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present-day designs with high requirements for shift comfort durin the entire life of the
transmission, atall temperatures, and with varying oil qulitv, the analogpressure control
solenoid issuperior to the usual PWM solenoidproviding there is no pressure sensor in oper-
ation as a guideline for pressure regulationThis appliction usually uses on central control-
Iing element in the transmission for the pressure regultion tocontrol the shiftquality.

In other transmission developments, the shift quality is further increased using electroni-
cally controllable brake elements (brake bands) for some specific gear changs.In this case,
the flywheel effect of the revolving elements is limited by an electronic controlof a brake
hand accordingtoanagorithm orspecial timing conditions.

The most sophisticated transmission application to date is so desiged that overrunning
clutches are eliminatedand earchanes areexclusively controlled by theelectronic control
unit with pressure regul ator solenids, This application is characterized by extreiely high
demands on the electronic TCU concerning real-time behavior and data handling.The rela-
tionship betveenweight, transmission outline, and transferrable torque has reached a high
level. Compared to transmissions with overrun clutches, thenecessary filtting dimensions are
reduced.

Present electronicallycontrolled ATs usually have an electronically commanded torque
converter clutch, which can lock up the torque converter between the engine output and the
transmission inputThe torque converter clutch is activated under ce tain driving conditions
by a solenoid controlled by the electronic TC). The solenoiddesign, depending on the
requirements ofTCC functions and shift comfort, caneither bean n/off solenoid, a PWM
solenoid, or a pressure regulator. Locking up the torque converter eliminates the slip of the
converter, and theefficiency of the transmission system is increased, This results in an even
lower fuel consumption for cars equipped with AT

13.2.2 Electronic Control Unit

Another important component in electronic transmission control is the electronic control
unit, which is designed according to the requirements of the transmission and the car envi-
ronments.The electronic control unit can he divided into twomain parts: the hardware and
thecorrespondingsoftware

Hardware. 'Ie hardwareof the electroniccontrol unit consistsofthe housing, the plug,the
carrier for the electronic devices, and thedevices themselves. The lousing, according to the
requirements is available as an unsealed design for applicatio nside the passenger com-
partment or within the luggage compartment Itis also possibletohave sealed variants for
mounting conditions inside the enginecompartment or at the bulkhead.The materials for the
housing can be either various plastics or metals. There are many dierent nonstandardized
housings on the market.The various outlines and plug configurations differ, depending upon
the manufacturer of the electronic unit.The plug configuration, i.e., the number f pins and
the shape, depends on the functions and the requirements of the automotive manufacturer.
The numberof pins is usually less than 100. Some control unit manufacturers try to standard-
ize their plugs and housingsthroughout all their electronic control unitssuch as engine man-
agement, ABS. traction control, and others.This is important to simplify and to standardize
the unit production and the tests during manufacturing.

The carrier for the electronic devices is usually aconventional printed circuit board (PCB),
The number of layers on the PCB depends on the application.For units with a complex device
structure and high demands for electromagnetic compatibility, multilayer applications are in
use. In special casesitis possible to use ceramics as a carrier. There aeusually someparts of
the electronic circuit, resistors for example, designed as a thick-film circuit on the hybrid. In
this case the electronic unit is manufacturedas asolder hybrid or asa bond hybrid with direct-
bonded integrated circuit devices. Some single applications exist with a flex-foil as a carrier
for the electronic devices.These applications are limited to very special requirements.
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13,4 CONTROLSYSTEMS

The transmIssioncon trol area requires some, specialIy designed lIectronic deices in par-
ticular, he output stagesf or the actuators of pressure reguIla ond torque comerer clutch
control.'These actuators for prssure control have remelyhigh demands egarding ccu-
jacyof the actuator current m ert 1he0whole tempeatureane and under all condiIons ide-
pendent of battery voltage and over the entireIfelimeThere arensome known applications of
customer-specific integrated circuits or dvces Here, special attention paid to quality and
reliability over the entire ifetimisneesst o f ee continuously ilcreasing quality
requirements of the automotive market Cur ently, thereis an in.resing spred ofsurface
mounteddevices II transmission controlappilcions ilis is why (he unit ie continuousy
decreasillg despitea n increasingnumbfer offuntins

On thefunctional sidethe hardware configuration can be dividedinto power supply, input
sinal transfer circuits output stages and microcontiollr, including peripheral components
and monitoring and safetycircuits (Fig. 13.1). The power supply converts the vehiclebattery
volage into a constant voltage required by the ectronic devices inside the control unit
Accordinglyspecial attention must be paid to the protection of the internal devLsagainst
destruction by transientsfrom the vehicleelectricalsystem such as load dumpreversebattery
polarity, and voltage peaks. Particular attention is also necessar in the design of the elec-

ignition Internalsupply
V eaft Voltage

digital diga signals
inputs

interfaces

EMS
interface

pulse signtal

speed interfaces
signals

Tanalogsignals
'ATF

interfaces

micro-
controller

EPROM

RAM

external
watchdog

actuator actuators
outputacutr
stages

signals ECU
output interf0aces
stages

diagnostics seal
interface for
diagnostics

FIGURE 131 Oeveohrwrprs

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



TRANSMISSION CONTROL 13.5

tronic ground concept for tie control unit, especially where the elecctomagnetic compatibil-
ity and RF interference is concerned.This is very important to prevent undesired gear shift-
ing that may be troublesome for drivers. One part of the input circuit is the preparation ofthe
digital signals, such as position switch, program selector, and kickdown switch. A second part
is the transfer of the analog signals like ATF temperature and voltages according to poten-
tionieter states. Thethird part is the interface to other electronic control units, especially to
theengine management svstenv Here the single signal lines between the control units will be
increasinglysubstituted by bussystems like CAN. The fourth partis the preparation of the
transmission-specificsignals from the speed sensors inside the transmission

Thecalculators inside the contrt units are usually mirocontrollers The real-time require-
menits andthe directly addressableprogram storage size of the selected microcontrollers are
determined by the functions of the transmission control and the carIenvironment, In present
applications, either 8-bit or 16-bit microcontrollers are in use There are systems with 32-bit
microcontrollers in development for new, highly sophisticated control ,ystems with increasing
functional and extremereal-timerequirements originating from the transmission concept. N
The memory devices for program and data are usually EPROMS.Theirstorage capacity is,in
present applicationsup to 64 Kbytes.Future applications will necessitate storagesizes up to
128 Kbytes. The failure storages for diagnostics and the storage for adaptive data are in con-
ventional applications, batteryvoltage-uppliedRAMs.These are increasingly being replaced
by EEPROMs.

Thre are usually watchdog circuits in various configurations in use regarding safety and
monitoring. These can be either a second, low-performance microcontroller, a customer-
specific circuit, or a circuit with common available devices.The output. stages can be divided
into high-power stages for the transmission actuator control and low-power stages like lamp
drivers or interfaces to other electronic control units.The low-power otut stages are mostly
conventional output drivers either insingle or in multiple applications whicharemainlypro-
tected againstshort circuits and voltage overloads.

For the transmissionsolenoid control, special output stages are necessary. and they are
specialized for operation with inductive actuators. The pressure regultion during shifting in
some applcations requires high accuracy and current-regulated output stages are needed.
These are mainly designed as customer-specificdevicesThe type and numberof solenoid out-
put stagesdepend on the controphilosophy of the transmission:they are generally of a spe-
cial design for specific transmission applications, During the preparation of the speed sensor
signals, attention must be paid to the electromagnetic compatibility and radio frequency inter-
ference conditions

Software. The software within the electronic transmission control system is gaining increas-
ing importance due to the increasing number of functions whichin turequires increasing
software volume.The software for the control unit can be divided into two parts: the program
and the data. The program structure is definedby the functions.The data are specific for the
relevant program parts and have to be fixed during the calibration stage. The most difficult
software requirementsresult from the real-timeconditions coming from the transmission
design.This isalso the main criterion for the selectionof the microcontroller (Fig.13.2).

Theprogram is generally made up in severalparts:

* Software according to the special microcontroller hardware e.g.,I/O preparation and filter,
driver functions, initialization of the microcontroller and the control unit.internal services
for the controllpepripheral devicessand internal software services like operating systems.

* Software coming from the defined functions,originating from specific transmission and car
functions

* Parts concerning safety functions like output switch-offsubstitute vlues for the input sig-
nals,and safety statesof the microcontroller environment in case of failures. Depending on
the requirements, there can be a software watchdog or a hardware-onfigured wachdog
circuit in use.The watchdog instruction is also part of the security software.
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Diagnostic and communicalion software for the self-testof the control unit and also the test
of the control unit environment.

These functionsare related to the defined functions of the elecronic control system.Parts
ofthe software component are usually the output stages monitoringsthe input monitoring,and
the diagnosis of the microcontroller environment. Failure handling and storage is gaining
importance assystem complexity increases.These diagnostic functions are also very useful for
the servicestationtodetermine the reason for eventual problems Part of these functions is
reserved for the communication software needed for the test equipment to read the failures
stored during car service. Current protocols are standardized communication protocols like
ISO 9141There is an increasingshare of bus systems for communication with other electronic
control units, usingstandardized protocols like CANVAN,or J180. These bus systems allow
an increasing unit function by changing software when other control units are added to the bus,

Most software models are written directly in an assembler to meet the real-time require-
ments and because there is a limited memory size in common Mass production units. The
number of powerful, cost-effective nicrocontrollers is continuously increasing.The availabil-
ity of memory components with larger storage sizes suitable for automotive use is also rising,
making itpossible to useahigher programming languagein future developments.This allows
aningenious structure of softwaremodels and an applicationof operating ystems.Thiscan
be followed by aneffective distribution of functions during and outside gear shifting with
related timerequirementsandevent management This type of program structure improves
the function of the electronicTCU because of the accelerated handlin of time-critical func-
tions during gear shifting.
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TRANSMISSION CONTROL 13.7

The second software part, data, can be divided into fixed data, w:ich is related to fixed
attributes of the system e.g., the number of actuators, and calibration data for system tuning.
The calibration data can be adapted to changing parameters of the system suchastheengine.
vehicle, and transmission characteristics The fixin of calibrationdata kesplace during the
tuning stage of thevehicle and has to beredetermined foreach type ofvehicle andtransmission.
With some applications, the calibration data are added to a basic program during the vehicle
production accordingto different types ofcars by the so-ca led end-of-line programming. This
means that the units can be programmed with the calibration data with closed housings by a spe-
cial interface Th h'hare of software development in relation to the total development time is
increasing continuously.The requirements for real-time behavior and tremory sizeare rising inaccordance with the considerably increasing demands for shift comfort and self-learningfune-
tions.This requires an ingenious structure of the software and an even-related distribution of
software models,especially during gear shifting.The rising software complexity with simultane-
ously increasing quality requirements causes higher demands for software quality control.

13.2.3 Actuators

Electrohydraulic actuators are important components of the electronic transmission control
systems. 2 Continuously operating actuators are used to modulate pressure, while switching
actuators function as supply and discharge valves for shift-point control Figure 13 provides
a basic overview of these types of solenoids

Important qualities for the use of actuators in ATs are low hydraulic resistance to achieve
high flow rates, operation temperature range from -40 to +150 C, small power loss, mini-
mized heat dissipation in the ECUP's output stages, small size and low weight highest reliabil-
ity in heavily contaminated oils, maximum accuracy and repeatability over lifetime, short
reaction times, pressure range up to 2000 kPamaximum vibration acceleration of 30 r/s,
and high number of switch operations.

A veryimportant aspect is that the hardware and software of the ECU be developed, tak-
ing into account the electrical specifications of the solenoid to obtain an optimized complete
system concerning performance and cost." For further details in desigI and application.refer
to Sec. 10.3.5.

Itshould be notedthat thes characteristis anbe varied over awide raneand that manyother
typesof solenoids exist or are in development for the special requirement iof new applications

13.3 SYSTEMFUNCTIONS

Functions can bedsignated at stems functions if the individualcomponents of the total
clectronic transmssion control sysemcooperate efficiently to provide a desired behavior of
the transmision and the vehicle.Theeare different stages of functionality which have differ-
ent effects on drivng behavior and shit characteristis (Fig 13.4). In general, thre is an
increasing complexity of the system relaing to all components to improve the translation of
driver behavior into trinsmission acion That means that the expense of actuatorssensors
and links to other control units is increasing as is th penseof theTCU software and hard-
ware in the ca of high-leelequirements regarding driveability and shift comfort. Figure
13.4 shows three rain areas.Thee swillbdiscussed in detail inthe folloing material.

13.3.1 Basic Functions

The basic functions of the transmission control are the shift point control, the lockup control,
engine torque control during shifting, related safety function, and diagnostic functions for
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vehicle service.Thiepressure control in transmission systemswNith electrical operaLting possi-
bibiies for the pressure during and outside shifting cantasobecosidered asaasic funtion,
Figure 13.5 shows the necessary inputs and outputs as well as the block diagram of an elec-
tronic TCU suitable for the basic functions.

Shift Point ControL The basic shift point control uses shift maps, which are defined in data
in the unit memory.These shift maps are selectable over a wide range. The shift point limita-
tions are made, on the one hand, by the highest admissibe engine speed for each application
and, on the other hand, by the lowest engine speed that is practical for driving comfort and
noise emission.The inputs of the shift point determination are the throttle positionthe accel-
erator pedal position, and the vehicle speed (determined by the transmission output speed).
Figure 13.6 shows a typicil shift map application of a four-speed transmission.

To prevent overly frequent shifting between two gears, a hysteresis between the upshift
and the downshift characteristic is incorporated.The hysteresis is determined by the desired
shifting habit of the transmission and,alternatively,the car behavior.Intheevent that the par-
ticular shift characteristic is crossed by one of either of the two inpt valves, the electronic
ECU releases the shift by activating the related actuators This can b. a direct shift into the

19
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target gear or by a serial activation of specific actuators in a fixed sequence to the target gear.
depending on ie transmission hardware desigr,

Lockup Control/Torque Converter Clutch! The torque convarter clutch connects both
functional components of the hydraulic Converter, the pump and the turbine. The lockup of
the clutch reduces the power losses coming from the torque consever slip.This is a perma-
nent slip because it is necessary inprinciple to have a slip between the pumpwheel and the
turbine to translate torque from theengine output to the transmission input.To increase the
efficiency of the lockup, it is necessary to close the clutch as often as possible. On the other
hand, the torque converter is an important component to prevent vibrations of the power-
train.The activation of the lockup is, therefore,acompromise between low fuel consumption
and high driving comfort.The shift pointsof the lockup are determined in the same way as the
determination of the shift point in the gear shift point control. Usually there is one separate
characteristic curve for the lockup for each gear.To prevent powertrainvibrations,it is advis-
able to open the lockup during coasting to use the danping effect of the torque converter. In
the case of a high positive gradient of the accelerator pedal with low engine speed, the con-
verter clutch has to open touse the torque gain of the converter for better acceleration of the
car. In some applications, ihe lockup is opened during shifting for improved shift comfort.
After shifting,the lockup can be closed again. When driving in first gear, the lockup is usually
open, because the time spent in first gear is usually very low and, therefore, the frequency of
lockup shifting versus gear shifting becomes very high. This may result in decreased driving
comfort. A second reason is the improved acceleration of the car in first gear when using the
converter gain for wheel torque.

Engine Torque Control During Shifting! The engine torque control requires an interface
to an electrnic engine managementsystem.The targetof the engine torque control, torque
reduction duringshifting, is tosupport the synchronization of the transmission and to prevent
shift shocks.

In conventional applications, the engine torque reduction originates from an ignition angle
control.The timing and absolutevalue of the ignition control depends on the operating con-
ditions concerning actual enginetorque and shifting type.

Upshift. The upshift occurs without an interruption of the iractive power. The engine
torqureduction may be activated if the clutch of the target gear stays with the translation of
torque. The beginning of the engine torque reduction is determined by the couose ofengine or
transmission input speed. There it is important to detect a decreasing speed. The start of the
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TRANSMISSION CONTROL 13.11

torque reduction Ischaracterized by a specific speed difference. The endof the torque reduction
is activated at an applicable speed lead before reaching the snchronous speed of the new gear.

The power losseswhich have to be picked up by the clutches,are dependent on the engine
torque and the slipping time

Q =fx AM xt + Q(13.1)

where Q = power losses
M08 = engine torque

(, = slipping time
Qz =kinetic energy of revolving elements

it is possible to reduce the temperature stress to the clutches by reducing the engine torque
and, consequently, by increasing the slipping time at a fixed possible maximuni power lossQ
[Eq.(13.1)]. Figure 113.7 shows a typical upshift characteristic

Shift Quality Comparison
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Doivns/iifl. DownshifttLinder driving conditions results Ina short Interruption ofthe trac-
tive power. At the synchronous point, the tractive power is inoperaion.The hiher revolving
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13.12 CONTROL SYSTEMS

vibrations,it is necessary to reduce the engine output torque before reaching the synchronous
point of the new gear. When the transmission input speed reaches the synchronous speed of
the new gear, the engine torque has to increase to the ominal value.The increase is usually
applied as a torquer amp. Figure 13.8 shows a typical characteristic of a downshift.The values
and timing of the engine torque reduction are generally part of the special calibration data for
each combination of vehicle, engine, and transmission.

Shift Quality Comparison
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FiGURE13.8 Timing of engine (orque reduction dur: ng down-
shift.

Pressure Control  The timing and absolute values of the pressure, which is responsible for
the torque translation of the friction elements, is, aside from the engine torque reduction, the
most important influence to shift comfort.The electronic TC) offers additional possibilities
for better function than a conventional hydraulicsystem.

The pressure values during and outside shifingcan be calculkted by different algorithms
or can be determined by characteristic maps Theinputs for a pressure calculation are engine
torque, transmission input speed, turbine torque, throttle position, and so on. The inputs
depend on thespecial signal availability in different systems as well as the requirement con-
cerning shift comfortThe variable pressure components are usua ly added to a constant pres-
sure value according to the different transmission designs, Equation (13.2) gives a typical
algorithm for a pressure calculation.
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Pni=:o, + k, x Pt, + ki, x P + k, x P, (13.2)

where Pn. . pressure
P.,,, =onstJnt pressure value

k adaptation (actor forinput speed
P= pressure component dependent on the revolution signal

k,,, ada ptaion factor for engin'Ct orque
P= presure component dependent on torque

A = adaptation factor for vhicle speed
P presure component dependent on vehicle speed

During applications, the factors must be defined in the calibration phase. In general, the
determination of these factors requires many vehicle tests, because the dynamic characteris-
tic of the total system has an important influence on shift comfort. Another possibility for the
pressure determination is to use characteristic maps which have to be defined during the cal-
ibrationphaseThis kind of pressure determination allows an improved selectionoftheopti-
mum pressure at various extreme points independent of an algorithm

Safety and Diagnostic Functions. The functions, which are usually known as diagnostic
functions of the electronic TCU, can be divided into real safety functions to prevent critical
driving conditions and diagnostic functions which affect an increasing availability of the car
and a better failure detectionfor servicing.The boundary between safety anddiagnostic func-
Lions depends on the philosophy of the automotive manufacturer. In the category of real
safety functions belong all security functions that prevent uncontrollble shifting, especially
unintended downshifting. One section is the monitoring of the microcontroller and its related
peripheraldevices The monitoring of the transmissionike gearratio detection, is also a part
of this functional blockas are the actuator and speed sensor monitoring.The microcontroller
monitor is usually a watchdog circuit. One possibility is to use the cor troller internal watch-
dog.In common applications.it is necessary to use an external watchdogcircuit for safetyrea-
sons. This can be donewith a second, low-performance microcontroller or by a separate
hardware watchdog designed as an ASIC or as a conventional circuit device, Usually there is
a safety logic circuit connected to the watchdog.whichin the case of a icrocontroller break-
down.activates the failure signal and switches the outputs for the tranimission actuators to a
safetycondition.

