIG. 3 manages the allocation of the desired level of decel 
eration betWeen various braking sources to maximize the 
amount of energy produced through braking regeneration. 

Returning again to FIG. 3, once the requested deceleration 
torque is determined (step 305), the braking system (40; FIG. 
2) applies the friction brakes to an initial predetermined pres 
sure level (step 310). Line A of FIG. 4 represents the decel 
eration torque provided by an initial predetermined pressure 
level that acts on a portion of the Wheels of a vehicle When the 
brakes are applied, according to the illustrated embodiment. 
The brakes (152-158; FIG. 2) are applied to an initial prede 
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termined pressure level to ensure that all the clearances 
betWeen the friction causing device, such as a brake pad, and 
a portion of the vehicle Wheel, such as a disk or drum are 
removed in preparation for further application. The predeter 
mined pressure level of the brakes (152-158; FIG. 2) may 
vary, based on a number of factors including, but in no Way 
limited to, Weight of the vehicle, operating speed of the 
vehicle, etc. 

After the initial application of the friction brakes (step 310) 
is performed, the ECU (30) or braking system controller (35) 
determines Whether further deceleration is requested, in 
excess of the deceleration provided by the initial application 
of the friction brakes, to achieve the desired level of decel 
eration (step 315). If the initial application of the friction 
brakes is suf?cient to achieve the desired level of deceleration 
and no further braking is desired (N 0, step 315), the braking 
system (40) continues to monitor for further deceleration 
requests (step 300). 

If, hoWever, deceleration in excess of the predetermined 
pressure value is requested (YES, step 315), the ECU (30; 
FIG. 1) and/ or braking system controller (35; FIG. 1) prevents 
further friction braking (step 320) and the regenerator is 
applied (step 325).As shoWn in FIG. 4, the initial deceleration 
torque (A) generated When the brakes (152-158; FIG. 2) are 
initially applied to a predetermined pressure level is not suf 
?cient to achieve the desired level of deceleration (D). Con 
sequently, a quantity of deceleration over time is provided 
through regeneration as illustrated by the area E in FIG. 4. 
According to the present exemplary embodiment, further 
friction braking by the brakes (152-158; FIG. 2) beyond the 
initial predetermined pressure level represented by line A is 
prevented to maximize the amount of energy obtained 
through regenerative braking. 
As mentioned previously, application of the regenerator 

includes, referring to FIG. 1, disengaging the main synchro 
niZing clutch (28) to decouple the ?rst prime mover (22) from 
the hybrid transmission (24). Once the ?rst prime mover (22) 
is decoupled from the hybrid transmission (24), the second 
prime mover (26) is operated as an electric generator. When 
so con?gured, the electric generator is provided in electrical 
communication With the electrical storage device (38B) 
through a drive inverter (3 9). When the regeneration process 
is initiated, further deceleration is provided to the vehicle as 
negative torque that is thenused to drive rotation of the second 
prime mover (26), operating as a generator or a pump, to 
create and store energy in the energy storage device (38B). 
Driving the rotation of the second prime mover (26) With 
negative torque of the hybrid transmission effectively reduces 
the speed of the vehicle Without Wasting the kinetic energy in 
the brakes (152-158). 

Returning again to FIGS. 3 and 4, the ECU (30; FIG. 1) or 
braking system controller (35; FIG. 1) determines, during the 
regeneration process, Whether the system regeneration limits 
have been met (step 330). The determination of Whether the 
system regeneration limits have been met (step 330) is based, 
according to one exemplary embodiment, on the inputs 
received from the pressure transducers (125; FIG. 2), the 
Wheel speed pick-ups (151; FIG. 2), and/ or the energy storage 
device (38B; FIG. 1). As used in the present speci?cation, the 
term “system regeneration limits” is meant to be understood 
as including any condition that demands reduction or elimi 
nation of the regenerative braking including, but in no Way 
limited to, ?lling of the energy storage device (38B; FIG. 1) to 
capacity, approaching traction limits of the driven Wheels, 
and the like. 