For the detection of the watchdogit is necessary to test the watchdog function after each
power-onduring the electronic initialization, The monitoring of the controler peripheral
components, in general EPROM, RAM, and chip-select circuits, works continuously with spe-
cific algorithms; e.g., by writing ixed data values to the storage cells and following compari-
son with the read value orbychecksumcomparisonwith fixed sun values. The actuator
monitoring includes detection ofshort circuit to supply voltage and ground, as well as open-
load conditions.

In case of actuator malfunction, the limp home mode is selectedThis means that the trans-
mission runs in a fixed,safe gear.depending on the driving conditions. The safe state of the
actuators is the noncurrent condition, which is secured by the electronic control unit.The con-
trol unit can put the output stages into the noncurrent stage separateor each output or by a
common supply switch, usually a relay or a transistor. There are some applications that use a
combination of both the watchdog and safety circuits.

The monitoring of the transmission-specific sensors such as input speed.output speed, and
oil temperature, works as a plausability check. For example the transnision input speed can
be calculated as a combination ofthe1tansmission output speedand the 1ear ratio.In case of
a detected speed sensor malfunction, the limp home mode is generally required. With a tem-
peraturesensor failure, the TCU usually works with a substitute value

Thediagnostic functions, which facilitate the finding of failures in the service station, con-
tain the failurestorage and the communication to the service tester, which allow the stored
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failures of the electroni1c T to be read. The communication between the control unit and
the service tester is mainy car manufacturer-specific and must be defined by the car manu-
facturer before going into series production.The communication runs on a bidirectional, sep-
arate communication link.

The failure storage takes place in a nonvolatile memory device; e.g.. in a permanent sup-
plied RAM or in an EEPROM. It is also possible to store sporadic failures to detcct such prob-
lems during the next service. The failure codesnumber ofstored failures, the handling of the
failuretorage, s well as the reaction of t TCU incase of a particular failure, is nanufac-
turer-specific andispart of the unit specification.1he realsafety functions are part of the basic
funcions ofan electronic TCU. The diagnostic functions onceriing service tester and com-
munication protocols areover a wide rangemanufacturer-specific.These range from a simple
blink code up to a real self-test of the electronic unit, including al: peripheral components.

13.3.2 Improvement of Shift Control

In a second development stage. the basic functions can he revised by a modification of the
software functions and by adding new parts to the basic functions.This action results in a sig-
nificant enhancement of the driving andshifting comfort. By a revision of the basic safety and
diagnostic functions with so-called substitute functions, it is possible to increase the availabil-
ity of the vehicle with AT as well as the driveability in case of a rialfunction.

Shift Point Control The basic function can be improved signiiantly by adding a software
function, the so-called adaptive shift point controltThis function requires onlysignals which
are available in an electronicTCU with basic functions.The adaptive shift point control is able
to prevent an often-criticized attribute, the tendency for shift hunting especially when hill
climbing and under heavy load conditions.

The adaptive function calculates the vehicle acceleration from the transmissionoutput
speed over time.The value of the actual acceleration in relation to a set value of the acceler-
ation is the input for the shift point correction.The set value is given by the traction resistance
characteristic.For a certain difference between set and actual value, the adaptation of the shift
point occurs. The dimension of the shift point correction can be determined by calibration
data and depends in generalso on the actual vehicle speed and the engine load.

The shift point correction leads to higher hysteresis between upshift and downshift char-
acteristics. With a high difference between set and actual values, it is also possible to forbid
certain gears.The return to the basic shift point control is organized by software and can be
fixed by calibration data, Usually. in the case of power-on, the adaptive shift point control is
reset (Figs. 119 and 13.10).

In addition to these functions,different shift maps can be implemented into the data field
of the TCU. For example, it is possible to have one shift map for low fuel consumption, which
has shift points in the range of the best efficiency of the engine, and additionally to have
another map for power operation,where the shift points are plced at points of highest engine
output power.The character and number of different shift maps can be selected over a wide
range.The choice of the different shift maps can be done by a'd lector push button or switch
commanded by the driver. In further applicationsthe changing of the differentshift programs
is possible by self-learning strategies. It is also possible to implement a manual program in
which fixed gears are specific to predetermined positions of the welector lever.

Lockup Control There are some additional functions which can improve considerably the
shift comfort of the lockup. In a first step, it is possible to repce the on/off control of the
lockup actuator by a pulse control during opening and closing.T is can be achieved using con-
ventional hardware only by a software modification. In a further step, the on/off solenoid is
replaced by a pressure regulator or a PWM solenoid.

By coordinating intelligent control strategies and corresponding output stages within the
electronic TCU, a considerable improvement of the shift behavior of the lockup results.Here
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it is possible to close the lockup at low engine speed andlowenginelodwithgoodshiftcom-
fort, resulting in decreased fuel consumption.

Engine Torque Reduction During Gear Shifting Byanimproredinterfacedesigntothe
engine management system, it is possible to extend theenginetorquereductionfunction.Itis
necessary to use a PWM signal with related fixed valuesor a bus interfaceTIe engine torque
reduction is controlled directly by the TCU.The advantage of such an interface is an indepen-
dent calibration of the TCU data over a wide range without changing Ihe engine management
data.A further advantage is the improved possibility for the coordination of the engine torque
reduction and the pressure control within theTCU.The improvement of this interface can be
extended up to a real torque interface, especially when using a bus communication link

Pressure Control The pressure control can be improved in a similar way as the shift point
control with an adaptive software strategy.The required inputs for the adaptive pressure con-
trol are calculated from available signals in the transmission control.The main reasons for the
implementation of the adaptive pressure control are the variations of the attributes of the
transmission components like clutch surfaces and oil quality as well as the changing engine
output torque over the lifetime of the car.

The principle of adaptive pressure control is a comparison of a set value for the shift time
with an actual valuemeasured by the transmission input speed course At a specific difference
of the set value to the actual value, the pressure value is corrected by a certain increment in
the positive or negative direction.The original adaptation time and the pressure value incre-
ment were fixed during the calibration phase.For safety reasons, the total deviation of the
pressure value from a given value is limiteddepending on the particlar application. Usually
the correction values are stored in the nonvolatile memory to have the correct values avail-
able after power-on of the electronic TCU.

Safety and Diagnostic Functions. The safety functions extend over better monitoring of
the selector lever and functions concerning misuse by the driver.With a corresponding trans-
mission hardware design, the implementation of a reverse gear inhibil function is possible; i.e.
above a certain vehicle speed, the position R is blocked hydraulically by a single solenoid or
by a particular solenoid combination commanded by the electronic TCU.This function pre-
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vents the destruction of the transmission in the event of an unintentional shift to the reverse
gear. Downshift prevention is part of the safety function, especially duringmanualshiftingby
the driver. Here the synchronous speed of the new gear is calculated and compared with the
admissable maximum engine speed. In the case of a calculated synchronous speed above the
maximum engine speed, the downshift is prohibited by the TCL. This function can be sup-
ported by an overrun safeguard which releases the limp home mcde in case of exceeding the
admissable maximum engine speed.

All of those functions can be extended and have to be defined during the development
stage by the automobile transmission and electronic TCU manufacturers, To increasc avail-
abilityof the.ATsystemeven with thefailure of certain signals, it's possible toprovide a sub-
stitute operation with better drivability than in the limp home mode. This can be done by
substitute functions.The electronic TCU falls back on substitute values or signals in the case
of a breakdown of certaiin terfacesThere is, for example, the possibility to run with a pro-
grammable fixed throttle value with a breakdown of the throttle position signa'This results
in a reduction of the shift characteristics to shift points Shifting in:o all gears is possible, how-
ever, with reduced shift comfort.A further method is to use secondary signals in case the orig-
inal signals break down. For example, the calculation of vehicle speed can be from wheel
speed during breakdown of the transmission output speed signal. This technique usually
requires a connection betweenABS and transmission controlThe third variantis thecancel-
ing of certain functions if the necessary input signals are missedFor example, in the case of a
kickdown switch failure, the kickdown function is canceled.This results inno downshift after
operation of the kickdown, Downshifts are nevertheless still possible viathe full-throttle
openingpointaccordinto the full-load shift characteristic.

The availability and driveability of automobiles equipped with electronic TCU in case of
system failures can be improved significantly with theimplementation of substitutefunctions.
This results in a considerable increase in acceptance bythe drivers of automobiles with elec-
tronic transmission control.

13.3.3 Adaptation to Driver's Behavior and Traffic Situations

In certain driving conditions,some disadvantages of the conventional ATcan be prevented by
using self-learning strategies This isespecially valid when improving the compromise in the
shiftcharacteristics regarding gear selection under particular driving conditions and under
difficult environmental conditions. The intention of the self-learning functions is to provide
the appropriate shift characteristic suitable to the driver under all driving conditions. Addi-
tionally, the behavior of the car under special conditions can be improved by suitable func-
tions. Available input signals of the car. provided by the related electronic TCUs from
interfaces and communication links, are processed by the TCU with specific algorithms. The
self-learning functions can be divided into a long respectively medium term adaptation for
driver's style detection and into a short-term adaptation which reacts to the present driving
situation,such as hills or curves.

The core of the adaptive strategies is the driver's style detection. The driver's style can be
detected by monitoring of the accelerator pedal movements. The inputs are operation speed,
operationfrequency, and the rating position of the accelerator pedal.These inputs are pro-
cessed depending on priorities with special algorithms related tothe desired driving behavior
of the car.The calculated driver style is related to certain shift maps.There is a large choice of
shift maps available. With the currently known applications, theie are mostly four different
shift maps ranging from fuel economic to extremely sporty vehicle behavior.Thecalculated
driver's style can also depend on the actual vehicle speedand the share of constant driving
conditions during a certain driving cycle.Theseself-learning functions can be calibrted by
the car manufacturerdepending onhis philosophy and target market in this way, the number
of shift maps and the speed of the adaptation have the maininfluence.A further possibility to
match the driver's style is by rating the accelerator pedal operaton during vehicle start, for
example.after a red light stop. In this way the operation speed and frequency of the accelera-
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tor pedal below a certain vehicle speed can be interpreted and ca culated as part of the
driver'sstyle rating.In the event of kickdown. the shift maps of the driver's style rating are
shut down by a priority command. The driver has the usual behavior of the car during kick-
down, generally adownshiftprovidingno other safety function is in operation.

To prevent shift hunting, the self-learning functions arc carried outover alongrepectively
medium term adaptation with the adaptation timer rangingfrom several seconds up to one
minute. Thesecond part of the self-learning functions is the drivingcondition detection.There
is a correlation between the input signalsof the transmission control and tie driving condition.

One of the main disadvantages of a conventional electronictransmission control is the
upshifingat constant vehicle speed by crossingthe upshift characteristic with a reduction of
the accelerator pedal angle.This results in an unintended gear shift, especially when corner-
ing and when approaching a crossing or an obstacle.To prevent these gear shifts it is possible
to use so-called upshift prevention. Cornering can be detected by the acceleration of the car
along the driving direction related to the vehicle speedThe vehicle speed is calculated from
the transmission output speed.The acceleation can be detected by an acceleration sensor or
by the difference between the nondriven wheel speeds.In this way it is possible to prevent the
upshift when cornering, resulting in a considerable improvement in vehicle stability

The detection of a crossing or obstacle approach is possible by the detection of a fast off
condition of the accelerator pedal.At a certain gradient of the pedal position, the upshift is I
prevented. This is a considerable advantageespecially when overtaking low-speed vehicles.
With this strategy the correct gear is availablewithout a shift delay.

Another part of the driving situation detection is the recognition o uphill driving and full-
load conditions.This is possible by adding special functions to the adaptive gear shift control.
When driving downhill,it makes sense to support the engine braking effect for a better decel-
eration of the car. Downhill driving can be detected by a comparison of throttle position and
vehicle speed gradient. An upshift is prevented and, in some special cases,a downshift is acti-
vated by the electronicTCU.

A furthersection of the self-learningfunctions is the environmental monitoring with related
shift strategies.A special application can beaself-learning winter program.The wheel slip of the
driven wheels is comparedwitha set value of a combination of given wheel torque and vehicle
speed. When exceeding a set limit of wheel slip, a special shift strategy is chosen. For example,
the vehicle starts of in second gear or an upshift takes place at lower engine speeds

The development of adaptive shift strategiesstarted a few years ago and is currently one of
the main areas in electronic transmission development.The efficiencyof theself-liearning func-
tions has led to a wide accptanc of AT-equipped vehics.The futuredevelopment concerning
new adaptive functions and an improvement of the alreadyknown functions is an important
area in control development.This can be supported by an increasingshae of electronicunits and
interfaces for the communication between units.With multiple use of sensors providing the nec-
essary input signals,the total system gains increased functionality, especially with bus systems.

At present.an increasing share of manualprograms with an AT can be registrated.The driver
instructs the AT to shift via a switch or a push button.In this manner, te driver can operate the
AT like a manual gerbox independently of other shift maps, with only the safety functions in
operation. This hasled to a broad acceptance, especially in the sports car mrket. These func-
tions can all be calibrated and applied by the car manufacturer with dta relating to his philos-
ophy and to thelarget marketThe result is the prevention of the knowndisadvantages of the
conventional AT control without canceling the advantages in driving comfort and safety.

13.4 COMMUNICATIONS WITH OTHER ELECTRONIC
CONTROL UNITS

With the existence of electronic control units for various applications n vehicles.many oppor-
tunities exist to link these ECUs and to establish communications between themThe main part-
ner of the TCU is the engine management system. Due to the coupling of engine and
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transmission within the vehicle powertrain.it is necessary to have an interface between these
ECUs fora functional couplingad an interchange of signals.tisessential forthe pressure con-
trolinside the rasmission control to sensor eengine loadhe engine speed,and the throttle
position The engine torue reduction during shifing is also impor ant to establish a good shift
comfort and a satisfactory lifetime for the clutchesBy handing overcertain signals like position
lever statelockup condition,orshil commands to theengine mangement,the drivingcomfort
of the vehicle can be improved significantly. An interface to ABS md traction control is useful
for some self-learning functions in the transmission control when using the wheel speeds.

It is possible to implementcertain shiftstrategiesin the transmission control as an active
support for ABS and traconcontrol. A link to the electronic throttle control or cruise con-
trol makes it possiNe to optimize certain functions for hetotal vehicle. By interfaces between
the ECUs, a reduction of the sensor expense results by a multiple use via communications.
Suitable links include.especially.PWM or bus configurations for trouble-freecommunication.
Bus systems in particular have the advantage of the link-up of additional ECUs without
changing their existing hardware.Additional coupling requires only a software change.The
interchange of required supplementarysignds for new functions i possible without any prob-
lems An example of powertrain management by coupling the powertrain ECUs to achieve
lower fuel consumptionsimultaneously improving the driveabilityis described as follows.

13.5 OPTIMIZATION OF THE DRIVETRAIN

The newest generation of transmission controlleis has overcome the former disadvantage
regarding fuel efficiency. Adaptive functions in cooperation with carefully designedtorque
converter clutch control which allows the clutch to be closed even at low gears, have
improved fuel consumption significantly Based on the driver's behavior, together with an
adaptive shift strategy as previously described, part of the TCU's adaptive program software
may select an economy or even super-economy shift strategy whenever possible There is,
however,still more potential for fuel economy by optimization ofthe drivetrain.

The concept called Mastershiftf 1is shown in Fig. 13.1. The basic idea is to interpret the
accelerator pedal position as an acceleration request.That accelkration request,or a request
for wheel torque,has to be converted by operating the engine at igh torque,i.e.,open throt-
tle and low rpm values. In order to realize this, it is necessary to use an electronic throttle con-
trol system.The communication between the electronic throttlethe engine, and transmission
is shown in Fig. 1312.

Mastershift, concept for drivetrain optimi2 ation

Best fuel economy with excellent
driving dynamic

solut in D Interpretation oagas peda position
as acceleration request

Operation of engine at high torque
(open throttle) and low speed

Requirement Information exchange between
electronic throttle control
electronictransmission coitrol and
electronic engine control

HGURE13.11 Drivetrain operalion.
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Mastershift - logical structure
Transformation
ofdrver

cliontorque

Engine Engine' Transm sslon

coordination Converter
positionclutch

FuelmassGear

FIGURE13.12 Mastershift:logical structure and communication between different con-
trol systems.

In such a system, a well-defined coordination between the engine torque, mainly given by
throttle position (air mass), fuel mass, and ignition angle on one side and selection of the
appropriate gear including torque converter clutch on the other side,is imperative.Depend-
ing on the type of engine, fuel consumption can be reduced further by 5 to10 percent with this
optimized Mastershift concept. Because the average engine operation is at higher torque lev-
els compared to standard systems, a greater number of gearshifts may occur.This is important
toguaranteeoptimalshift comfort Figure 1313shows how that can be accomplished by using
the additional degree of freedom given by the electronic throttle control. It is possible to
operate the throttle angle during the gear shift in such a way as to achieve constant wheel
torque before and after downshifts.

73.6 FUTURE DEVELOPMENTS

In future vears, development work willbe concentrated on redesign of hardware components for
cost reduction, nprovernent ofyeld to reduce fuel consumptionand improvement of drive-
ability A good approach to meet costtargets on the electronic hardware side would be to inte-
grate two or more indiidual control modules into a common housing. Regarding the electronic
components.one could coninue using twoseparate microcontrolleirliswould have the advan-
tage that the software development and application could be done dividually for two different
systems, for example engineand tranmission controllers Another approach could be to mount
the TCU on the transmisionhousing itself.Thlis could lead to a sigificant reduction in the
expense for the wirnghanes1.eehoweverthe problem of hostile ambient temper'lureS on
electionic cmponnshas tohbesoli Tdays stand-'loneatuators could be interated intoa
common housing sinular to the solution shown by Chrysler Corp. in its A 604 transmission.

The improvement of the yild is a main topic for designers of AT3 Oil pumps and torque
converters are a m'jor source of energo scs.A signficanimproerent of ield willbe pos-
sible as soon as torque converte clutches areavailable with the cpa ilty for continuous slip
operation The torque converter clutch can then he operated in low gears and at low engine
speeds withoutfan tg problems from ndrietrain scillations and/or noise emission.

'he driveability is the most important fature for thedvers' acceptance of AT.In addI
tion to the self- adaptive functions deu ed. theimplementation ofsThift strategies benetng
from control algoiithms wing umztheory na further improve driveabily

13.19
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Traction transition during downshift

conventional Mastershift

1 gear S 1- gear

2 2,

4.4

Engine torque - Engine torque -*

FIGURE1313 Constant traction torque byoperation of throule opening durng garshift.

GLOSSARY

ASIC Application-specific integrated circuit.

AT Automatic transmission.

ATF Automatic transmission fluid.

CAN Controller area network.

CVT Continuously variable transmission.

EEPROM Electrically erasable and programmable read-only mmory
EMC Electromagnetic compatibility

EPROM Eiavable programnmableread-only memory

PWM Pulse-width modulation.

RAM Random access memory.

RFI Radio frequency interference.

TCC Torque converterclutch.

TCU Transmission control unit.
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CHAPTER 14

CRUISE CONTROL

Richard Valentine
Aoorola Inc.

14.1 CRUISE CONTROL SYSTEM

A vehicle speed control system can range from a simple throttle latching device to a sophisti-
cated digital controller that constantly maintains a set speed under varying driving conditions
The next generation of electronic speed controlsystems will probably still use a separate mod-
ule (black box).the same as present-day systems, but will share data from the engineABSand
transmission control systems. Futuristic cruise control systems that irclude radar sensors to
measure the rate of closure to other vehicles and adjust the speed to 'naintain a constant dis-
tance are possible but need significant cost reductions for widespread private vehicle usage.