According to one exemplary embodiment, the ECU (30; 
FIG. 1) and/or braking system controller (35; FIG. 1) deter 
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8 
mines Whether the regeneration limits are met (step 330) 
While factoring in system inputs that may vary during opera 
tion, and consequently, may vary Whether conditions such as 
traction limits of the driven Wheels are met. System inputs 
that may be considered by the ECU (30; FIG. 1) and/ or 
braking system controller (35; FIG. 1) include, but are in no 
Way limited to, grade, rolling resistance, surface condition 
changes, Weight distributions and variances, absorbing gen 
erator torque variations, and requested deceleration rates. 
According to the present system and method, the system 
inputs are automatically sensed and transferred to the ECU 
(30; FIG. 1) and/or braking system controller (35; FIG. 1). 
The ECU (30; FIG. 1) and/or braking system controller (35; 
FIG. 1) then compensate for changes in the system inputs 
With the regenerative braking to maintain brake balance 
betWeen the Wheels and prevent skidding conditions, such 
that the compensations are undetectable by the vehicle opera 
tor. 
As illustrated in FIG. 4, the amount of deceleration torque 

provided over time by the regenerative braking is represented 
by the area E. Further, line 1 represents the maximum decel 
eration torque obtainable per unit of time from regenerative 
braking in combination With the initial predetermined pres 
sure level represented by line A Without exceeding the system 
regeneration limits, according to the present exemplary 
embodiment. When the regenerative braking has been 
engaged, a balance is maintained betWeen maximizing the 
energy generated from regenerative braking and decelerating 
the vehicle. 

If the requested level of deceleration (D) has not been 
achieved and the system regeneration limits have not yet been 
met (NO, step 330), the ECU (30; FIG. 1) and/or braking 
system controller (35; FIG. 1) returns to a previous state and 
aWaits further deceleration requests (step 315) so that the 
regeneration may be further applied (step 325). According to 
the present exemplary embodiment, the friction brakes con 
tinue to be maintained at the initial predetermined pressure 
level represented by area A to prevent further deceleration by 
the friction brakes. This control method gives priority to 
regenerative braking to avoid Wasting kinetic energy. More 
speci?cally, the friction brakes (152-158; FIG. 1) are disabled 
from further application until the system regeneration limits 
have been met. 

If, hoWever, the ECU (30; FIG. 1) or braking system con 
troller (35; FIG. 1) determines that the regeneration limits of 
the hybrid poWertrain system (20; FIG. 1) have been met 
(YES, step 330), the ECU (30; FIG. 1) or braking system 
controller (35; FIG. 1) enables further friction braking, start 
ing With braking of the driven or front-Wheel brakes ?rst (step 
335) folloWed by application of the rear Wheel or non-driven 
brakes (step 340). 

Returning again to FIG. 4, line B illustrates the point in 
time When pressure begins to be applied to the driven or front 
Wheel brakes (152, 154; FIG. 2), providing deceleration to the 
vehicle in addition to the deceleration provided by the regen 
erative braking, represented by area E. As shoWn, line J illus 
trates a deceleration torque provided When pressure is applied 
to the driven or front Wheel brakes (152, 154; FIG. 2). Simi 
larly, line C illustrates the point in time When pressure is also 
applied to the rear Wheel or non-driven brakes (156, 158; FIG. 
2). Line K illustrates a deceleration torque provided over time 
When pressure is applied to the rear Wheel or non-driven 
brakes (156, 158; FIG. 2). As mentioned previously, the point 
of operation When the regeneration limits have been met may 
vary depending on a number of system inputs. That is, points 
B and C of FIG. 4 can occur anytime after the friction brakes 
have been set to the initial predetermined pressure level as 



US 7,647,997 B2 
9 

represented by line A, or they may not occur at all, depending 
on brake requests, vehicle Weight, surface condition and 
many other variable system inputs. Once the level of maxi 
mum deceleration torque available per unit time from regen 
erative braking (I) has been met, Whether it be because the 
energy storage device (38B; FIG. 1) is ?lled to capacity or the 
regeneration torque exceeds the available traction of one or 
more of the Wheels, further energy Will then be absorbed by 
the friction brakes (152-158; FIG. 2). As illustrated in FIG. 4, 
a quantity of deceleration per unit time, as illustrated as area 
(H), is provided by application of the front Wheel brakes (152, 
154; FIG. 2) to achieve the requested level of deceleration 
(D) 

Point C illustrates a point in time When the non-driven rear 
Wheel brakes (156, 158; FIG. 2) begin to engage and aid in 
decelerating the vehicle by providing the deceleration torque 
represented by line K, according to the present exemplary 
embodiment. Engagement of the rear Wheel brakes (156, 158; 
FIG. 2) Will occur When the ECU (30; FIG. 1) or braking 
system controller (35; FIG. 1) detects that maximum regen 
eration current (I) is achieved and no rear Wheel slippage is 
occurring, the thermal limit of the braking system (40; FIG. 1) 
is being exceeded, the energy storage device (38B; FIG. 1) 
cannot accept any more energy, the front brakes are being 
applied, and yet the vehicle operator is requesting still a 
higher level of braking. As illustrated in FIG. 4, the front 
brakes (152, 154; FIG. 2) and the rear brakes (156, 158; FIG. 
2) may be selectively applied to provide additional decelera 
tion While maintaining Wheel balance. 

FIGS. 5 and 6 illustrate a number of exemplary control 
systems con?gured to implement the above-mentioned 
method according to various levels of complexity. FIG. 5 is a 
simple schematic diagram illustrating a control system (500) 
for implementing the method of FIG. 3, according to one 
exemplary embodiment. As illustrated in FIG. 5, the ECU 
(30) includes a plurality of control modules and signal modi 
fying units that perform the exemplary method of FIG. 3. As 
shoWn, system monitoring signals may be generated by the 
pressure transducers (125) and received by a signal condi 
tioning unit (510), Which converts the pressure transducer 
signals into control signals. Similarly, the Wheel speed pick 
up units (151) generate Wheel velocity monitoring signals, 
Which are received by a Wheel speed conditioning module 
(540) and used to generate control signals. As illustrated, the 
output of both the pressure signal conditioning unit (510) and 
the Wheel speed conditioning unit (540) are combined and 
used to generate the regeneration command that is transmit 
ted to the motor controller (36), as discussed previously. 

Continuing With reference to FIG. 5, the motor controller 
(36) provides regenerator current and transmission ratio sig 
nals to the transmission ratio modi?er module (550) to alloW 
for a determination of proper friction braking based on the 
amount of regeneration braking performed and the condition 
of the variable system inputs, as previously mentioned. Once 
a friction braking determination is made, based on system 
conditions, the braking control signal is combined With both 
the conditioned pressure transducer signal and the condi 
tioned Wheel speed signal and provided to proportional valve 
control modules (520, 530) for the front (130) and rear (131) 
proportion valves respectively to alloW for balancing of the 
driven and non-driven Wheels. Accordingly, the ECU (30) 
provides for the maximization of regenerative braking, based 
on the pressure transducer signals and the Wheel speed sig 
nals, prior to the operation of the friction brakes (152-158; 
FIG. 2), as previously mentioned. Additionally, according to 
one exemplary embodiment, the front (130) and rear (131) 
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proportion valves are con?gured to open at a nominal pres 
sure of perhaps 300 PS1 to ensure brake availability in the 
event of an electrical failure. 