The objective of an automatic vehile cruise control is to sustain a steady speed under
varying road conditions, thus allowing the vehicle operator to relax from constant foot throt-
tle manipulation In some cases, the cruise control systemmay actually improve the vehicle's
fuel efficiency value by limiting throttle excursions to small steps, By using the power and
speed of a microcontroller device and fuzzy logic software design, an excellent cruise control
system can bedesigned.

14.1.1 Functional Elements

The cruise control system is a closed-loop speed control as shownin Fig.14.L The key input
signals are the driver's speed setpoint and the vehicle's actual speed. Other important inputs
are the Faster-accellslower-coast driver adjustments. resume, on/ofF, b akeswitch, and engine
control messages.The key output signals are the throttle control servo atuarvalues. Addi-
tional output signals include cruise ON and service indicators, plus messages to the engine
and/or transmission control system and possibly data for diagnostics.

14.1.2 Performance Expectations

The ideal cruise system features would include the following specifications:

* Speed performance: ±0.5 rh control at less than 5 percent grade, and ±1 m/h control or
vehicle limit over 5 percent grade.

* Reliabilitv: Circuit designed to withstand overvoltage transients, reverse voltages, and
power dissipation of components kept to minimum.

14.1
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FIGURE14.1 Cruisecontrolsysten.

* Appalaio oplions: By changing EEPROM via asimple serial data interface or ov the
M X network, the cruse software can be upgraded and optimzed for specificv eicle
types. These provisions allow for various sensors. servos, and speed ranges.

* Driver adaprahid The iresponse timeof the cuisecontrol ca be adjusted tomatch the
drver's preferences within the constraints of thee hcle's perfomance.

* Favorable prcro-p-efo nue ran o 11 e use of integrated acualor drivers and a high-
functionality MCU reduce component counts, increase refiabiti v and decrease the Cruise
control module'sfootprint.

14.1.3 Safety Considerations (Failsafe)

Several safty factors needto be considered for a vehicle speed control design. The most
basic is a method designed into the throttle control circuit to insure a failsafe mode of oper-
ation in the event that the microcontroller or actuaor drivers should failThis electronic fail-
safe circuit shuts off the control servos so that the throttle linkage will be released when the
brakeswch orc ruise off switch isactivated, noatter the condition of the MCI or servo
acuatocontril transistors, (Thisa ssumes the actuators are mehianically in good shape and
willrelease)

Other safety-related items include program code to detect abnormal opating conditions
and prescring into memory the data points assciated with thabnormal codition for later
diagnosics. Anormalconditions, [orexample, couldliean interittent ehiclespeeJsensor,
or errat driver switch signals A test could also be made during theinitiligiimon 'key on
time" plus any time the cruise is activated to verify the integrity of he cruise sstem.with any
faults resulting in a warning indicator to the driver Obviously, the ostserous ault to avoid
is runaway acceleration. Continuous monitorin of the MC and key control elements will
help minimize the potential for this type of fault.
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14.2 MICROCONTROLLER REQUIREMENTS FOR CRUISE
CONTROL

The MCU for cruise control applications requires high functionality.The MCU would include
the following:

* a precise internal timebase for thespeed measurement calculation;
* AD Inputs

* PWM outputs

* timeriput capture
* timer output compares
* serial data port (MUX port)
* internal watchdog

* EEPROM

* low-power CMOS technology

14.2.1 Input Signals

The speed sensor is one of the most critical parts in the system.because the microcontroller
calculates the vehicle speed from the speed sensor's signal to withinV m/hAny speedometer
cable whip or oscillation can aus errors to be introduced intothespeedcalculation.An
averaging routine in the speed calculations can minimize this effect.The speedometer sensor
drives the microcontroller's timer input capture line or the external interrupt line. The MCU
then calculates the vehicle's speed from the frequency of the sensorsignals and the MCU
internal timebase.The vehicle's speed value is continually updated and stored into RAM for
use by the basic speed control program. Speed sensors taditionally have been a simple ac
generator located in the transmission or speedometer cable.The ac generator produces an ac
voltage waveform withits frequency proportional to the sensor's rpm and vehicle speed.Opti-
cal sensors in the speedometer head can also be incorporated. Usually the speed sensor pro-
duces a number of pulses or cycles per km or mile. With the increasing ABS system usage, a
backup speed sensor value could be obtained from the ABS wheel speed sensors. The ABS
speed data could be obtained by way of a MUX network.

Theuser command switch signals could either be single MCU input lines to each switch
contact or a more complex analog resistor divider type to an A/D input line. Other input sig-
nals of interest to the cruise system program would be throttle position, transmission or clutch
statusAkC status, actuator diagnostics engine status, etc., which could be obtained over the
MUX data network.

14.2.2 Program Flow

The microcontroller is programmed to measure the rate of vehicle speed and note how much,
and in which direction, the vehicle speed is drifting. The standard P (proportional-integral)
method produces one output signal p that is proportional to the difference between the set-
speed and actual vehicle speed (the error value) by a proportion'l gain block Kp Anothersig-
nali is generated that ramps up or down at a rate set by the error signalmagnitudeliTh gains
of both Ki and Kp are chosen to provide a quick response, but with lIle instability. Ineffect,
the P1 system adds up the error rate over time, and, therefore, if an underspeed condition
occurs as in a long uphill grade, the error signal will begin tog reatly increase to try to com-
pensate. Under level driving conditionsthe integral control block Ki will tend toward zero
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Error Value Sum at Kp
Set Speed Value - + Proportional and Ki
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Integral 1Gairn, Ki derl

FIGURE14.2 Pt speed error control.

because there is less error over time. The vehicle's weight, engine performance, and rolling
resistanceall factor in to deterine the Pl gain constants. In summary, theo P method allows
fast response to abrupt grades or mountains and stable operation under lightgrades or hills.
Figure 14.2 shows the traditional Pt cruise control diagram.

14,2.3 Output Controls

When the error signal has been computedan output signal to the servo actuators is generated
to increaseholdor decrease the throttle position.The servo is updated at a rate that is within
the servo's mechanical operating specifications, which could be several milliseconds. The error
signalcan be computed at a much faster rate andtherefore.gives extra time for some aver-
aging of the vehicle speed sensor signal.

Throttle positioning is traditionally either a vacuum type servo or motor.hevacuumsup-
ply to the vacum servo/actuator is discharged as a failsafe measure whenever the brake sys-
tem is engaged in addition to the normal turn-off of the actuator driver coils. Electric servo
type motors require more complex drive electronics and some type of mechanical failsafe
linked backed to the brake system.

14.3 CRUISE CONTROL SOFTWARE

The cruise error calculation algorithm can be designed around traditional math models such
as PI or fuzzy logic.

14.3.1 Fuzzy Logic Examples

Fuzzy logic allows somewhat easier implementation of the speed error calculation because its
design syntax uses simple linguistics. For example: IF speed difference negative and small,
THEN increasethrottle slightly.

The output is then adjusted to slightly increase the throttle.he throttle position update
rate is determined by another fuzzy program which looks for the driver's cruise performance
request (slow, medium, orf ast reaction), the application type (small, medium, or large engine
size),and other cruise system factory preset parameters. Figur 14.3shows one part of a fuzzy
logic design for computing normal throttle poSition.Other parts would compute the effects of
other inputs,such as resumedriver habitsengine type,and the like.

Other program design requirements include verification that teinput signals fall within
expected boundaries. For example, a broken or intermittent speed sensor could be detected.
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A heavily loaded vehicle with asmal lengine may not be able to maintain a high setpoint
speed up a steep grade.and the cruise control needs to be disengaged to protect the engine
from sustained full-throttle operationunder a heavy load. This could be preset to occur 20
percent below the setpoint speed Another program can test the veh cle speed to resume set-
point speed and prevent unsafe acceleration under certain conditions. For example, if a high
performance vehicle (>200-kW or 268-hp engine) has a setpoint speed of 125 kmih (7S mith),
and drives from the freeway into heavy city traffic doing 48 km/h (30 mi/h) and the vehicle's

nq----q
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driver fortuitously hits the cruise resume switch at Ihis low speedthe cruise control invokes a
near full-throttle action, and an accident is likely. A fuzzy design can limit the acceleration
upon resume usingsimple rulessuch as IF resume and bigspeed errorTHEN increase throt-
ie slightly

14.3.2 Adaptive Programming

The response time and gainof the cruise system can be adjusted to match indidual drivers.
For example, some drivers may prefer to allow the vehicle tow slt down somewhat when
climbing a grade ani then respond quickly to maintain astspeedother drivers may prefer a
constantspeed at all times, while still other drivers may prefer a ery slow responding cruise
system to maximize fuel efficienc.The cruise system can be adapt d either by a user selection
switch (slow, medium, fast) or by analyzing the driver's acceleratiodeaccelerationhabits
during noncruise operation. Once these habits are analyzedthey can be grouped into the
three previously mentioned categories. One drawbackofa totally automatic adaptive cruise
system is when various drivers with vastly different divingpreferences operate the vehicle on
the same trip. The cruise system would have to be "relrained for each driver.

14.4 CRUISE CONTROL DESIGN

Many of the equired elments of crus comirolcan be integrated intoonesingle-chip MCU
device. For examplethe actuator divs can be designed in the MC i thei powerrequire-
ments are on the low side.

14.4.1 Automatic Cruise System

Figure 14.4 shows an experimental system design for a cruise control based upon a semicus-
tom 8 or 16-bit single-chip MC) that incorporates special high-power output driver elements
and a built-in voltage regulator,

14.4.2 Safety Backup Examples

The design of a cruise control system should include many safeurds:

* A test to determine vehicle speed conditions or command inputs that do not fall within the
normal conditions for operation of the cruise control function.

* A test to determine if the vehicle speed has decreased below what the cruise routine can
compensate for.

* Speed setpoint minimums and maximums (30 km/h min to 125 km/h max, for example) are
checked and,if exceeded, will cause the cruise function to turn off

* Speedometer cable failure is detected by checking for speed sensor electrical output pulses
over a 100-ms time period and, if these pulses are absent, the sy-tem is disengaged.

* Software program traps should also be scattered throughout the program and, if memory
permits, at the end of each program loop These will catch an out-of-control program and
initiate a vector restart.
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FIGURE114.4 Autonu2niccruisecontrol.

14.4.3 EMI and RFI Noise Problems

As with any electronic design consideration must be given to suppressing RFL (radio fre-
quency interference) from the circuit, besides minimizing effectsof external EI (electro-
magnetic interference) and RFI to the circuits normal operation. It i not uncommon that the
circuit must operate in R fields up to 200 Vrn intensity.This requires careful layout of the
module's PCB (printed circuit board),and RF filterson all lines going in or out of the module.
The module case may even have to contain some type of RF shielding Minimizing generated
RFI from the cruise circuit can beaccomplished by operating the MCU's crystal oscillator at
a minimal power level (this is controlled mostly by the MCL internal design), careful PCB
trace layout of the MCU oscillator area.metal shielding over the MCU,ground planes on the
PCB under the MCU, and setting the actuator switching edge transition times to over 10 ms
(See Chaps. 27 and 28.)

14.5 FUTURE CRUISE CONCEPTS

Several research projects are underway to develop a crash avoidancesystem that could be
interconnected with a cruise system.The development of a low-cost distance sensor that can
measure up to a few hundred meters away with a tight focal point in all weather conditions
is proving to be a challenge. When a practical vehicular distance sensor is availablethe cruise
control can be programmed to maintain either constant speed er constant distance to
another vehicle. Other methods of cruise control could include receiving a roadside signal
that gives an optimum speed value for the vehicle when travelling within certain traffic con-
trol areas.
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14.8 CONTROLSYSTEMS

14.5.1 Road Conditions Integration with IVHS

The IVHS(Intelgent Vehicle-Highway System) network may bea more practical approach
to setting optimum ruisespeedv aluesf orgroups of vehicles.The IVHS can monitor road
conditions,local wether etc,andbroadcast optimal sped data values for vehicles in s zone.
(See Chap. 29.)

GLOSSARY

Analoginput Sensors usually generate electrical signals that are directly proportional to the
mechanism being sensed.The signal isitrefore,analog orcan vary from a minimum limit to
a maximum limit. Normally, an 8-bit MCUAD input using a 5-V reference, the analog input
resolution is I bit, which is 1/256 of 5 V or 0.0193 V.

Defuzzification The process of translating output grades to analog output values.

Fuzzification The process of translating analog input values to input memberships or labels.

Fuzzy logic Software design based upon a reasoning model rather than fixed mathematical
algorithms. A fuzzy logic design allows the system engineer to participate in the software design
because the fuzzy language is linguistic and built upon easy-to-comprehend fundamentals.

Inferenceengine The internal software program that produces output values through fuzzy
rules forgiven input values.The inference process involves three steps:fuzzification,rule eval
uation, and defuzzification.

Input memberships The input signalor sensor range is divided into degrees of membership,
i.e.,lowmedium.high or coldcool, comfortable, warm, hot. Each of these membership labels
is assigned numerical values or grades.

Output memberships The output signal is divided into grades such as off, slow, medium, fast,
and full-on. Numerical values are assignd to each grade. Grades can beether- ingleton (one
value) or Mandani (a range of values pergrade).

Ruleevaluation Output values are computed per the input memberships and their relation-
ship to the output memberships. The number of rules is usually set by the total number of
input memberships and the total number of output memberships. The rules consist of IF
inputvarA is x. AND inputvarB isy, THEN outvar is .

Semicustom MCU An MCU (microcontroller unit) that incorporates normal MCU ele-
ments plus user-specified peripheral devices such as higher-power port outputs, special timer
units, etc. Mixed semiconductor technologies, such as high-density CMOS (HCMOS) and
bipolar analog, are availabe in a semicustom MCU. Generally, HCMOS is limited to 10 V.
whereas bipolar-analog is usable to 60 V.

BIBLIOGRAPHY

Bannalyne, R.,"Fuzzy logic-A new approach to embeddedconTrol soluticns," Motorola Semiconductor
Design Concept, DC40.1992.

Catherwood, M.,"Designing for electromagneticcompaiihility(EMC) withHCMOSmicrocontrollers,"
Motorola Semiconductor Application Note. AN1050.1989.

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



I'I

(RUISE CONTROL 14,9

Chaudhuri, et aL, "Speed control integrated into the powertrain computer Neiv Trends in ectronic
Management and Driveline Controls SAE SP-653,1986, pp.65-72.

Hosaka,T.,et al.,"Vehicle control system and method therefore," LIS.Patent 4809175. May29, 1990
HosakaT., e al.,"VehickL control svstem," LLS Patent 4930084, Feb. 28.1989-
Mamdani, E. H., "Application of fuzzy logic to approximate reasoning using linguistic synthesis," IEEE
Trasactions on Compuers. C-26-12,1977, pp. 1182-1191.

Ribbens, W.,"Vehicle Motion Control," Understanding Automotive Electronic, 4th ed., 1992, pp247-257
Takahashi, Hioshi,"Automatic speed control device using self-tuning fuzzy agic,"IEEE Workshopon
AomoieApplicatonsofElectronics,88TH0321,1988,pp.65-71.

Self, Kevin, "Designing with fuzzy logic:' IEEE Spectrum, Nov. 1990, pp. 42-44,105.
Sibigtroth, J.,"Implementing fuzzy expert rules in hardware,"AlExpert, April 1992
Stefanides. E. ., "Cruise control components packaged as one unit,' Desibn News, Oct 1 1990 pp.

162-163.
Zadeh, LA.,"Fuzzy setsinformation and control." vol 8, 1965,pp.338-3531

ASOUT THE AUTHOR

Richard J. Valentine is a principal staff engineer at Motorola SPS in PhoenixAriz His present
assignments include engineering evaluation of advanced semiconductor prodt cts for emerging
automotive systems.He holdstwopatents and has published29 technical artidesduring his24
years at Motorola.

I'

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



CHAPTER 15
BRAKING CONTROL

Jerry L Cage
AlliedSignal Inc.

15.1 INTRODUCTION

This chapter describes braking by first examining vehicle braking fundamentals,including the
tire-to-road interface, vehicle dynamics, and conventional brake system components, and pro-
gressing to antilock systems objectives, components, safety considerations, control ltoic.and
testingThe chapter concludes with a discussion of future vehicle braking systems

For simplicity and because of applicability to the majority of automotive vehildes on the
road, hydraulic brake systems as used on two-axle, nonarticulated vhicleswill be discussed
exclusively this type of'brake system isused on passenger cars, light trucks, and, inNorth
America,on medium trucks,

15.2 VEHICLE BRAKING FUNDAMENTALS

Essential to the understanding of the technology associated with modern automotive vehicle
braking is knowledge of the tire-to-road interfacevehicle dynamics during braking, and the
components of a brake system.Tbis section discusses these subjects to a system level of under-
standing.

15.2.1 Tire-to-Road Interface

The braking force generated at each 'heel of a vehicle during a braking maneuver is a func-
tion of the normal force on the wheel and the coefficient of friction between the tire and the
road.The simplified relationship between the weight on a wheel and the resulting frictional
(braking) force is shown in Eq.(15.1).

(15.1)

where F, = friction force x direction
g = coefficient of friction, tire-to-road
,, = static and dynamic weight on the wheel

15.1

F, = ptW',h
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15.2 CONTROL SYSTEMS

The tire-to-road coefficient of friction is not a constant but is a function of factors, most
prominent being type of road surface and the relative longitudinal slip between the tire and
the road. General curves relating coefficient of friction to wheel slip on various surfaces are
shown in Fig.15.1. From this figure and Eq(15.1), the following obyervations are evident:

U
0-
0 - C 3

C

0 :10 2D 30 40 50 63 70 80 90 :00-A

ir-to-roao s~p W7
FIGURE15.1 Longitudinal coefficientoffrictionasafuaction of
Wheel slip

* The generation of frictional forces depends on wheel slip. If the tire is rolling at the same
tangential velocity as the road surface, there is no longitudinal (braking) force. This rela-
tionship is fundamental in understanding braking and is not easily observed: wheel slip
other than near 100 percent (norotational wheel speed) is dificult to discern without
instrumentation.

* The peak frictional (braking) force occurs under conditions of reltively littleslipThis indi-
cates that a hard apply of the brakes which causes a 100 percent s ip typically does not pro-
duce the most braking force and an evenly modulated,controlled brake pressure applied by
a skilled driver or through antilock control tends to produce shorter stopson most surfaces.

* The frictional (braking) force generated varies widely with road surface. The result of this
relationship is obvious to both drivers and passengers in terms of stopping distance and
deceleration if dry asphalt braking is compared with braking on ice.

* Typically, beyond the peak coefficient of friction attainable on j given road surface, the
slope of the curve becomes negative.This phenomenon (essentially indicating that, beyond
the slip resulting in peak frictional forcemore pedal force results in less braking) explains
why a skilled driver can attain signiantlyshorter stopping distaices than can a less expe-
rienced driver and why electronic vehicle braking control is as conplicated as it is.Also, the
amount of'peak"in the coefficient of friction curves varies widely with road surface. More
braking force benefit can be gained through slip control on surfaces such as ice than on dry
asphalt, for example.

Another characteristic of automotive tires important in braking s lateral force versus slip.
Lateral force is the force keeping a tire from sliding in a direction normal to the direction of
the vehicle.The equation for lateral force is as follows:

Ft ta=aW.
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where F, = friction force, by direction
P11 1 = lateral coefficient of friction, tire-to-road

The lateral coefficent of friction drops off quickly once a wheel bens i slip longitudi-
nally, as can happen during braking.Excessive wheel slip at the rearwlheelso f a hicle and
the resulting loss of lateral frictional forcew %ill contribute to instabilit; as tie ear of the vchi-
cle tends to sisdewas with relatively small lateral forces on the ehicle.Excessive wheel
sip and the resultng loss ofl tealfriction force on the front wheels of a vehicle will cn-
tibute to loss ofsteerabilirv [his loss of steering phenomenon iscommon duingpanicstops
on low coefficlent suTfaces such as ice, as a hard apply of the brakes puts thet ies iIa per-
cent slip situation.