Further, as illustrated in FIG. 5, the motor controller (36) is 
coupled to an anti-lock braking system (ABS) (560). Accord 
ing to the present exemplary embodiment, the motor control 
ler (36) is con?gured to recogniZe requested deceleration 
rates that Would suggest a loss of traction. Accordingly, if the 
rear Wheels of the hybrid vehicle lose traction, the ABS (560) 
Will reduce the regeneration torque, and if additional braking 
is requested, the friction brakes (152-158; FIG. 2) Will be 
applied and blended in With the pedal application pressure 
Which is being determined and controlled by the vehicle 
operator. If Wheel traction is still lost, the ABS (560) Will 
operate normally as is Well knoWn in the art. By retaining the 
functionality of the standard ABS (560), the regenerative 
braking may be maximiZed until the ABS determines that the 
Wheels are likely to lose traction. 

Similarly, FIG. 6 illustrates an alternative control system 
(600) con?gured to modulate friction brake application pres 
sures in response to a regenerative braking current. In contrast 
to the control system illustrated in FIG. 5, the control system 
con?guration (600) shoWn in FIG. 6 does not provide pres 
sure and/or Wheel speed signals to the proportion valves (520, 
530) in an attempt to balance the application of the friction 
brakes (152-158; FIG. 2). Rather, the regeneration system is 
applied and controlled by brake pressure as sensed by the 
brake pressure transducers (125; FIG. 2). According to the 
exemplary control system con?guration (600), the friction 
brakes (152, 158; FIG. 2) are disabled, as mentioned above, as 
long as the regenerative braking system can provide the 
desired deceleration (braking) range requested by the vehicle 
operator, and provided that the Wheels do not break traction as 
detected by the ABS system. According to the exemplary 
control system con?guration (600) illustrated in FIG. 6, brake 
light signals (610), combined With brake pressure transducer 
(125) signals are used to trigger a deceleration request. Once 
deceleration is requested, the motor controller (36) performs 
regenerative braking While disabling the friction brakes (152 
158; FIG. 2), according to the previously mentioned method, 
until the regeneration limits have been met and additional 
friction braking is desired. Once the regeneration limits have 
been met, a signal is transmitted to the proportional valve 
control units (520, 530) to control further actuation of the 
friction brakes (152-158; FIG. 2). 

While the features of the present system and method are 
particularly suited for electrically poWered motors, it is pos 
sible to apply the present systems and methods to regenerate 
air systems, hydraulic systems, or mechanical systems. Addi 
tionally, While the present system and method Were described 
above in the context of a front-Wheel drive vehicle, the present 
systems and methods may be applied to vehicles having any 
number of drive con?gurations that fully or partially disable 
friction braking to maximiZe regenerative braking including, 
but in no Way limited to a rear-Wheel drive or a four-Wheel 
drive vehicle. 

In conclusion, the present system and method maximiZe 
the amount of energy accumulated through regenerative brak 
ing by preventing friction brake application in excess of an 
initial predetermined application level When suf?cient decel 
eration may be obtained through regenerative braking. 
Regenerative braking energy is maximiZed While providing a 
requested amount of deceleration to the vehicle Without caus 
ing vehicle operating problems, such as Wheel slippage, 
imbalance that can cause drive Wheel skidding, or uneven tire 
and brake Wear. 
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The present exemplary system and method have been par 
ticularly shown and described With reference to the foregoing 
embodiments, Which are merely illustrative of the best modes 
presently established for carrying out the system and method. 
It should be understood by those skilled in the art that various 
alternatives to the embodiments of the system and method 
described herein may be employed in practicing the system 
and/ or method, Without departing from the spirit and scope 
thereof as de?ned in the folloWing claims. It is intended that 
the folloWing claims de?ne the scope of the system and 
method and that the systems and methods Within the scope of 
these claims and their equivalents be covered thereby. This 
description of the system and method should be understood to 
include all novel and non-obvious combinations of elements 
described herein, and claims may be presented in this or a 
later application to any novel and non-obvious combination 
of these elements. Moreover, the foregoing embodiments are 
illustrative, and no single feature or element is essential to all 
possible combinations that may be claimed in this or a later 
application. 