15.2.2 Vehicle Dynamics During Braking
11

An equation for braking performance can be obtained from Newton's second law: the sum of
the external forces acting on a body in a given direction isequal to the product of its mass and
the acceleration in that direction. Relating this taw to straight-line vehicle braking, the signif-
icant factors are shown in Eq (152) and the sum of the forces acting on the vehicle is shown
in Fig.15.2

-4 4IF= Ma,= - D,=+F±+F,,+D+ Wsin O+fWcosO (li2)

where M= mass of he vehicle
a,= linear acceleration in thex direction

=weight of the vehicle
= acceleration due to gravity

D, = - a, = linear deceleration
F,= front axle braking force
F,,= rear axle braking force
D = aerodynamic drag (considered to be acting at a point)
0 angle of roadway

= rolling resistancecoefficient (R,,+ R,) /Wcose

DAD

Wcs W tne

FIGUREt 5 Significant ftrces' action on a vehicle duriag braking

If braking forces are held constant and the vehicle velocity effects on aerodynamic drag and
rolling resistance are negtcted, the time for a vehicle velocity change,Ec.(15.3),and the distance
traveled during a velocity change.Eq.(15.4), can also be derived from Newton's second law

t= (V, - V) (15.3)
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where F,= total of all longitudinal deceleration forces on the vehicle
I = time

V,= initial velocity
and V,= final velocity

F, 2 2 15.4)

where x= distance in forward direction

These approximations indicate that the time to stop is proportional to vehicle velocity and
the stopping distance is proportional to the square of the vehicle velocity.

During braking, the dynamic load transfer that occurs is a function of the height of the cen-
ter of gravity, the weight of the vehicle, the wheelbase, and the deceleration rate. Equation
15.5 describes this dynamic load shift.

Wz(- ) D,- 'D, (15.5)
L g L

where V,,= dynaric weight
h= center of graviy height
L = wheelbase
W= static vehicle weight
g= acceleration due to gravity

D,= deceleration in the forward direction
h height of the aerodynamic drag

Considering two-axle vehicles,this load transfer is additive to the front wheels and sub-
tractive to the rear wheels during braking,as shown in Eq.(15.6) and (15.7), respectively.

FUr, ( Wf, + DD,(15.6)Lg L I

where F,,=maximum friction force in the longitudinal direction on the front wheels
k,= peak coefficient of friction

W= static weight on the front wheels

F(=4 tV __A D (li7)
. Lg L

where F .= maximum friction force in the longitudinal direction on the rear wheels
W,,= static weight on the rear wheels

SimplifyingEq.(152) (or the case ofS= 0' and negligible aerodynamic drag and rolling
resistance yields the following:

ZF= D = +F,+ F

Solving for D, and substitutingin simplified Eqs.(15.6) and (15.7) yields Eq.(15.8)and (159),
respectively:
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(,,4= (1 5.8)

= h
L

W's +

These relationships indicate that the maximum braking force on the front wheels is depen-
dent on the braking force on the rear wheels through the deceleration and the associated for-
ward load transfe andin a similar fashion, the braking force on the rear wheels is dependent
on the braking force on the front wheels.

Through applicaion of the preceding equations, brake systems designers can determine
the total braking force required to achieve the desired deceleration. and the brake system
components can be sized appropriately. Safety and legal requirements dictate that system
designers consider deceleration under vehicle loaded and unloaded conditions as well as
under partially failed brake system conditions (either half-system failures or loss of brake
boost to the entire system). Because of these considerations and numerous others, such as
desired customer pedal stroke and pedal force/deceleration expectatons,vehicle brake ss-
tem sizing is a complicated engineering effort usually accomplished with the aid of a vehicle
simulator computer program.

-1'- pe., 15.2.3 Brake System Components

Disk Brakes. Figure 15.3 shows a
F E - schematic diagram of a disc brake, In this

type of brake, force is applied equally to both
sides of a rotor and braking action is
achieved through the frictional action of
inboard and outboard brake pads against the
rotor. The pads are contained within a
caliper (not shown), as is the wheel cylinder.

FIGURE153 Disk brakeschematic Although not a high-gain type of brake, disk
brakes have the advantage of providing rela-
tively linear braking with lower susceptibil-
ity to fading than drum brakes.

Force applied to the rotor by the pads is a function of hydraulic pressure in the brake sys-
tern and the area of the wheel cylinder (or cylinders, as the design dictates). Static brake
torque can be calculated using the following equation:

T= PAER (l5l0)

where T= brake torque
P= application pressure
A= wheel cylinder area
E=effectiveness factor: ratio of the disk rubbing surface to the input force on the shoes
R= brake radius
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The static brake force can be calculated with the following relationship:

F-,= 7

where F= brake force
r= tire rolling radius

Drum Brakes. Figure 15.4 depicts a schematic diagram of a drum brake, In drum brakes,
force is applied to a pair of brake shoes in a variety of configurationsincluding leadingtrail-
ing shoe (simplex),duo-duplexand duo-servo. Drum brakes feature high gains relative to
disk brakes, but some configurations tend to be more nonlinear and sensitive to fading and
other brake Uning coefficient-of-friction changes.

At

/\

//
/

~Fu

/

:cs on drumn ct2
to brake pacs

drum

FIGURE 15.4 Drum rake schematic.

he static brake torque equation previously presented for disk brakes. Eq (15.10), is
equally applicable to drum brakes with design-specific changes for drum brake radius and
effectiveness factor.By design, the brake radius for a drum brake is one-half the drum diam-
eter. The effectiveness factor represents the major functional difference between drum and
disk brakes;the geometry of drum brakes may allowa moment to be produced by the friction
force on the shoe in such a manner as to rotate it against the drun and increase the friction
force developed.Thisaction can yield a mechanical advantage that significantly increases the
gain of the brake and [lie effectiveness factor as compared with disk brakes. The dynamic
brake force calculation for drum and disk brakes is more complex since the brake lining coef-
ficient of friction is a function of temperature; as the lining heats during a braking maneuver.
(he effective coefficient of friction increases and less pressure is needed to maintain a con-
stant brake torque.

Boosterand Maser Cylinder. Figure 15.5 is a scheimatic of a brak pedal.a vacuum booster,
and a master ylinder. In actual paice. in passenger cars and h ht trucks the mechanical
focegain due to the brake pedal geometry is uually 3 to 4 and egin through a vacuum
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FIGURE155 Brake pedal vacuum booster, and master cylinder!chematics.

booster is typically 5 to 9 after the booster reaches its crack point and before runout occurs.
Therefore, force applied by the operator typically will be multiplied by a factor of 12 to 36 at
the master cylinder in order to achieve the pressure necessary for braking.The resulting pres-
sure in the master cylinder is as follows:

(FGm±Gjo - F)
P. c= rl

Apsron

where i=mechanical efficiency
Puc= master cylinder pressure
F%= operator force on the brake pedal

Ge= mechanical gain prinarily related to the brake pedal assembly geontry and
the instantaneous return spring force

G ,o,= brake booster gainafunction withthe nonlinearities of a minimum crack force
being necessary to initiate boost and a runout phenomenon resulting in a
decreased force gain after a given input force is applied

F,= return spring force
Aon= area in the master cylinder on which the force is acting (chamber piston area)

Master cylinders are separated into primary and secondary chambers to improve safety by
avoiding total brake system loss in case of a failure in one portion of the system.he most
common configuration is shown in Fig, 15.5 with two chambers in a singlebore.

Proportioning 1alve. Due to the dynamic weight shiftas shown in Eq. (15.5), brake pres-
sures that are appropnate for high-deceleration braking on front wheels usually are too high
for the rear wheels: the resultis that the rear wheels will tend to lck during braking. This
problem can be decreased significantly through the use of proportioring valves.Standard pro-
portioning valves allowequal front and rear brake pressures during ow input pressures (cor-
responding to low deceleration rates and little dynamic load shifl but decrease the gain
through the valve to less than one when a fixed input pressure (crack pressure) is reached.
More sophisticated load-sensing valves are used in some applications when necessary.such as

I,

.4

~1
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15.8 CONTROLSYSTEMS

when dynamic load shifts and vehicle loading changes arewide enough to make a fixed pro-
portioning valve insufficient for proper braking inallconditions, Load-sensing valves feature
a means to measure the weight on the rear wheels and adjust the gain through the valve
accordingly.

Figure 15.6 shows the two most common passenger car and light truck system schematics
including proportioning valves. The vertically split brakesystem :ypically is used on rear-
wheel-drive vehicles and the diagonally split system istypically used O front-wheel-drive
vehicles.

PropF Fronts
Vpr

Sit )E

e i a

VertiCaL

Front

Rears

vria K e)\

Dg-_-t ,

FIGURE1li6 Vertical and diagonal split brake systems schematic;.

Widespread use of diagonally split systems has been a direct result of the popularity of
front-wheel-drive vehicles. Current law requires a half-system (hydraulic) failure stopping
rate that is difficult to meet if the half system is the rear brakes (on a vertically splitsystem)
and the vehicle weight is significantly shifted towards the front as it is infront-wheel-drive
vehicles. Diagonilly split systems afford the use of one front brake regardless of the half-sys-
tem failureand front-wheel-drive vehicles can be made to pass the legal requirements despite
the typically large difference betwen the weight on the front and on the rear wheels. How-
everdiagonally split systems require two proportioning valves and tend to require more com-
plex hydraulic plumbing than do ertically split systems.

15.3 ANTILOCK SYSTEMS

Although antilock concepts have been known for decades, widespread use of antilock (also
called antiskid and ABS) began in the 1980s with systems developed with digital micropro-
cessors/microcontrollers replacing the earlier analog units. An antilock systeni consists of a
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hydraulic modulator and hydraulic power source that may or may not be integrated with the
sysiem master cylinder and booster, wheel speed sensors. and an electronic control unit. The
fundamental function of an antilock system is to prohibit wheel lock by sensing impending
wheel lock and taking action through the hydraulic modulator to reduce the brake pressure in
the wheel sufficiently to bring the wheel speed back to the slip level range necessary for near-
optimum braking performance.

1511 Objectives

The objectives of antilock systems are threefold: to reduce stopping distances, to improve sta-
bility, and to improve steerability during braking.

Stopping Distance. As shown in Eq. (15.4), the distance to stop (V = 0) is a function of the
initia velocity, the mass of the vehicle, and the brakinigforce. From this equation it can be seen
that by maximizing the braking force the stopping distance will be minimized,all other factors
remaining constant. From Fig. 151 it is evident that on all types of surfaces, to a greater or
lesser extent, there existsa peak frictional force. It follows that by keeping all of the wheels of
a vehicle near the peak, an antilock system can attain maximum frictional force and, there-
fore, minimum stopping distance. This is an objective of antilock systems; howeverit is ten-
pered by the need for vehicle stability and steerability.

Stability. Although decelerating and stopping vehicles constitutes a fundamental purpose
of braking systems.maximum friction force may not be desirable in all cases.For exampleif a
vehicle is on a split-coefficient surface, (asphalt and ice, for example), such that significantly
more braking force is obtainable on one side of the vehicle than on the other side, applying
maximum braking force on both sides will result in a yaw moment t at will tend to pull the
vehicle to the high-coefficient side and contribute to vehicle instability. Typically, on short-
wheelbase vehicles a control strategy is employed to control the pressure in the rear wheels
together to improve stability; similarlyit is common fora front-wheel strategy to be employed
to limit the initial side-to-side pressure difference so as to not induce excessive moment
changes in the steering wheel and force the operator to make excessive steering corrections
to counteract the yaw moment.

If an antilock system can keep the vehicle wheels near the peak frictional force range. then
lateral force is reasonably high, though not maximized.This contribues to stability and is an
objective of antilock systems.

Steerability. Steerability depends on high lateral force. Good peak fictional force control is
necessary in order to achieve satisfactory lateral force and, therefore, atisfactory steerability.
Steerability while braking is important not only for minor course corrections but also for the
possibility of steering around an obstacle. Antilock systems provide this feature through con-
trol to the peak frictional force range,

15.3.2 Antilock Components

The components of an antilock system are the wheel speed sensors, the hydraulic modulator,
the hydraulic power source (usually an electric motor/pump),and the electronic controlunit.

Wheel Speed Sensors. Due to simplicity and proven reliability, variable reluctancewhee
speed sensors typically are used in antilock systems. Used in conjunction with exciter rings,
this type of senor produces a sinusoidal output that is directly proportional in frequency and
amplitude to the angular velocity of the sensed wheel.

Depending on the design of the sensor and exciter ring and the gap between them, the sen-
sor output amplitude may be as low as 100 mV at very low vehicle speeds and over 100 V at
high vehicle speeds.
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Both single-pole and dual-pole variable reluctance sensors are used, depending on the
application: single-pole sensors tend to have higher outputs and dual-pole sensors tend to
have better immunity to some types of noise.A limitation of this echnology is that the very
low speed output tends to be too low to be sensed reliably by the electronic control unit,given
the electrically noisy environment typical of vehicles. This can result in errors below I to 3 m/h
and cumulative inaccuracies if this sensor is used in conjunction with an odometer function;
normally, antilock function is inhibited at very low speeds. Both single-ended and balanced
inputs are used in electronic control units to receive wheel speed signals. A variety of active
sensortechnologies, including Hall effect and magnetoresistive, can be used in applications
requiring very low speed sensing and in applicationsin which an appropriate signal level can-
not be achieved with conventional variable reluctance sensors.

Hydraulic Modulators. Hydraulic modulators typically take two forms in production
antilock systems- solenoid valves and electric motors. A simplified solenoid valve system
schematic is shown in Fig. 15.7, In this system, if the solenoid valves are de-energized,
hydraulic fluid is free to flow between the master cylinder and the brakes. If too much pres-
sure !s presented to the brakes and wheel lock is imminent, the antilock system will actuate a
solenoid valve and energize the hydraulic pump. Actuation of the solenoid valve allows pres-
sure to decrease from the brake through the valve to a low-pressure accumulator/sump. The
fluid is temporarily stored in the sump prior to being pumped back into the system by the
hydraulic pump.Though repetitive energizationide-energization c)cles,average pressure to a
given wheel can be regulated to the level necessary to achieve the desired braking force.Typ-
ical brake pressure and resulting wheel speed cycling is shown in Fig.15.8.

shown

3-4

SoIeno/d valve

FICURE15.7 Simplified soenoidvalve antilock system sc iematic.

ElectricAoior/Pump. Although some antilock systems use multiple electric motors driving
pistons to provide multiple-channel pressure reduction and rebuild, usually art electric motor-
driven pump is used in conjunction with solenoid valves to achieve individual brake or brake
channel pressure reduction and rebuild. A dual pump is often usec to maintain a complete
hydraulic separation of the two channels of the brake system.Thisis done to ensure that fail-
ure in one channel of the brake system will not affect operation of the other channel.

Electronic Control Unit. Control of the hydraulic modulator and electric motor/pump is
performed by the electronic control unit. Modern customer expectations coupled with
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FIGURE 15.8 Typical anock brake cycling.

Wh'eel speed Maifl To so eaid
sensor Inpu,5s I ~ r

-p. .VNcro

aU.1 41

stop lamp To lamps

CCro

LI I I

FIGURE 15.9 Electronic control unit block diagram.

decreasing microconitroller costs have made microcontroller-based eJlectroic Control Units
the norm rather than th~e exception, Although the contro-l units can be either engine compart-
ment-mounted or passeniger compartment-miounted, re~duced wiring costs favors the former.
Also. for enhanced reliability, electronic control units mvay be either a tached to of integrated
with the hydraulic moduator.

15.3.3 Safety Considerations

Standard automotive brake sysqtemns have been developed and refined over the years to be
highly reliable and safe. Because of its ability to decrease pressure in brakes, an antilock sys-
tem must be designed using a disciplined methodology and must be rig)orously tested prior to
release for production,
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15,12 CONTROLSYSTEMS

Failure Mode and EffectsAnalyses/Fault Tree Analyses. Failure mode and effects analyses
(or fault tree analyses) are essential to the proper design of antoi k systems.Both system-
level and subystrn-level analyses need to be performed and lault effects and detection
assumptions must be tested.No single failure can result in an unsafe condition and, if afault
is undetectable in the field, that fault in conjunction with any other fault must not result in an
unsafe condition. Because of the complexity of the electronic control units. simulationtech-
niques are used to test those fault effects in which bench or field testing is impractical.

Common Design Techniques to Improve Safety. One of the motcommontechniques used
to improve safety in antiock systems is to include extensive built-in-test within the electronic
control unit. Typically, all inputs to the electronic control unit and outputs to the other com-
ponents of the antilock systemare tested for proper signals and loads, respectively, and all
functions internal to the electronic control unit are extensively tested.

In additionredundant processing is commonly used to insurethe proper internal working
of a microcontroller.This may take the form either of identical microcontrolers or ofa main
and a watchdog microcontroller that can inhibit operation.

In order to ensure inhibition of faulty antilock operation.antilock systems employ a relay
function to remove actuation power from the output actuators; this function may take the form
of a discrete relay or it may be a transistorized circuit.This relay function is a key element of
the design since it affords a secondary method in which to inhibit energization of valves or the
motor/pump and, therefore,a second level of safety relative to improper antilock operation.

Figure 159 is a typical electronic control unit block diagram. Inputs are filtered and
buffered prior to being presented to the microcontrollers for processing. Likewise, the micro-
controller outputs are buffered/amplified and filtered prior to ex ting the electronic control
unit. In the diagramshown, the main microcontroller is responsible for the majority of pro-
cessingand control of the outputs; the watchdog microcontroller, as its name implies, is
responsible for monitoring for propereopration and inhibiting ant[lock if faultsare indicated
A characteristic of modern antilock electronic control units is bidirectional communication
between functional blocks. this is a result of the high level of built-in-test designed into the
control units.For example, the output circuitry may be commanded to test the solenoid valves
for proper current draw and convey the test results to the microcontrollers;similarly,the input
circuitry may be commanded to perform tests on the sensors and other antilock components
externalto the electronic control unit, and convey the test resuts o the microcontrollers.

15.3.4 Antilock Control Logic Fundamentals

Due to the complexity of antilock braking and the requirements of stability and steerability
as well as good stopping distance, the brake control algorithm is more easily represented as a
state-space diagram than as a classical proportional-integrative-derivative control scheme.

A simplified state diagram fora single-channel antilock system is shown in Fig.15.10. In this
diagram,a vehicle not braking or decelerating would be in the NORMAL BRAKING state. If
antilock action is warranted,it is because the brake pressure on a given channel has caused the
wheel to begin to lock; the first action would be to decrease the brake pressure (DECAY state)
in an effort to permit the locking wheel to reaccelerate. Fine control of the brake pressure is
indicated by the states labeled HOLD OR BUILD/DECAY and SLOW BUILD and course
control is indicated by the FAST BUILD state. (The course Control is typically used during
rapidly changing road surface conditions such as ice-to-asphalt transition&) During the
antilock cycle the state will changeas needed, to attain the type of brake pressure and result-
ing wheel speed activityas shown in Fig.15.8.Once the need for anilock action has ended.the
END ANTILOCK state is entered, the pump motor is de-energized, the valves are de-ener-

izedand the system can return to the original NORMAL BRAKINGstate)
How this stale-space approach is integrated into a typical ircrocontroller flowchart is

shown in Fig. 15.11. After RESET and INITIALIZATION, a microcontroller enters into a
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FIGURE15.11 Simplified antilock flowchart.
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MAIN loop that includes extensive system and electronic control unit checks as well as cal-
culations of wheel speeds, prediction of vehicle speed. analysis of conditions warranting
antilock action/state-space control law, and valve and motor/pumpactuations.