What is claimed is: 
1. A vehicular hybrid poWertrain system comprising: 
a ?rst prime mover; 
a second prime mover; 
an energy storage device associated With said second prime 

mover; and 
a regenerative braking system including a controller and 

friction brakes associated With said poWer‘train system, 
Wherein said regenerative braking system is con?gured 
to at least partially disable said friction brakes during 
regenerative braking; and 

Wherein said controller is con?gured to engage said fric 
tion brakes to an initial non-Zero pressure level prior to 
regenerative braking and maintaining said friction 
brakes at a pressure level at least equal to said initial 
non-Zero pressure level during regenerative braking. 

2. The vehicular hybrid poWertrain system of claim 1, 
Wherein said second prime mover comprises an electric motor 
and an inverter associated With said electric motor, and 
Wherein said regenerative braking comprises providing nega 
tive torque to said electric motor operating as a generator. 

3. The vehicular hybrid poWertrain system of claim 2, 
Wherein said second prime mover comprises a hydraulic 
motor. 

4. The vehicular hybrid poWertrain system of claim 1, 
further comprising: 

a multi-ratio transmission including an input; and 
a clutch con?gured to selectively couple said ?rst prime 
mover to said multi-ratio transmission, said clutch being 
con?gured to un-couple said ?rst prime mover from said 
multi-ratio transmission during regenerative braking. 

5. The vehicular hybrid poWertrain system of claim 1, 
Wherein said controller is further con?gured to: 

disable further friction braking until a limit of said regen 
erative braking system is met; said regenerative braking 
system being con?gured to produce a regenerative cur 
rent during operation. 

6. The vehicular hybrid poWertrain system of claim 5, 
Wherein said limit of said regenerative braking system com 
prises one of an energy storage device operating at capacity, a 
thermal limit of said regenerative braking system, or a Wheel 
slippage. 

7. The vehicular hybrid poWer‘train system of claim 5 
Wherein said limit of said regenerative braking system is 
varied based on one of a grade rolling resistance, a surface 
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condition change, a Weight distribution and variance, an 
absorbing generator torque variation, or a requested decelera 
tion rate. 

8. The vehicular hybrid poWer‘train system of claim 5, 
Wherein said limit of said regenerative braking system is 
determined from a regenerative braking current. 

9. The vehicular hybrid poWer‘train system of claim 6, 
further comprising: 

a pressure transducer con?gured to detect a ?uid pressure 
in said regenerative braking system; 

a Wheel speed pick-up unit con?gured to sense a rotational 
velocity of a vehicle Wheel; and 

Wherein said limit of said regenerative braking system is 
determined from said regenerative current, a detected 
?uid pressure, and a sensed Wheel velocity. 

10. The vehicular hybrid poWertrain system of claim 1, 
further comprising a proportional valve disposed in said 
regenerative brake system con?gured to selectively apply an 
actuating brake ?uid to said friction brakes; and 

Wherein said at least partial disabling of said friction brakes 
comprises limiting a ?uid pressure passed through said 
brake system proportional valve. 

11. The vehicular hybrid poWertrain system of claim 1, 
Wherein said regenerative braking system is con?gured to 
enable friction braking When a regenerative limit of said 
regenerative braking system is met. 

12. The vehicular hybrid poWer‘train system of claim 11, 
Wherein said controller is con?gured to balance said enable 
ment of the friction braking. 

13. The vehicular hybrid poWer‘train system of claim 12, 
Wherein said balancing comprises enabling a friction braking 
of a set of front Wheels on a front-Wheel driven vehicle. 

14. The vehicular hybrid poWertrain system of claim 1, 
Wherein said controller is con?gured to at least partially dis 
able said friction brakes and to initiate regenerative braking in 
response to one of an increased brake ?uid pressure, an elec 
trical brake light signal, or a throttle pedal. 

15. A vehicular hybrid poWer‘train system comprising: 
a ?rst prime mover including an internal combustion 

engine; 
a second prime mover including an electric motor and an 

inverter; 
an energy storage device associated With said second prime 

mover; 
a multi-ratio transmission including an input; 

a regenerative braking system including a controller and 
friction brakes associated With said poWer‘train system, 
and Wherein said regenerative braking system is con?g 
ured to at least partially disable said friction brakes 
during regenerative braking, Wherein said regenerative 
braking comprises providing negative torque to said 
electric motor operating as a generator; and 

a clutch con?gured to selectively couple said ?rst prime 
mover to said multi-ratio transmission, said clutch being 
con?gured to un-couple said ?rst prime mover from said 
multi-ratio transmission during said regenerative brak 
ing; and 

Wherein said controller is con?gured to engage said fric 
tion brakes to an initial non-Zero pressure level prior to 
regenerative braking and maintaining said friction 
brakes at a pressure level at least equal to said initial 
non-Zero pressure level during regenerative braking. 

16. The vehicular hybrid poWer‘train system of claim 15, 
Wherein said controller is further con?gured to: 



US 7,647,997 B2 
13 

disable further friction braking until a limit of said regen 
erative braking system is met; said regenerative braking 
system being con?gured to produce a regenerative cur 
rent during operation; 

Wherein said limit of said regenerative braking system 
comprises one of an energy storage device operating at 
capacity, a thermal limit of said regenerative braking 
system, or a Wheel slippage. 

17. The vehicular hybrid poWertrain system of claim 16, 
Wherein said limit of said regenerative braking system is 
varied based on one of a grade rolling resistance, a surface 
condition change, a Weight distribution and variance, an 
absorbing generator torque variation, or a requested decelera 
tion rate. 

18. The vehicular hybrid poWertrain system of claim 16, 
further comprising: a pres sure transducer con?gured to detect 
a ?uid pressure in said regenerative braking system; a Wheel 
speed pick-up unit con?gured to sense a rotational velocity of 
a vehicle Wheel; and Wherein said limit of said regenerative 
braking system is determined from said regenerative current, 
a detected ?uid pressure, and a sensed Wheel velocity. 

19. The vehicular hybrid poWertrain system of claim 15, 
Wherein said controller is con?gured to at least partially dis 
able said friction brakes and to initiate regenerative braking in 
response to one of an increased brake ?uid pressure, an elec 
trical brake light signal, or a throttle pedal position. 

20. A regenerative vehicle poWertrain system comprising: 
a prime mover; 
an energy storage device associated With said prime mover; 

and 
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a regenerative braking system including a controller and at 

least one friction brake, Wherein said regenerative brak 
ing system is con?gured to at least partially disable said 
at least one friction brake during regenerative braking; 

Wherein said controller is con?gured to initially engage 
said friction brakes to a non-Zero pressure level prior to 
regenerative braking and maintaining said at least one 
friction brake at a pressure level at least equal to said 
initial non-Zero pressure level during regenerative brak 
ing. 

21. The regenerative vehicle poWertrain system of claim 
20, Wherein said prime mover comprises an electric motor 
and an inverter, Wherein said regenerative braking comprises 
providing negative torque to said electric motor operating as 
a generator. 

22. The regenerative vehicle poWertrain system of claim 
20, Wherein said at least partially disabling said at least one 
friction brake during regenerative braking comprises: 

disabling further friction braking until a limit of said regen 
erative braking system is met; said regenerative braking 
system being con?gured to produce a regenerative cur 
rent during operation. 

23. The regenerative vehicle poWertrain system of claim 
20, Wherein said at least partially disabling said at least one 
friction brake during regenerative braking comprises com 
pletely disabling said at least one friction brake during regen 
erative braking. 