Calculation of wheel speeds consists of scaling the wheel speed sensor inputs to a more
usable form and possibly filtering noise due to axle deflection.brake squea other electrical
systems,etc A consideration is that the bandwidth of wheel acceleration and deceleration is
large-50 g's may be attainable.

The vehicle velocity prediction is critical to many control schemes because wheel velocity
relative to vehicle velocityas well as wheel slip, may be used as a factor in determining appro-
priate valve action.Vehicle velocity prediction becomes difficult once the wheelsbegin to lock
because the sensors will no longer be reliable indicators of vehicle speed. The methods used
to predict vehicle velocity once the wheels have begun to lock consist of a set of rules that
have been developed by antilock manufacturers through years of experience to ensure a pre-
diction that hasa high degree of accuracy to true vehiclespeed.

The antilock system checks typically consist of sensor and valve/motor continuity tests and
system voltage range tests. In addition, the checks normady include tests internal to the elec-
tronic control unit,such as inter-microcontroller communication.

Once it is dtermined that conditions ae such that antilock action can be safely invoked if
warranted, the wheel speed conditions are analyzed to establish the appropriate state for that
channel.Primary indicators for most antilock control schemes are wheel slip and wheel decelera-
tion.Another factor considred is the effect on vehicle stablity if a particular state is commanded.

Actuation of the valves or electric motor actuators is a direct result of the decisions made
in the analysis/state-space logic. Other than actuators requiring pulse-width modulation
drives, the actuators normally will remain inthe commanded state until the microcontroller
loops back through the code (usually a few milliseconds).

15.3.5 Antilock System Testing

Antilock vehicle testing has evolved over the years to include the fo lowing most common tests:

* Straight-line stopping
* Braking in a turn

* Split coefficient stopping with associated stability criteria
* Transitional road surface testing including checkerboard and lov/high and highow coeffi-

cient surfaces

* Lane change maneuver

All of these tests may be performed on a variety of surfaces,at a variety of speeds..and with
lightly loaded and heavily loaded vehicles.

15.4 FUTURE VEHICLE BRAKING SYSTEMS

A trend that will impact braking systems is the industry's desire to reduce vehicle wiring
through the use of multiplexmg techniques.As increasing numbers of vehicles are outfitted
with antilock, this trend is expected to result in an increased number of antilock systems com-
municating with other vehicle systems through a multiplex link In addition to the wheel
speed/vehicle velocity information available from the antilock system, the antilock electronic
control unit could benefit from this technology by being able to receive engine, transmission,
steering angle, and other subsystem information.
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Another trend in advanced electronically controlled braking systems is vehicle dynamics
control during noribraking maneuvers,as well as during braking.Thiss accomplished through
use of the traction control actuators normally integrated in antilock hydraulic modulators.the
addition of sensors to more accurately determine the dynamic state [l the vehicleand com-
munication links with the drivetrain electronic controllers. Vehicle dynamic control holds the
promise of safer vehicle operation through improved stability in all maneuvers.

The vehicle brake systems engineering community also is investigating the addition of
radar to individual vehicles.This addition could lead to semiautomalic or automatic braking
in emergency situations as the brake system anticipates the potential problem and aids the
operator in safely applying the vehicle brakes in time to avoid a collision. This concept also
lends itself to automatic braking in nonemergency situations to naintain safe distances
between vehicles at high speeds.

Continuing intrest in electric vehicles and the need for regenerative braking in these vehi-
cles likely will sigificantly impact future braking systems It is expected that the regenerative
braking function will not be sufficient to provide adequate braking deceleration under all
conditions and to provide operators the comfort and safety obtainabl: with conventional fric-
tion brake systems augmented by antilock systems. It is expected that a more complex elec-
tronic control system will be used in conjunction with electric vehicles to afford optimum
power regeneration without sacrificing braking stopping distance, stabilityor steerability.

These trends point to a continued use of friction brake systems through the end of the cen-
lury and a significant expansion of the role of electronicsin these systems.

GLOSSARY

Antilock (or ABS or Antiskid) A system designed to preventwheel ock during overbraking.

Antilock hydraulic modulator A hydraulic brake pressure modulation actuator used in
antilock systems.

Booster A brake pedal force amplfier, typically vacuum or hydraulically powered.

Booster crack point The brake pedal/push rod travel point initiating booster force amplification.

Booster runout A condition in which the brake booster can no longer provide the gain
required due to high input forces and the input forceoutput force slope becomes less positive.

Brake caliper A part of a disc brake that contains the brake pads aid the brake cylinder.

Braking force A force tending to stop a moving vehicle. Usually applied to the force result-
ing from brake torque being applied to a wheel of a moving vehicle.

Braking maneuver Any vehicle braking action intended to decelerate a moving vehicle,
including partial as well as full stops.

Diagonal split brake system A brake system configuration in whih a front brake and its
opposing rear brake are included in the same brake channel. This technique is used to allow
braking on one front wheel in the case of catastrophic failure of the other brake channel.

Disk brake A type of brake characterized by force being applied to both sides of a rotor,
thereby creating braking torque.

Drumbrake A type ofbrake characterized by brake force being applied to the inner surface
of a drum, thereby creating braking torque.

Dynamic load transfer The characteristic of weight shift during deceleration that places
more weight on the front wheels and reduces weight on the rear wheels.
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15.16 CONTROLSYSTEMS

Electric motor/pump The typical hydraulic power source used in antilock systems; an elec-
tric motor driving a hydraulic pump.

Lateral force Force perpendicular to the direction of travel.

Longitudinal slip Relative slip between the wheels and the road surface in the direction of
travel,

Master cylinder A two-chambered hydraulic cylinder operated by the driver through actu-
ation of the brake pedal.

Proportioning valve A hydraulic valve designed to reduce pressure to the rear brakes rela-
tive to the front brakes once acrack point is reached.The valve may be fixed or load-sensing.

Regenerative braking A type of braking used in electric vehicles in which the drive motor is
used as a generator during brakingand it serves as the load to brake the vehicle.This tech-
nique is used to reclaim a portion of the energy expended during vehicle motion.

Vertical split brake system A brake system configuration in which both front brakes are on
one channel and both rear brakes are on the other channel.

Wheel slip The difference between tangential wheel speed and road speed. A rolling tire
with no braking torque on it exhibits 0 percent slipa nonrotating tire on a moving vehicle
exhibits 100 percent slip.
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CHAPTER 16

TRACTION CONTROL
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16.1 INTRODUCTION

raction control systems designed to prevent the drive wheels rom spinning in response to
application ofe xesthrottle have been on the market sine 1987. Vehicles with powerful
engines areparticular susceptible to drive-wheel slip under acceleration fromt standill
andor on low-traction oadsurfaces Theresults mclude attenuated steering response on
front-wheel-drive (FWD) vehicles,dimniedv ehicle stability on rear-wheekdrve (RWD)
cars and loss of effectiveaccelerative force

Large mutual discrepancies in left- and right-side traction levcls engender earl drive-
wheelsIp on slick surfaces. nder these conditions, the eftective acelerativef orces at both
drive heels are limited to a level corresponding to the adhesionavailable at the low-traction
side.Thetraction controlsystem inhibits wheelspin, allowng the wheel on the high-traction
surface to apply maximum acelerative force to the road.

16.1.1 Optimizing Stability (Steering Control)

The essential requirement for systems designed to optimize vehicle stability (with RWD) and
steering control (with FWD) is to mintain adequate lateral traction. The most basic arrange-
ments achievethisend by controlling engine torque alone.Both drive wheels transmit the same
level of motive force,dosed in accordancewith the adhesion available at the low-traction wheel
and thereby providing particularly large lateral-traction reserves at thewheelwith the greater
adhesion.When the traction levels are roughly equal at both drive wheels, the system enhances
vehicle stability (steeringcontrol) while providing a certain increase in available effective accel-
erative force beyond that available on an uncontrolled vehicle with slipping wheels.

16.1.2 Optimizing Traction

The optimizationof traction becomes a top priority when the motive force must be transmit-
ted to surfaces on which the adhesion varies substantially between sides

16.1
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16.2 CONTROLSYSTEMS

The typical passengercar features a differential unit at the drive axle; this unit allows vir-
tually loss-reedifferences in wheel speed (for instance, in corners) in combination with uni-
form torque distribution to the drive wheels. This layout generally provides favorable
dynamic vehicle response,as the equal distribution of drive torque inhibits vehicle yaw. How-
ever, a difference in the force-transmission potentials at the drie wheels can combine with
demands for maximum traction to expose basicliabilities in the design principle

Figure 16.1 illustrates the system dynamics ofdrive shaft, differential, and drive wheels on
road surfaces affording differing levels of traction with adhesin coefficients 4H, AL(high
wheellow wheel).The torque emanating from the driveshaft is distributed equally between
the drive wheels. The low wheel responds to inadequate adhesion potential by spinning dur-
ing brief wheel acceleration.The accelerative force transmitted through the high wheetthen
corresponds to the sum of the accelerative force at the low wheel plus its inertia O [j/R.
Once the low wheel reachesits terminal speed. the accelerative force available at both wheels
is limited to the naximun at the low wheel.

L FB-

FIGURE16.1 Braking intervention t Limit diferentiat slip-

The only way to increase the accelerative force at the high wheel is to prevent the low
wheel from spinning.The first option, application of the wheel brake, is illustrated in Fig 161
The application of braking force FB at the low wheel prevents it from spinning.This makes the
additional accelerative force FB* (the product of Fa multiplied by the ratio of effective brak-
ing radius to wheel radius) available at the high wheel,

A second option for maximum exploitation of traction potential is represented by the
application of fixed, variable,or controlled differential-slip limitation mechanisms.These pro-
vide fixed coupling to ensure equal slippage rates at the drive wheels,thereby aowing them
to develop maximum accelerative force.

During cornering at highrates of lateral accelerahion,lateral vaiations in drive-wheel load
occur, again producing a difference in acceleration potential. Brakes and limited-slip differ-
ential arrangements can also be applied to assist in ensuring maximum traction under these
conditions.

16.1.3 Optimizing Stability and Traction

Traction-control systems incorporating engine-torque control and supplementary braking
intervention (or controlled differentials) can be applied simultaneously to ensure consistent
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vehicle stability (steering control) and optimal acceleration within the limits imposed by
physical constraints. Engine-torque control is the preferred method on road surfaces afford-
ing uniform adhesion, while application of braking force (or differential control) provides
optimal acceleration at both drive wheels for dealing with surfaces displaying lateral varia-
tions in traction.

16.2 FORCES AFFECTING WHEEL TRACTION:
FUNDAMENTAL CONCEPTS

The dynamic forces that define the tires' braking response on staihtsand during cornering
are already familiar from the technical literature. The transmission of accelerative force in
straight-line operation and in curves is subject to the same qualitative principles that apply
during braking. The slip ratio which applies for braking.

V,- OR

V,

is replaced by the ratio

Or - V
XA= with Our VFV,

Acceleration slip rates can range all the way from 0 to the very high numbers used to
describe the conditions that can occur when the drive wheels spin freely during attempts to
accelerate from rest.

Figures 16.2 to 16.4 show acceleration and side-force coefficients as a function of the accel-
eration slip. Figure 16.2 applies for acceleration during straight-line operation.The demand
for reserves in lateral adhesion is fairly diminutive under these conditions (including, for
instance, compensation for side winds) thus, traction remains the salient factor.
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FIGURE 16.2 Adhesion coefficient for acceleration A as a function of
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On dry road surfaces, maximum accelerative force is available at slip rates of 10 to30 per-
cent, with traction nhanceients of 5 to 10 percent possible relative to spinning drive wheels.

On glare ice, maximum traction is achieved at extremely diminutive acceleration slip lev-
els 2 to 5 percent). On loose sand and gravel and in deep snow (especially in combination
with snow chains), the coefficient of acceleration force increases continually along with the
slip rate, with the respective maxima only beingreached somewhere beyond 60 percenthlBus,
theslip rates of 2 to 20 percent found within the ASRs operating ange will not provide ade-
quate traction under all operating conditions.

For this reason.all known ASR systems incorporate slip-threshold switches orASR deac-
tivation switcheswhich allow the vehicle operator to either reset the ASR lip-control thresh-
old to substantially higher levelsor to switch the system off entirely should the need arise.

Figures 163 and 16.4 apply to acceleration during cornering undertheseconditionsthe
drive wheels are subject to various degrees of lateral force as a function of the vehicle's rate
of lateral acceleration. Increasing acceleration slip (and increasing accelerative forces) cause
a drop in the lateral forces, which then respond to still higher slip rates by collapsing to small
residual levels,
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Figure 16.3 represents the response pattern on a dry road surface.The curve starts at a rate
of acceleration slip ofzerI Initially, the side-force coefficient displays a moderate downward
trend. However, continuin increases in the coefficient of acceleration force induce a sub-
stantialfall intheside-force coefficient The figure shows that the accelerativeforce must be
limited to a fraction o lits ultimate potential if sufficient lateral forces are to be maintained.

On glare ice (Fig.16.4), the extremely limited frictionpotential means that vehicle stabil-
ity underaccelerationremains available onlyat relatively smallip angles (ca. 20). Rela-
tively diminutive slipangless (50,05') will be sufficient to induce aradical drop in the
side-force coefficient. This makes it clear that an extremely precise andsensitive slip control
is required on lareice (and other low-friction road surfaces). The traction-control system
must thus exhibit a high degree of monitoring accuracy, whilesignalprocessingand actuation
of the final-control elements must be rapid andprecise.

16.3 CONTROLLED VARIABLES

The four wheel speeds used for the ABS supply the following closed-loop control parameters
for the AS tractioncontrol system: the acceleration slip from the lateral variation in the
rotation speeds of the driven and nondriven wheels, and the angular acceleration of the
drivenwheels.

The following secondary controlparametersare also calculated:vehicle velocity and accel-
eration based on the speeds of the nondriven wheels, and curve recognition, derived from
comparisons of the speeds of the nondriven wheels

The target value for acceleration slipis defined as the mean rotational velocity of the non-
driven wheels plus a specifiedspeeddifference known as the slip threshold setpointThe main
goal of regulating acceleration slip can thus be divided into two subsidiary objectives:closed-
loop control of acceleration slip to maintain slip rates at the specified levels with maximum
precisionand calculation of optimalslip setpoints for different operating conditions and their
implementation as controlobjectives.

Depending on the final-control strategy being used, various control concepts can be
employed to meet the first objective. With throttle-valve controla setpoint calculated from a
number of signals is adopted for regulation as soon as the closed-loop control enters opera-
tion.The subsequent control processbasically corresponds to that of a Pt controller.When the
brakes are used, arrangements are necessary to compensate for the nonlinear pressure-vol-
ume curve which governs the response in the brake calipers.The first stage of the closed-loop
control program thus employs a sensing pulse corresponding to a relatively large volume; this
compensates for compliance in the brake caliper. In the next stage,the system responds to
positive deviations from the setpoint with graduated pressure increases; the rate of increase
corresponds to the degree of divergence. A subsequent drop below the control setpoint initi-
ates a pressure-relief stage (sequence of defined pressure-relief and holding phases). This
impulse series, in which the length of the pressure-relief phases increases continually, is fol-
lowed by termination of braking intervention.

Ignition and fuel-injection intervention essentiallyconform to the D controller closed-loop
control concept.The difficulty associated with determining satisfactory setpoint values results
from the fact that optimal acceleration and lateral forces cannot e achieved simultaneously
The ASR control algorithm must therefore meet varying operator demands for linear traction
and lateral adhesion by using priority-control strategies and adaptive response patterns

High vehicle speeds are accompanied by lower operator requirements for traction, espe-
cial y with low coefficients of adhesion. At the sametinie, reduct -ns in vehicle stability and
steering response are not acceptable.The control strategy is thus designed to provide pro-
gressively lower slip threshold setpoints as the vehicle speed increases, with priority being
shifted from lineartraction to lateral adhesion.
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*The vehicle's acceleration rate and the regulated level of engine output provide the basis
for reliable condusions regarding the coefficient of friction.Thus,;mother important strategy
takes into account the coefficient of friction at the road surfaceThe slip threshold setpoint is
raised in response to higher friction coefficients. This ensures that an ASR system designed
for optimum perfornance on low-friction surfaces will not intervene prematurely on high-
traction surace'.

Yet another important control strategy is based on the cornering detection mentioned pre-
viousilyThis system employs the difference in the wheel speeds of the nondriven wheels as a
basis for reductions in the'slip setpoint to enhance stability in curves.is speed differential
can be used to calculate the vehicle's rate of lateral acceleration.A largediscrepancy indicates
a high rate of lateral acceleration, meaning that a high coefficient of frictionmay also be
assumed. In this case, the slipsetpointshouldnot be reduced,but rather increased

16.4 CONTROL MODES

16.4.1 Modulation of Engine Torque

Various control intervention procedures can be employed, either singularly or in combina-
tion, to regulatengine torque:

* Throttle-valve control with the assistance of the electronic performance control oran auto-
matic throttle-valve actuator (ADS)

* AdjuItment of the ignition-advance angle
* Selective ignition cutout, combined with suppression of fuel injection
* Fuel injection suppression alone

Slippage at the drive whels generaly occurs in response to an excess of torque relative to
the coeficient of friction available at the road surface. Controlled reduction of engine torque is
thus a logical step. Itis always the most suitable method incases wh e irtuallyi dentical adhe-
sion is present at both drive wheels. At the same ime, the response times for the individual
engine controls must be considered ifadequate vehicle stability is to be ensured (see Fig. 16.5)

km/h
ASR with

--- Throttle valve

Thfote valve
and Ignition/injection

.,.-.. Throitle vave
and whed brake

0 M
Time-

FIGURE 163 Deviation of the controlled variable during first control
cycle with different actuators.
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If control is restricted to the throttle-valve position alone, the throttle valve's response
time, response delays within the intake tract, inertial forces in the engine, and drivetrain com-
pliance will all result in palpable wheel slippage continuing for a relatively long period of
time.Throttle regulation alone cannot ensure adequate vehicle stability on rear-wheel-drive
vehicles This qualification is particularly applicable to vehicles with a high power-to-weight
ratio. On FWD and 4WD vehicles, throttle-valve control alone can be sufficiently effective if
responedelays are minimized.

Arrangements combining throttle-valve regulation with interruptions in the fuel injection
produce substantial reductions in the amplitude and duration of wheel slip.Thus,thisconcept
can be used to guarantee good vehicle stability regardless of which axles are driven.

In principle, it is also possible to design an ASR system based solely on regulation of the
ignition and injection systenms.This concept employs a system with sequential fuel injection. It
alternately cuts out individual cylinderswhile the ignition is also adjusted for the duration of
the control process. Although this concept can he employed to en;ure adequate vehicle sta-
bility regardless of drive configuration, certain sacrifices in comfort are unavoidable, espe-
cially during operation on ice and during the warm-up phase

16.4.2 Brake Torque Control

Thebrakes at the drive wheels are capable of converting large amounts of kinetic energy into
heat,at least for limited periods of time. In addition, the response tines can he held extremely
short, making it possible to limit slippageincreases to very low levels

ASR system relying exclusively on braking intervention appear suitable for regulating
spin at the drivewhels.

Traction enhancements during starts and under acceleration on road surfaces affording
varying levels of adhesion at the left and right sides are especiallysignificant with this system.

The ASR hydraulic unit used to generate thebrakingforces employs components which
are already present for the ABS. Cost considerations make it important that ASR hydraulic
systems require an absolute minimum in additional components beyond those already avail-
able for the ABS.

The hydraulic concepts can be classified in two categories, according to whether stored
hydraulic energyisemployed or not. A dual-strategy system includingrapid braking interven-
tion with stored hydraulic energy is always to be recommended where the engine torque con-
trol isbased entirelyon throttle valveadjustments with theirrelatively long response times

Figures 16.6 and 16.7 illustrate two examples of ASR braking intervention using stored
energy.

Brake Torque Control with Stored Energy. In thisASR system, de:igned for RWD vehicles in
the upper price range,engine torque is regulated exclusively by the engine performance control
(EPS) unit.Rapid braking intervenion is required for enhanced regulation of vehicle stability;
thisi lso ensures optimal traction at both drive wheels, especially wit a lateral variations inadhe-
sion potential.This system offers optimal vehicle stability and traction combined with a high
level of comfort Figure 16.6 illustrates the design of the integrated ABS/ASR hydraulic unit

The primer pump draws brake fluid from the master-cylinder reservoir and supplies it to
the ABS return pump under small positive pressure. To meet the requirements of the ABS
systemthe dual-circuit ABS return pump is expanded to include a thirdplunger, which
assumes responsibility for the ASR storage charge.For "rapid"brakingintervention, the pres-
sure in the wheel cylinder must escalate from 0 to 50 bar in less than 200i s. A hydropump,
with its limited supply capacity, is not capable of providing this order of pressure build-up in
the required timenecessitating the use of a high-pressure accumulator to supply the required
brake fluid with adequate alacrity

When the traction control system is activated, thesswilchover valve moves to the third posi-
tion and brake fluid from the reservoir is supplied to the two ABS/ASR control valvesWhile
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Pnmer
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ABSIASR hydraulic unit

F Accumulator
Switch over valve
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FIGURE 16.6 Diagran showing the ABSASR hydarulic
ircuit using braking force with stored energy (iniegrated

system).

-Brakes onABS hydraulic unt nondnven wheels

ASR hydraulic unit

Plunger

-v---t--

Pressure
-supply

Pressure

Dnven wheel

FIGURE16.7 DagrmshowingbydraulicunitforARsyS-
tern with braking intervention using stored energy via plunger.

an ABS solenoid valve can satisfy the requirements of the ABS hydraulic circuit two solenoid
valves are needed for the ABS/ASR hydraulic unit in order to allow individual braking con-
trol at the drive wheels.

These two solenoid valves regulate brake pressures at the driven wheels in accordance
with the ASR control commands. Accumulator charging is controlled by the pressure switch
and continues during normal vehicle operaion.A special low-nokie pump design is employed
to meet stringent customer specifications

ABS/ASR System with Brake lInerveion Using Stored Energy (separate design) One
version employs a high-pressure accumulator to provide hydraulic energy for ASR braking.
An engine-driven pump (level control) supplies hydraulic fluid to the accumulator.The sys-
tern includes a plunger for each driven-wheel brake. An additional 3/3 ABS valve is also
installed to govern the supply of hydraulic fluid from the reservoir to the primary side of the
plunger and to separate this medium from the brake fluid present on the secondary side.The
solenoid valves respond to the position commands from the ABS/ASR control unit to control
pressure accumulation, maintenance, and release operations to maintain the required pres-
sure level on the plungers' primary sides, The plungers move to the left.initially, a central
valve closes to block the connection with the master cylinder. The plunger's displacement
pressurizes the brake fluid on the secondary side to produce the desired pressure level in the
wheel cylinder.

ASR designs relying on stored energy to activate plungers are always worthy of consider-
ation in those cases where the vehicle is already equipped with a hydraulic energy supply for
other purposes (e.g., power steering, level control).
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'RACTION CONTROL 16.9

Brake Torque Control without Stored Energy. Each of the ASR hydraulic units described
requires a high-pressure accumulator to ensure that the braking energy can be provided
quickly enoughThis means additional design complication with aitendant expenditure.

Another system differs from those already described by using the supply circuit of the
ABS return pump exclusively to regulate the braking force at the drive wheels. The return
pump forms part of a self-priming circuit, thus employing the (already installed) ABS return
pump as an inexpensive source of energy for braking.The ASR braking function can thus be
achieved with a minimum of additional design complication.

Figure 16.8 shows the hydraulic circuit for a passenger car with a K-pattern brake circuit
and front-wheel-drive. When the intake valve opens, the self-priming pump extracts brake
fluid from the reservoir and draws it into its circuit before supplying it directly to the
ABSASR control valve at the drive wheel, The control valve regulates braking force by
building up, maintaining, and releasing pressure in accordance with the respective position
commands from the control unit.The fuid bled by the control valve in the pressure-release
mode is returned to the pump's intake side, A switchover valve connects the high-pressure
side of the self-priming return pump with the second brake circuit (governing the other front-
wheel brake) and the pressure-relief valve responsible for regulating the ASR system pres-
sure. With the exception of the suction line, the second brake circuit features a symmetrical
layout.The passage to the master cylinder is also closed.

ABSIASR
hydraulic unit

-To2nd

drive wheeI

Swilchover ]
valve

n

L

Return
PUMP Intake

valve

Storage
chamber

Dven wheel

FIGURE 16.8 Diagram showing the ABS/ASR [ydraulic
unit employed for braking intervention without stored energy

This ASR system can be installed in rear-wheel-drive vehicles with TT brake circuit con-
figurations with even less expenditure:because both drive-wheel brakes are then in the same
circuit, only a single switchover valve is required.

III
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16.10 CONTROLSYSTEMS

New Design for Brake Torque Controlwithou Stored Energy. The principle of braking
intervention without stored energy has been developed further fo a new generation of ASR
systems entering production in 1993(See Fig.16.9.)

ASS/ASR
Hydraulicunit

lIsolaticrn ASR
valve valve

u-at cono
_______- Vaes

VT V e e

Driven wheel

FIGURE 16,9 New design for brake torque ciarol
withoutstored energy

The self-priming recirculation pump draws fluid from the master cylinder through an elec-
trically controlled isolation valve, obviating the requirement for an additional intake line.
Meanwhile, the pressure-relief valve can be integrated within the ASR valveThis configura-
tion allows creation of a self-contained system combining simplified installation with
enhanced safety In addition, the reduction in the number of compnents improves reliability.

The 3/3 valves employed on earlier versions have been replaced by extremely small 2/2
solenoid valves,

164.3 Differential Slip Modulation

ABS/ASR System Regulating Differential Slip on Rear-/heel-Drive Vehicles. This sVs
tem controls the differentials lateral slip to improve traction forstarting off and for siiulta-
neous acceleration and cornering on road surfaces affording different levels of traction from
left to right.The slip-limitation mode remains active until a specific vehicle speed is attained,
and is deactivated completely at higher speeds.

When the vehicle starts off, the rotation speeds of the wheels on the outside of the curve
are subjected to a mutual comparisonThc lock is activated once a specific difference in the
two speeds is exceeded.There then follows a comparison of the rotation speeds of the driven
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Lock actuation cylinder

F- ---

I-- - - -

R

Hydraulic energysupply

wheels.The lock is deactivated as soon as the
differene inrotation speeds drops below a
speified level.

ABSIASR System for Controlling Rear-Axle
and Interaxle Differential Slip Rates on
41WD Passenger Cars. This versionincorpo-
rates an additional interaxle control feature.

Four-wheel drive passenger cars employ a
specific fixed front-to-rear distribution of
engine output to provide optimum vehicle
characteristics within the stable range (that is,
with limited amounts of acceleration slip).
One or both wheels at either axle can respond
to throttle application on low-traction sur-
faces with immoderate wheelspin. This is
where the interaxne slip limiter is activated to

- - - adapt the distribution of engine torque to the
traction available at the respective axles,
thereby improving traction while also enhanc-
ing vehicle stability and steering response.

Figure 16.10 illustrates the design of the
hydraulic unit used t control the lateral and
interaxle slip-limitation mechanisms. An
electric pump supplies a high-pressure accu-
mulator. The accumulator, in turn, provides
pressure to a 313 solenoid valve for control of
the lateraland interaxe locking mechanisms.
The return volume from the pressure-relief
phase is conducted to a separate reservoir.

FIGURE 16.10 Hydraulic unitorcontrolofrear
axle and interaxle differential tcks

16.5 TRACTION CONTROL COMPONENTS

The following is a selection of the components used in Bosch traction control systems.

16.5.1 Wheel-Speed Sensors

The system employs the same wheel-speed sensors that provide the information for the
antilock braking system.

16.5.2 Electronic Control Unit

Figure 16.11 shows an ASR circuit diagram. An input amplifier IC receives the signals from
the wheel-speed sensor; the signal frequency indicates the wheel speed.Two microcontroers
then process the signals to determine the wheel speed and acceleration rate. These data, in
turn, provide the basis for calculations to determinethe actual anc desiredvalues for slip con-
trol. Overall signal processing, the control algorithm,and the monitoring software arepresent
in each of these microcontrollers to providecthe system with backupcapabilities

Three output amplifiers control the solenoid valves, the ABS and ASR indicator lamps, the
driver-information lamp, and the motor and valve relay. An additional IC is required to mon-
itor the braking requirement and pump-motor voltage and for diagnosis.

:1

I,

:1'

'I
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'MJiHABS/ASk AB SASP

Electronic
control unit
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memory
quartz
ABS/ASR microcomputer
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information lamp
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to engine
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2/2-Valves

brake light switch
wheel speed sensors
recirculairon pump motor
motor relay
valve relay

FIGURE 16.11 Operation diagram for the complete symem

16.5.3 Hydraulic Unit

Four examples of ASR hydraulic units were given in See, 16.4.2.

16.5.4 Electronic Throttle Control Actuator

See Sec.10.31.

16.5.5 Simplified Throttle Control Actuator

SeeSec.1031

16.5.6 Fuel Injection and Ignition Control

This system reduces engine output by suppressing the fuel injection process.
Complete fuel injection suppression would lad to a total loss of engine output-a smooth,

graduated response would be impossible with this kind of ngerent.In contrast,selective
suppression of the injection process at individual cylinders can be employed to achieve a good
compromise between quick response and a graduated reduction of engine power.This is the
design principle behind the new concept.

ABS/ASF~tC
ABS:
INFO:

I I
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TRFACTION CONTROL 16.13

With suppression according to individual cylinders, the number of control increments is
the same as the number of cylinders. Because this limited number of control stages is still
inadequate for a (as an example) four-cylinder engine, a supplementary strategy is em-
ployed:this is referred to as alternating injection suppression, It cjnsists of varying the num-
ber of active cylinders by one after every two crankshaft rotation to produce a mean torque
lyig between the torques produced at the two cylinder stages. This method doubles the
number of control stages to achieve an acceptable level of driving comfort, while comple-
mentary reductions in ignition advance can be employed to provide additional incremental
adjustments.

In cases where the excess torque is substantial.injection suppression can be supplemented
by short-term ignition cutout to provide extremely rapid output reductions. Figure 1612
shows the design of the system.In addition to the modest expense, his system also offers vehi-
cle manufacturers an additional advantage in the form of space savings (no additional space
required) and simplicity (limited amount of extra wiring).

ABS/ASRS SEF-
ECU Morron$

ECUECU

SEF Sequerital Electronic Fueinjection

FIGURE 16.12 ASR EZ sytem.

16.6 APPLICATIONS ON HEAVY COMMERCIAL VEHICLES

Heavy commercial vehicles are used in a highly variegated range of applications. In principle,
the ASR installed on these vehicles employs the same control strategies used for passenger
cars:engine-output control and braking intervention

Differences in vehicle application can make it necessarv to employ ASRsystems in vari-
ous levels of complexity (for instance, relying on braking control or engine output control
exclusively).The control unit recognizes the design stageand carrieoutitscontrolfunctions
accordinglyWThis makes it possible to employ the most economical ASR system for each vehi-
cle type and particular application.

Figure 16.13 features a schematic diagram showing a typical 4x2 vehicle equipped with a
top-of-the-line ABS/ASR system. During acceleration on w-split surfaces, the brake-force
regulator limits slip between the drive wheels.The ASR valve (4) is activated on the side with
the spinning wheel, while the ABS pressure-control valve (3) allcws graduated increases in
pressureat the wheelcylinder

If both drive wheels start to spin on a road surface affording ecual traction on both sides,
the engine-output controller responds by reducing the drive slip .o optimum values In this
example, the electric performance control (EPC) (10) assumes the role of final-control ele-

Ac

I,

' I
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(j)Wheel-speed sensor
2Control unit ABS/ASH

PABS valve

OASR valve
®Shuttle valve
©Service-brake valve
OWheel cylinder

8Accelerator pedal
fEngine

0EMS control uni
Servo motor

FIGURE16.13 Four-circuitABSIASR,4x2vehicle.

ment.The ABS/ASR control unit (2) transmits the desired increment of reduction to the EPC
control unit via interlace, and also controls the electric motor at the injection pump.

16.7 FUTURE TRENDS

Ensuring driving stability is the most important task of ASR with rear-wheel-drive cars.This
task can be achieved by a fast engine torque control or a combination of throttle control and
a fast brake control.

ASR systems with a fast engine torque control (ignition and ijection intervention) and
brake control without stored energy will be widely used,

Although the application of controllable differential locks also offers efficient ASR con-
trol, the higher costs of this system will prevent wide usage

The predominant demand on ASR systems for front-wheel-drive cars is that of traction
optimization. Therefore, an ASR system with brake torque contrcl is needed. The combina-
tion of brake torque control and engine torque control results in a complex,efficient system.

In the future, only ASR systems with brake torque control will be widely used with front-
wheel-drive cars. Especially the combination of brake torque control and engine torque con-
trol with ignition and injection intervention will be widely used.

GLOSSARY

ABS return pump A piston pump that draws back brake fluid to the master cylinder.

Alternating injection suppression A variation of the number of active cylinders by one after
every two crankshaft rotations in order to modulate the engine torque.
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TRACIO0CONTROL 16,15

ASR deactivation switch A device to switch off ASP on sand and loose gravel in order to
achieve maximum traction on these surfaces.

Automatic throttle valve actuator A simple actuator for automatic throttle angle reduction
in case of excessive acceleration slip.

Braking intervention Automatic brake application at drive wheels in case of excessive
acceleration slip

Dcontroller A controller with differentiaing characteristics,

Electronic performance control Electronic accelerator control.

Engine torque control An actuator to modulate engine torque ir case of excessive acceler-
ation slip.

Pcontroller Controller with proportional and integral characteristics,

Slip threshold switch Switch to increase desired slip threshold on sand and loose gravel.

Switchover valve A valve to switch hydraulic performance fron normal braking to ASR
performance.

Throttle valve control ASR actuator to modulate the throttle angle.

3/3 ABS valve A valve with three connections and three positions for ABS wheel pressure
modulation.
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CHAPTER17

SUSPENSION CONTROL

Akatsu Yohsuke
Manager, Vehile Research Laboratory
Nissan Mior Co.. Ltd.

The function of a suspension system in an automobile is to improve ride comfort and stabil-
ity An important consideration in suspension design is how to obtain both improved ride
comfort and stability, since they are normally in conflict. Advances in electronic control tech-
nology, applied to the automobile, can resolve this conflict.

17.7 SHOCK ABSORBER CONTROL SYSTEM

During the past 10 years. manydifferent damping control systems have been studied. The
main purpose of all these systemsis to select the optimum dampmg force for various driving
conditions.The first function of a shocabsorber is to control vhcl movement against iner-
tial forces, such as roll when the Vehicle turns and pitch when the vehicle is brked.The sec-
ond function is to prevent vehicle vibration caused by road surface input. 1 satisfy both
functons i is necessary to control damping forces.

There are thee basic parts of a damping control system: a damping cntrol device (actua-
to), sensors, and solware (control strategy). Optimum damping forcesshould be sel for var-
iousrunning conditions In order to improve ride comfort and handlinag sability.

17.1.1 System Configuration

One of the damping control system configurations is shown in Fig. 17..This system uses five
sensors,including a supersonicroad sensor, to detect running conditions. Control signals are
sent to adjust the damping force of the variable shock absorbers to optimum values. Amain
advantage tots type of systemis that, through the use ofa road sensorit can provideopti-
mum control in accordance with the actual road conditions This system incorporates three
discrete damper characteristics. Sensors used are:avehicle seednsora steering angle sen-
sor,an acceleration and deceleration sensor,a brake sensor, anda supersonic sensor to detect
road conditions.

One system uses four piezo sensors and four piezo actuators on eachwheel in order to
change the damping forces as quickly as possible. This system incorporates two discrete
damper characteristics. Sensors used are: four piezo sensors ou each wheel, a stop lamp
switch, a steering sensor, and a vehicle speed sensor.

1.1
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Sitring Angle Sensor Conol Unir
Vehicle Spetl Sensor

Supersoic
Road Snsor /

Shock Aborber
With Vuiabit
Damping Force

Selector Switch

Accclerrion-Deceleraion Sensor

Shock Al orber
With Varible
Damping Force

FIGURE17.1 Prncipalcompnsofadampingcontrolsvsten

17.1.2 Actuator and Sensor

Actuator Discrete damping control actuators often use a built-in motor to change the
damping force.This motor turns a rotary valve toselect the orifice diameter for three differ-
ent damping levels:soft, medium,and hard.The stopping position of the rotary valve is con-
trolled by encoder signals.

Another actuator is a piezo actuator consisting of 88 piezo elements, and it is installed in
the piston rod of a shock absorber.When a high voltage (5(X1 V) is applied to the piezo actua-
tor, it expands about 50 gm with reverse piezoelectric effect. Elongation in the piezo actuator
causes the plunger pin to be pushed out through the displacement h'draulic coupling unit. As
aresult, the plunger pin moves down to open the bypass of the dampng force switching valve.
The result is a soft damping force. Figure 17.2 shows this valve

Inner Piston

Piston

Plunger Pin

Hard Mode Condition Soft MOd Condition

FIGURE 17.2 Damping force switching valve,

Sensor A sensor using a supersonic wave to detect the road surface is shown in Fig.17.3The
vehicle height from road to body is calculated on the basis of reflection time T. Judgment of
the road condition is made by analyzing the pattern of change in vehicle height.

A sensor using the piezoelectric effect is shown in Fig. 17.4. Installed in the piston rod of a
shock absorber, the sensor generates an electric charge in accordance with axial force from
the road surface.
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TransmitteJ
Puke

Received

11=112 -C-TH

H: Vehicle Height
C:Velociy ofSound t
T: Reflection Time

FIGURE 17.3 Superonic sensor

Pistol Rod
Axial Foce
Arising in the Piezo Elements
Piston Rod

FIGURE17.4 Piezoelectricsensor

17.1.3 Control System

The control system of Fig.171 is shown in Table 17.1.The occurrence of roll and pitch can be
predicted from various sensors, Single humps or dips are detected from changes in vehicle
height.The outline of the road surface judgment logic is shown in Table 17.2.

The block digramof the system using four piezo sensors and four piezo actuators is
shown in Fig.17.5.The damping force arising in an absorber increases instantaneously as the
tire or wheel goes up or down in accordance with unevenness of tle road surface. Each piezo
sensor outputs to the electronic control unit continuous signals indicating damping force dif-
ferential. If the value of damping force differential exceeds a predetermined level, the system
switches from firm mode to soft mode. The system is designed so that the firm mode re-
engages immediately after the vibrations due to poor road surface cease.

Many of the limitations and disadvantaes oftheconventional shock absorbercan be elim-
inated by the damping control systems.They include semiactive suspension systems which are
capable of providing both ride comfort and good handling.
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174 CONTROL SYSTEMS

TABLE 17.1 Damping Force Control System

Sensors used Dam_; Dampi nforce
\Vehicle1Steering Accel/ Road Front

Controlobjctives speed angle dccl Brake condition Rear

Roll reductinforquick HardRoll 0IRoll steering operation Hr

Reduction of nose divingby Hr

Pitch braking 0 0ard
Reduction of pitching when Medium

ganddecelerating Medium

Re duction oflight,bonuncy 0 Mcditimn
vibrations inbttoming 0Mediumn

Bouncing Reductionoflight,bouncy
vibrationsIn bouncirigona \tMedium
heaving road

Road holding Roadholdingperformance
performance improvementwhenrunning Ml-ediumon rough roads

Stability improvement at high Medium
speed Soft

Others Prevetionofshaking whenf a
oppingandrockingwhen Hard

pass exitorenter Hard

TABLE 17.2 Road Condition Judgment Logic

High-requency Low-frequency components

components Small Large

Small Smooth road Heaving road
damping force control

Large unnecessary Rough road

17.2 HYDROPNEUMATIC SUSPENSION CONTROL SYSTEM

A hermetically sealed quantity of gas is used in the hydropneumatic suspension control sys-
ter. The gasand hydraulic oil are separated by a rubber diaphragm, as shown in Fig. .Go
The mchani springs are replaced by gas. The shock absorber damping mechanism is
achieved by the orifice fitted with valves.

17.2.1 System Configuration

As shown in Fig.17.6h by adding an additional sphere to the hydropneuimatic system, a con-
[rollable hydropneumatic system can be realized. If the regulator is closedthe system is in a
firm mode. If the regulator is open, the spring constant of the suspension system becomes
lower by increasing the total volume of the sphere, and the total damping force is reduced.
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FIGURE17.5 Block diagram of damping control systn.

Depending on the sensors used, which detect vehicle driving and road surface conditions, this
systemcan change the regulator characteristics in order to achieve both good ride comfort
and handling stability.

17.3 ELECTRONIC LEVELING CONTROL SYSTEM

In a pneumatic and hydropneumatic suspension, the vehile body can be maintained at a con-
stant height from the road surface, kepinga low spring contant The advantages of an elec-
tronic control system are:

I.
'II

4

2

5

I Cylinder
2 Sphere
3 Diaphragm
4 Gas
5 :Oil

2

3

1: Additional Damper
2 :Regula (Open or Cosed)
3 :Additional Sphere

FIGURE17.6 (a) Hydropneumatic suspensionsystem:(b) Controllable hydropncumaticsuspenion system.

ta)

17.5
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17.6 CONTROLSYSTEMS

* Keeping a low spring rate to achieve good ride comfort independent of load conditions

* Increase in vehicle bod hLight on rough road surfaces

* Changing springrate anddmpingforce in accordance with driving conditions and road
surfaces

173.1 System Configuration

The system is shown in Fig. 17.7. It consists of eight sensors, a mode select switch, air
spring/shock absorber units on four wheels, actuators to operate :he changing valves in the
unit, a compressor unit and five height control valves for air springs,and an electronic control
unit (ECU).The system configuration is shown in Fig. 178.

C..es0
Heiglt Sensor

FIGURE 17.7 Principal components Of an ir suspension system.

17.3.2 Components

The structure of the air suspension unit consists of a shock absorber,a pneumaticipistonsur-
rounding the shock absorber, main and sub-air chambers, a rolling diaphragm, and valves
whichchangethe suspension stroke.

The actuator uses a de motor, which has two shafts to operate the valves for the air spring
and the shock absorber.The rotation of the motor is reduced by the sector gear and operates

N106 Display ys eM
ECUJ

Stop Lap5/W

ExbaustValve Heigt
control
Valv

/ 4
E
C
U
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Door Sensor Height Contro Valve
Sieering Sonsor Suspension Control Switch

M0lt Information Display Rear Height Sentsor

Stop Lamp Switch

Compressor MotorAmy

Sus fsion Control Swich ight Conrol Connector

ear Actuator
Height Control Valve

\Front Height Sensor
IC Regulator Front Actuator

Check Connector

FIGURE 17.8 Configuration of an air suspensionsystem,

the rotary valve to change the damping force. At the same time, another gear engaged with
the sector gear operates the air valve to change the spring rate.

17.3.3 Control System

This system can change the spring rate and the damping force into three levels and vehicle
height levels of low, normal. or higi can be selected. One of the control logics is shown in
Table 173.This is a control which changes the suspension characteristics in response to vehi-
cle speed and road conditions.The spring rate/damping force and the vehicle height are con-
trolled independently according to each control logic.

Electronic leveling control systems do not need much energy to control vehicle height.
They control both spring rate and damping force. As a result of keeping the low spring rate,
electronic leveling control systems can provide both good ride comfort and handling stability

TABLE17.3 Basic Control Logic of Air Suspension System

Spring ate, daiping force

Soft mode Medium mode

Function Operating condition Soft Ledium Firm Soft Medium Firm

Antiroll Rapid steering 0

Antidive Braking at V* > 60 km/h

Antisquat Rapid starting at V<20km/h C - - OO--
SV: Vehicle speed.
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17.4 ACTIVE SUSPENSION

Suspension control systems for passengr cars have evolved through several stages over the
years. Work in the field began with the air suspension for controlling vehicle height and then
progressed to the hydropneumatic suspension and suspensions with variable damping force
and spring rate control. Now efforts are underway to develop an active suspension. It is
defined as one that has the following features:

* Energyisconstantlysupplied to the suspension and the force generated by that energy is
continuously controlled

*The suspension incorporates various types of sensors and a unit for processing theirsignals
that generates forces that are a function of the signal outputs

17.4.1 System Configurations

Basic Configuration. Hydraulic active suspension can be divided into two large systems:
the hydraulic system and the control system, as shown in Fig. 17.9. e hydraulic pressure of
each of the actuators located on each wheel is controlled in accorcance with the output val-
ues from the G sensors to suppress changes in vehicle body positiol (bounce, pitch, roll) and
reduce vibration from the road surface.

Hydraulic System

Hydraulic - -- --- -

ssur Road Brakig
Source Surface Acceleration

irregularity operation
Control System

Pressure

Controller Ive Atuat
Valv 10Vehicle

G Sensor
Bone Bounce Pitch, Roll

Pilch
Roll

FIGURE17.9 Hydraulic and control systems tor an actve suspcnsion.

Hydraulic and Control Systen Configuration. A basicoverview ofthe systern is shown in
Fig.17.10. The functions of the main units of the hydraulic system are shown in Tble 17.4.

As shown in Fig.17.11.the corol system contains the controller aid all of the sensors includ-
ing the vertical G sensors, lateral G sensors, fore and aft G sensors,and vehicle height sensors

17.4.2 Components

Oil Pump. The oil pump has seven cylinders arranged around tie circumference and can
output a maximum oil flow of 12 liters per minute.The pump is connected in tandem with the
power steering vane pump
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FIGURE 17.19 Principal componens of an active suspension system,

Pump Accumulator. To dampen pulsating hydraulic pressure generated by the oil pump
pump accumulators are installed in the hydraulic supply unitincluding one on the side of the
oil pump. To dampen the high-frequency pulsations, a metal-be lows-type accumulator is
used.

Multivalve Unit. As shown in Fig. 1712, the multivalve unit cortains valves for many dif-
ferent functions The main purpose of the multivalve unit is the basic control of hydraulic
pressure for the whole system.The function of the multivalve unit ;s shown in Table 175.

Hain Accumulator. The main accumulator is positioned at both the front and rear axles
The main accumulator has two principal functions:it stores oilfrom the multivalve unit and
provides extra flow to the actuators when necessary.and it prcservys Vehicle height when the
engine is turned off.

TABLE17.4 The Functions of Main Units of the Hydraulic Systems

Main basic function

Oil pump Supplies the necessary oil for system operation (power supply)
Pump accumulator Removes the pulsating action from pressurized oil supplied by the oil pump
Multivalve unit Controls the supply of pressurized oil, failsafe function,etc.
Main accumulator Maintainsoil pressure, compensates when large amount of flow is requiredand preserves

vehicle body height
Pressure control unit Controls the hydraulics for the actuators on each wheel according to signals received fron the

control unit
Actuator Controls vehicle attitude and absorbs external forces from the road surface
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Pressure conral valve .r Front main accumulator

Subaccumulior Pressure control valve

Acitaior

0snsr Conteslter Hydraulic,

Pressure
Vehicle speed syslam

sensor
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Vensor valve Pressure control valve
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FIGURE17.11 Conrolforanacivesuspensionsysten.

From Oil Pump Filter Main Check low Control
ValveVav

Main Relidf
Valve

To Oil Cooler Pilot-Controlled

I.

4.

ToFront Pressure
ControlUnit

To Rear Pressure
Control Unit

From Front Pressure
Control Unit

From Re Pressure

FIGURE 17.12 Multivalve unit configuration.

Pressure Control Unit. As shown in Fig 17.13, the pressure control unit controls the
hydraulic movement of the actuator of each wheel in accordance with instructions received
from the control unit.Table 17.6 shows the valve's construction and operating principle.

The electrohydraulic pressure control system consists of a pressure actuator and a pressure
control valve.The actuator is of the single acting type and is provided with a damping valve
and an accumulator below the cylinder.The pressure control valve is built with three ports
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TABLE17.5 Multivalve Unit Functions

Function Valve Outline

Pressure supply Main relief When the oil pressure exceeds a constant value, the main relief valve
management function valve will return some of the oil flow.This keeps the oil supply pressure at a

constant pressure

Vehicle height Main check valve The main check valve is a nonreturn valve that controls the flow from the
maintenance function Pilot-controlled line filter and directs it to the flow control valveThe pilot controlled check

check valve valve is a supply-pressure-reaction-type open/closed valve. When the
hydraulic pressure exceeds a constant value the valve opens and when the
hydraulic pressurefalls below that level,it closes.In additionit miaitins
the hydraulic pressure at a constant level whei the engine is turned off.

Vehicle height Flow control When the engine is turned off, the flow control valve closes the rain
control function valve passage and directs the flow through the bypass passage orificeslowly

tocreasing the hydraulic pressureafter which the mam passage is
opened Thisprevents any sudden changes in vehice height when
starting theengine.

Failsafe function Failsafevalve When any irregularities occur in the electron cystemitc hangesthe
hydraulic passagepreventing any sudden changes in vehicle height.

and employs a pilot type proportional electromagnetic control valve. This pressure control
valve has two main functions:

* It controls the pressure of the actuator according to the control input. This is accomplished
by driving the solenoid so that it adjusts the pilot valve, causing the spool to move.

* Feedback control is applied to move the spool in response to fluctuations in actuator pres-
suire caused by road surface inputs; the action of the spool works :o keep the actuator pres-
sure at a certain fixed level

Aciuator. As shown in Fig.17.14,the actuator consists of the hydraulic power cylinder,sub-
accumulator, damping valve.etc. Auxiliary coil springs are also employed to reduce the pres-
sure necessary for the overall system and to reduce the amount of horsepower expended.The
subaccumulator and damping valve at the bottom of the hydraulic power cylinder absorb and
damp the high-frequency vibration from the road surface.

supply Return
Port ot

Spoo/ Control
Port

Main Valve Pilot Valve Solenoid

FIGURE 17.13 Pressure control valve construction.

A '-~--~-~-~ ______________________________
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17.12 CONTROLSYSTEMS

TABLE116 Pressure ControlValvelFunctions

Active control The pressure in the control port (actuator) is controlled in response to the electric current applied
function to the solenoid, thus controlling the vehiclet titude

Passive damping When various pressure levels are caused in he interior of the actuator by road surface forces, this
function pressure passe through the control port, causing feedback on the spool and the generation of

appropriate damping forces

Controller As shown in Fig.17.15,the controlle isconstructed using two 16-bitmicrocom-
putersMCUI and MCU2

MCUI processes signals from the 6 sensors and then sendsattitude control signals to the
pressure control valve solenoiddriv circuit. NICU2 processes signals from the vehicle height
sensors and then sends attitude control ignals to the solenoid drive circuit

MCUI and MCU2 normally perform mutual transmission, but should an irregularity
occur, the signal will be sent to the failsafe circuit causing the falsafe valve to operate and
thus guarantee a high degree of safety,

"I spoofut~ i:Cotrol
EmilSignal

Pilot Solenoid
Valve

Acluator

Pump

Azcum Ulalor
Daping

Valve

FIGURE1.14 Schmatic diagram of lecrohydraulic pressure cnfrol system.
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FIGURF17.15 lnteror construcTion ol he elect rohydraulic pressure coniroIler.

G Sensors. The G sensors are bal position detection type sensor;. They detect changes in
the magnetic field caused by the position chane ofasteel ball as the result of acceleration.

17.4.3 Control System

RollControl. The inertia force, which causes the car to roll,is detected by the lateral G sen-
sor. Roll control is initiated by increasing the control pressure on the wheels on the outside of
the turn and by decreasing the control pressure for the wheels on tinside of the turn, Fig-
ure 17.16 shows this operating principle.

The relation betweenthe lateral G and the force generated by the actuator is.

F=o:u

Fh = AFd

AF = Fh_ nzo.
d di

(171)

Pitch Control. During braking, inertia is generated at the vehicle's center of gravity and
causes pitching.The longitudinal G sensor detects this inertia and cancels it to suppress nose
dive by increasing the control pressure to the front and decreasing control pressure to the
rear, as shown in Fig. 1717.The relationship between longitudinal G and the actuator gener-
ated force is:
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FIGURE 7.16 Operating principle for roll control
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FIGURE 177 Pitch control parameters

Pi-=AF(LtL)

A LF mah
(LI + L-) L

(17.2)

Bounce Controt The vertical G sensor attached to the vehicle body detects the value for
vehicle body acceleration.By integration of the acceleration,theabsolute velocity of the body
is calculated, A force proportional to the absolute velocity is generated by the pressure con-
trol valve.

//////77//7///r77
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This control method, called skyhook damper control, is adaptedIt dampens the motion of
the car body regardless of any input from the roadsurface.

In the case of a passive damper, the vertical motion of the body relative to the road surface
inputs can be given as:

(173)X, --0' + 27(m+ (9"

The vibration transmission rate at the resonant point is:

(17.4)

and always has a value greater than one
By contrast, the vibration characteristics of the skyhook damper are given as:

jg + o; (17,5)
X[ -+ 2j( 2+ )w + o

The vibration transmission ratio at the resonant point is:

X - + (17.6)
, xQ2 -e (+)

hence,

+'- (173)

and it is possible to reduce the ratio to less than one.
The effects of the hydraulic active suspension are organized in Table 17.7 according to

those related to the vehicle.

17.4.4 Effectiveness

Figure 17.18 shows the lateral G and angle of roll during cornering. Figure 17.19 shows the
foreandaftG force,angle of nose dive,and squat angle during starts and stops. In either case,
the car with the hydraulic active suspension outperformed the othcr cars with conventional
suspensions.

TABLE 17.7 Effect of Active Suspension Control

Control Vehicle-related effects

Roll control During transient control of wheel loading, as when changing lanes the steering characteristics of the
vehicle can be optimally controlled.The tires are used to their utmost performance ability because
there is minimal rollminimal change in the camber of the tires to the ground, and because the tires
are continually kept in squarecontact with the road.

Pitch control Nose dive and tail lift are minimized during braking.Squals are minimized during starts and rapid
acceleration.

Bounce control Verticalv bration of the vehicle is reduced and coninuity is improved. lrtical load fluctuation is
minimal, and the contact of the tires with the road is greatly improvecd

~1
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FIGURE 17.18 Comparison of rol angles during cornering
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FIGURE 17.19 Comparison of nose dive and squat angles.

Figure 17.20 shows the effects of bounce control for the skyhook damper.Compared with
cars using conventional suspension systems, the car with the hydraulic active suspension sys-
tern exhibited superior performance and low vibration levels.

Figure 17.21 shows the ride characteristics and roll rate for various cars with some suspen-
sion systems. As the results clearly demonstrated, the hydraulic active suspension system,
through advanced roll control and bounce control, provides a ride and a level of control far
superior to that of other suspension systems.
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17.5 CONCLUSION

The active suspension system provides outstanding levels of performance which are unob-
tainable with other suspension control systems and conventional passive suspensions. Evalu-
ations made with actual vhicles confirmed the effectiveness of the active suspension system
in improving ride comfort and handling properties.
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17.18 CONTROL SYSTEMS

GLOSSARY

Hydropneunatic suspension A suspension system using oil or air to support the car body.

Skyhook damper control The control law applied to control the vehicle as if it were fixed
within absolute space suspended from the sky.

Supersonic sensor A sensor used to measure the distance between a car body and the road
surface using supersonic waves,

NOMENCLATURE

C: passive damping coefficent
C; active darmnping coefficient

K: tire stiffness

K7: spring stiffness

M: unsprung mass

MI4: sprung mass
a= (K,/M 2)`   natural frequency of unsprung mass

=(KJM)s natural frequency of sprung mass

(C,12) (MK 2)"   active damping ratio
(('2) (M /K,) passive damping ratio

BIBLIOGRAPHY

Decker, Hand W. Scramrn,"An optimized approach to suspension control," SAE Paper 900661, 1990
Decker, H, W. Scrami, and R. Kallenbach, "A modular concept for suspension control,"AIll Fisita
CongressTorinotItal1990,905124.

Decker. -, W. Scraninand R, Kallenbach,"A practical approach toward advanced suspension systems,"
Proc. IMechE International onfrnce on AdvancedSuspensions London, 1988,& S93-99.

Doi, S., E. Yasuda, and Y. Hayashi, "An experimental study of optimal vibration adjustment using adap-
tive control methods," Proceedings ofthe Instinuion ofMechanical Engineers London, Oct. 24-25,1988.

Guy, Y. M B. Lizell, and M. W Kerastas,"A solenoid-actuated pilot valve in a semi-active damping sys-
tern," SAE Paper 881139. Aug.1988.

Haget.K.H.,et at,"Continuous adjustable shock absorbers (or rapid-acting ride control systems (RCS),"
XXIII Fisita Congress, Torino, Italy, 1990,905125.

Hennecke D.,P. Baier. B. Jordanand E.Walek,"EDCItI-he new variable damper system for BMW's
top models-a further development of our adaptiveifrtquncy-dependc tdamper control,"SAE Paper
900662.

Hennecke D., . Baier, B. Jordan, and E. Walek, "Further market-oriented development of adaptive
damper force control," XXIll Fisita Congress Torino, Italy, 1990,905143,

Hennecke.D., B. Jordan, and U. Ochner,"Electronic damper control-a ully automatic adaptive system
for damping force adjustment on the BMW 635 CSi."ATZ89, 9,1987, p. 471-479.

Hroval, D., D. L. Margolis, and M. Hubbard. 'Anapproach toward the optimal serni-active suspension,"
Transactionsof theASME. 288,vo 110,Sept.1988,

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



SUSPENSION CONTROL 17,19

Karnop,D.and D.L.Margolis,"Adaptiv suspensionconceptsforroad vehicles." VehicleSystern Dynan-
ics. 13. 1984, pp. 145-160.

Karnop, D., M. J. Crosby, and R. A Harwood, "Vibration control using sem-active force generators,"
ASMEJournalofEngineering forlbulstrrTransctons ofet ME.No.96,1974,S.613-626.

MargolisD. L.."Semi-activcontrolofwheelhopingroundvehicles"VehicleSystemDynamics, 12,1983,
pp.317-330

Sharp, R.S.,and S.A. Hassan."Performance and design considerations for dissipative semi-active sus-
pension systems for automobiles" Proceedings sinuionof Mechanical Engineers, vol 201, o.0 D2, pp.
149-153.

Sugasawa.F, et a.,"Electronically controlled shock absorber system used Es a road sensor which utilizes
super sonic waves," SAE Paper 85165219851

Tsutsumi,Y, H. Sato, H. Kawaguchi.and M. Hirose, "Development of Pieo TEMS (Toyota Electronic
Modulated Suspension),"SAE Paper 901745.1990

Yokota, Y., K. Asami, and T Hajima, 'Toyota electronic modulated susiension system for the 1983
Soarer," SAE Paper 840341L1984.

Hydropneumatic Suspension

Akatsu.Y..N. Fukushira, K.Takahashi. .Satoh, and Y. Kawarazaki."An active suspension employing
an electrohydraulic pressure control system."XXIII Fisita Congress, Toriro, Italy.1990905123

Carbonaro,0., "Hydractive suspension electronic control system" XXIII Fisia Congress, Torino, Italy,
1990, 905101.

Dominy,J., and D.N.Bulman,"An active suspension for a Formula One Grand Prix racingcar," Transac-
ionlsASME, Journal Dywnic Si-sterns Measurement Control, vol 107,1, 1985,pp-73-78,

Hedrick, J. K.,"Railway vehicle active suspensions" Vehicle System Dynamics 10, 1981,pp.267-283.
Henning, H., "Citroen SM V6," A TZ 92,1990, pp- 23-21
Hrovat, D.."Optimal active suspension structures for quarter-car vehicle models," Autornatica, vol26,5,

1990.pp.845-860.
KarnopD.,'Active dampingin road vehicle suspension systems," Yehicle S'ystem Dnamics 12, 1983, pp
291-316.

Sharp, R. S., and S. A Hassan,"An evaluation of passive automotive suspension systems with variable
stiffnessand damping parameters," Vehicle System Dvnamicy, 15(6)1986, ap.335-350.

Tanahashi1,H.,K.ShindoT.Nogami,andT.Oonuma,"Toyotaelectronicmodulatedaitsuspensionforthe
1986Soarer," SAPaper 8705411987

Thompon, A. G.,"An active suspension with optimal linear state feedback," Vehic System Dnamics 5,
1976.pp 187-2103,

lobata, H., N. Fukuslima, K. Fukuvama,and T Kimura,"Advanced control method of active suspension,"
Avetc.Yokohama,Japan,1992.92303

Wright, P." The application of active suspension to high performance road vehicle," I MechE C239/84,
1984

ABOUT THE AUTHOR

Akatsu Yohsuke has been Vehicle Research Manager for Nissan Motor Co., Ltd,since 1980.
He was awarded the BE.degree from the Tokyo Institute ofTechnology in 1978 and the M.E.
degree from there in 1980.

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



CHAPTER18

STEERING CONTROL

Makoto Sato
Honda R&D Co Ltd.

The application of electronic control technology to vehicle steering systems is still in the
development stageThestructure and functroningof such systemsare not yet clearly defined.
Accordingly, the material that follows is intended primarilyto introduce systems which have
already been published, and it is devoted entirely to the electronic aspects of thosesystems
anddoes not include descriptionsof the basic operation of hydraulic power steeringsystems.

18.1 VARIABLE-ASSISTSTEERING

18.1.1 Fundamentals of Electronically Controlled Power Steering

Electronicallycontrolled power steering improves steering feel and power-saving effective-
ness, and inreases steering performance. It does so with control mechanisms that reduce the
steering effort. An electronic control system, for example, may he added to the hydraulic
booster or the whole system may be composed of electronic and electric components.

The intent of electronic controlsinitially, was to reduce the steering effort when driving at
low speeds and to supply feedback for the appropriate steering reaction force when driving at
high speeds. In order to achieve those goals, devices such as vehicle speed sensors were used
to detect vehicle speed in order to make smooth and continuous changes in the steering assist
rate under conditions ranging from steering maneuvers at zero speed to those at high speeds.
Howeverasvehiclesbecame equipped with electrohydraulic systems and fully electronic and
electric systems, the emphasis for these systems started to include reduction in power require-
ments and higher performance.

The main functions required for electronically controlled power steering are listed in Table
18.L.

18.1.2 Types of Electronically Controlled Power Steering

Electronically controlled power steering systems presently available commercially can be
classified according to their hasic structure and basic principles into three types: hydraulic,
hybrid, and full electric systems, as shown in Table 18.2. Detailed explanations of these sys-
tems are given asfollows.

18.1
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18.2 CONTROLSYSTIES

TABLE18.1 Functions Required for Electronically Controlled Power Steering

Reduction of driver's burden when * Reduction in steering effort
turning the steering wheel and * Smoothnes of stering operation
improvement in thesteeringfeel v Feedback cappropiate Steerin reaction forces

* Reductionofkickback'
*Improvementimnonvergence
* Credilonofo ther new functolns

Power saving
Failsafe * Maintainng of manual steering function in ihe event of any malfunctions

TABLE 18.2 Classification of Electronicaly Controlled Power Steering System

Major effecis

Steenng
forceI

- en - rresponsive

Basic Cortrol Control Vchick Steeing Angutar tovhicle Power
structure method obleu speed torque velocity Current Actuator speed saving

flow nwsupplh Oenold Il
powercslir.der

Cylinder Effectiv Solenoid
bypass actuation

pressuire Ovcfl

Etectronically to cinder

controlled Vat Pressurc j a1niJ
hvdra ic characterisics generated at

controlra ue

Hdra Presure actn Solenaid
re'action force on the
control hydraulic

reaction force

Hybrid syste m Flow Flow supptl to Cotor
power ctinder

Full electic Motor torque otor
Vystem cre Motor Power I (D 9otor

181.3 Explanations of Each System

Electronicaliv Controlled Hydraulic System This system consists of a linear solenoid
valve, a vehicle speed sensor, and other electronic devices located in part of the hydraulic cir-
cuit of the hydraulic sysem.Theopening of the solenoidvalve is controlled baSed on signals
from the vehicleped sensorThe flow and pressure of the hydraulic fluid is controlled by
means of the opening of the solenoid valve-

The assist rate is smoothly and continuously varied in response to the vehicle speed,so that
when the vehicle is stationary, the opening of the solenoid valve is small to ensure that the
steering effort is appropriately light. When the vehicle is moving at high speed, the opening of
thesolenoidvalve is large to ensure that the steering effort is appropriately heavy.

Flow Control Method In this method, a solenoid valve is located at the pump discharge
port as shown in Fig.18,1.The electronic control device regulates the solenoid valve opening
at high vehicle speeds to reduce the pump discharge volume, thus increasing the required
steering effort. By reducing the resistance of the circuit between the pump and the power
cylinder, power requirements are reduced Figure 18.2 shows the position of the solenoid
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18.4 CONTROL SYSTEMS

valve at the pump, with separate diagrams showing the operation at high and low vehicle
speeds.

The flow of hydraulic fluid to the power cylinder is reduced when driving at high speeds'so
that, for this method, the magnitude of the steering response rate and the steering reaction
force are balanced at a point of equilibrium.

Cylinder Bypass Control Method. In this method, a solenoid valve and a bypass line are
located between both chambers of the power cylinder.2 The opening of the valve is extended
by the electronic control equipment in accordance with increases in vehicle speed, thus reduc-
ing the hydraulic pressure in the power cylinder and increasing the steering effort. Like the
flow control method, this system may also seek the equilibrium point for the steering response
rate and the steering reaction force.

Valve CharacteristicsControlMethod. In this method,the pressure control restrictions of
the rotaryvalve (control valve) mechanism, which control the volume and pressure of the
hydraulic ilid supplied to the power cylinder, are divided into second and third parts. A
fourth part, controlled by means of the vehicle speed signal, is provided in the hydraulic line
between the second and third parts as shown in Fig.18.3.1The strucure of this system is shown
in Fig 18.4.The steering effort is controlled by carrying out variable control of the fourth part
to vary the assist ratio. Because the structure is simple and the flow from the pump to the
cylinder is supplied efficiently without waste, this system exhibits a good response rate.Figure
18.5 shows the hydraulic pressure characteristics in the valve characteristics control method
with the driving current of the olenoid valve in accordance to the vehicle speed control sig-
nal as a parameter. When the current is 0.3 A, the valve is fully open, and this represents the
high-speed driving condition.

Hydraulic Reaction Force Control eilod. In this method, hesteering effort is con-
trolled by means of a hydraulic reaction force mechanismwhich is located at the rotary valve
(control valve). A hydraulic reaction force control valve increases the hydraulic pressure
(reaction pressure) introduced into the hydraulic reaction force chamber in accordance with
increases in the vehicle speed.The rigidity of the reaction force mechanism (equivalent spring
constant) is variably controlled so as to directly control the steering effort.

Resritndon R

Restr flion L

Pump Ro w oTf lid

Power cylinder

RestriconL Restricion R

Resemvir

Bridge circuit for conventiona power steering

FIGURE18.3 Closing bridge circuit forcontrot valve.
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FIGURE 18.5 Valve characteristics in response to
vehicle speed.

This method requires the inclusion of a reaction force mechanism, which makes the struc-
ture of the control valve more complex, which in turn increases the cost. However, because
the rigidity of the reaction force mechanism increases in accordance with increases in the
vehicle speed, there is no vagueness in the steering feel in the area arond the straightforward
steering position. Because this method assigns the steering reaction force irrespective of the
volume of hydraulic fluid supplied to the power cylinder, the magnitude of the steering reac-
tion force can be set freely without the need to sacrifice any of the steering response rate

18.5
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18.6 CONTROL SYSTEMS

18.1.4 Hybrid Systems

Hybrid systems utilizea flow control method in which the hydrailic power steering pump is
driven by an electric motor.The steering effort iscontrolled by ccntrolling the rotatingspeed
of the pump (discharge flow),

The drive efficiency of the generator and motor are low compared to that of the hydraulic
pump, which is driven by the vehicle engine. But because any residual flow is not discharged,
the power loss is lower than that of the engine pump when driving at high speeds.

Because the pump is not driven by the vehicle engine, there is also a iage degree of free-
dom in the selection of the mounting location for the pump.

Driving Mode Responsive Method In this method, the control system consists of a vehicle
speed sensor, steering angular velocity sensor, an electronic control unit, and a motor driven
hydraulic pump, as shown in Fig.18.6

As is shown in Fig. 18, the driving conditions (such as driving in urban areas, country
areas, winding regionsor highways) are automatically judged,and the pump flow rate is con-
trolled in accordance with this condition in order to provide [he appropriate steering effort
for the driving conditions. Fine control adjustments ar achieved by means of this method as
compared with vehicle speed-responsive types mentioned previously.

Rub* "Wt
R81V VaW

Outlet

Irm

Wv"

coftone

ubery
Ponr ACG
contelo r

Mowo dr an

r % speed senor

System structure

Motor-criven hydraulic pump

Steering wheel angular velocity sensor

FIGURE18.6 Driving mode responsive-type hybrid power steering?
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Wnig Highway

Urban

Suburban

Average vehicle speed (k/h)

Driving mode map

AL

Urban

Subijrban

Highway

Winding

L 20 Vhc speed (k i 10-*Vehicle speed (klvh}

Flow rate control map

FIGURE18.7 Driving mode and pump flow rate.'

Steering Wheel Speed Responsive Method For this method, the system consists of compo-
nents such as a vehicle speed sensor,,steering wheel angular velocity sensor, an electroniccon-
trol unit, and a motor-drivenh ydraulic pump. as shown in Fig.l18. The pump flow volume is
controlled in accordance with the angular velocity of thesteering wheel and the vehicle speed
as shown in Fig. 18.9. As mentioned previously, thedischarg flow volum of the pump is
reduced and the steering response drops when the vehicle is driven at high speeds.Therefore,
in this system, the speed of the motor is increased in accordance with the detected angular
velocity of the steering wheel in order to increase the discharge low volume to solve the
problem. Accordingly, losses in power resulting from the circulation of residual flow within
the system are kept to the minimum possible level, and the magnitude of the reaction force
can be controlled freely without sacrificin anyof the steering response rate.

Angular velocity
sensor

Vehicle speed
sensor

Electronic
control unit

Motor-driven.
hydraulic pump

Gear box

System structure

Sensor-
case Magnet

rotor Bearing

Plasiic
agtOutput

terminal

[Output waveform]

to1 i

LL1 cycle--

Structure and output waveform
of steering wheel angular velocity
sensor

FIGURE 18.8 Steeringspeed-responsivetype hybrid power steering.'
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Control block Control map

FIGURE 18.9 Basic control

18.1.5 Electric Power Steering

Electric power steering (EPS) is a fully electric system,which reduces the amount of steering
effort by directly applying the output from an electric motor to the steering sytem.This sys-
tem consists of vehicle speed sensors, a steering sensor (torque,angular velocity), an elec-
tronic control unit,a drive unit,and a motoras shown in Fig110.Signal outputsfrom each
sensor are input to the electronic control unitwhere the necessa:vy steering assistance is cal-
culated and applied by the drive unit to control the operation of the motor.

COnkrd unit

Power unit

Recirculating
ballscrew

Steering Sensor

Steering gearbox

Steering whee

FIGURE 18.10 Stucture of PS Syslun (rack assis-type ball screw
drive).

Because the motor output is controlled directly in this system, (he setting range for the
steering effort is large, and also because it is possible to supply only the amount of power that
is necessary when the steering wheel is turned.a large reduction in power requirements can
be effectively achieved with no power losses.This means, in contrast to hydraulic systems, that
it is not necessary for the pump to keep operating continuously when the steering wheel is not
being turned,
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STEERING CONTROL 18.9

TABLE 18.3 Classification of Motor Drive Mechanism in EPS

Method Motor drive methnd Power transmission mechanimn Ficure

Pinion assist Column shaft drive Motor wormgear-*column shaft-pinion shaft 1811
Pininshat dive Motor-geartrain-pinion shalt 1812

Rack assist Another shat pinion drive Motor-planetary gear tram-*another shaft )nion rack shaft
Ball screw drive Motor-talsrew-erack shaft 18.10

columnshaft
Torque
sensor

wormand
Aorm woec

Motor

Electromagnetc
clutch

Rack pinion mechanism

FIGURE lil Column shaft drive method'

In rack-and-pinion steering mechanisms,
the EPS system applies the motor power to
the pinion gear shaft or to the rackshaft.Sev-
eral reduction gears are incorporated to
amplify the torque of the motor. This system
can he classified according to the drive
method as given in Table 183 and Figs.18.10
to 1812.The maximum amount of assist, the
smoothness of the steering feel, and the
degree of noise occurring during steering are,
by and large,determined by the power trans-
mission systems in this table. In general, it is
possible to obtain J greater amount of assist
from the rack assist method than from the
pinion assist method, and the rack assist
method is optimal for vehicles in which the
front axle load is high.

Details of the respective sensors, controls,
and the results achieved thereby are given as
follows under common headings

To steering whee

Motor

Tlectromagnetic
Torque sesrJ utch

Rack & pinion mechanism

FIGURE18.12 Pinion shaft drive method.'

Sensors. The EPS system utilizes avariety of sensors to control the motor. These sensors
include a torque sensor, which detects the steering effort of the steering wheel; a steering
wheel angular velocity sensor, which detects the angular velocity of the steering wheel; a bat-
tery sensor.which detects the battery voltage; a current sensor,which detects the motor cur-
rent and the battery current; and a vehicle speed sensor. Of these sensors, the torque sensor
and the steering wheel angular velocitysensor, which form the core of the EPS system, are
described as follows.(Also see Chap3.3

Torque Sensor The pinionshaft in the rack-and-pinion steeting mechanism is divided
into two sections of input shaft and pinion gear. The torque sensor comprises a torsion bar

I'
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Inpul shaft/
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FIURE 18.13 loiaqucsen Tsorand angutar velociy sensor;"
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Pnmar coilI Secondary
col
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{Torque sensor output)

Output veltage v)

2. -REF25

52-

-D0 r 10
Steing torque (N-m)

FiGURE 18.14 Diagram of torquesensor operaton.

that connects the two sections,a slider with a movable iron corea cam mechanism that con-
verts the twist torque of both sections of the shaft into an axial diection displacementand a
differential transformer that converts the axial direction displacement of the slider into an
electric signal.

Rcstructure isshown in Fig.18.13. Figure 18.14 shows examples of the detection of the mag-
nitude and direction of theslider displacement.Signal S3 is the output signal of torque and Si
and S are outputs for diagnosis useThe differential transforner-type torque sensor has a dual
electric structure to provide differential outputs, so that a high sensng accuracy and good tem-
peratre characteristics can be obtainedand detection of failure ca also be made accurately.

In addition to this type of torque sensor, there are other torque sensors that use a p1ct-
tiimelertnstead of a differential transformerand also types in which the relative displace-
ment in the turning direction is measured in a noncontact manner using a coil, without there
being a mechanically movable part such as theslider.

Angular Velocity Sensor The angular velocitysensorconsissof a gear train, which is
located around the input shaft,and a dgenerator. whichis driven at an increase of speed by
this gear train.The structure isshown in Fig.18.13.The turning direction and angular velocity
of the stceringwheel are detected by the turning direction and angular velocity of thisdegen-
erator.Signal S4 indicates the output from the steering wheel angular velocity sensor.

Electronic Control Unit (ECU). The ECU consists of an interfce circuit that coordinates
the signals from the various sensors,an AID converter and a PWM unit that are all built into
an -bit one-chip microprocessor awatchdog timer (WDT) circuit that monitors the opera-
tion of this microprocessorand a PWM drive circuit that drives the power unit mentioned
preousl.The ECU conductsa search for data according to atable lookup method based on
the signals input from each sensor and carries out a prescribed caculation using this data to
obtain the assist force.

In addition,trouble diagnosis forthesensorsand the microprocessor is also carried out.When
a problem is detectedpower to the motor is interrupted.an indicator lamp illuminates,and the
problem condition is memorizedThen this problem mode flashesor a display as necessary

PowerUnit. The power unit comprises a power MOSFET (metal oxide semiconductor field
effect transistor) bridge circuit which drives the motor in a forward or reverse direction, a
drive circuit which controls the respective power MOSFET of this power MOSFET bridge
circuit, current sensorand a relay which turns the motorcurrent ON and OFF
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Drive + Onve unit)
DricuveRor~it L.Z14Relay Mtr

(Angular velocity
sensorD 

DT

(orquesensor)

10Sbecircuit
(Battewyvoltage]L

(Indicator lampl ruCons an voltage ch
Circit circ t

FIGUREd18.15 ECUand driveunit

The structureis shown in Fig. 1815.The motor is driven basecon instructions from the
ECU. Th'current atti~s time is monitordby the ECCand the power supplied to themotor
isinterruptedintheeventc anuabnormality.

Depending on the magnitude of the current,some systems are provided with an integrated
ECUandpower unit, whileothrstemshaveeachsectionseparate.

MotorControlMethods. Inthequi lent
circuitofthemotorwhichishowninFig.
1.16, the relationship between the erminal

T voltageV 0 the imiedance L thenresistance
R b the induced voltage constantk the revolu-

N tion speedN the current , and the time t is
expressed bythe followingequation:

U aVi=L(dihdt)+R i k2 N   (181)

R - i k N(18.2)
FIGURE18.16 MotorequivalentccIonttth nti

cionalto the motor torque .
AscanbeunderstoodfromEq.(82),thr1aretw controlnthods.In he motorcurent

control method (refer to Fig.18.17), the target moorcurrent iT which is proportional to the
motorassisttorqueTisdetermined m the ignaloutput T fromthe torque sensorand
controlisperformedccothat there isno difference between this targetecurrentvalueT and the
value detected through feedback from the current sensor 10.

Inthemotorvoltagcontrolmethod(refer to Fig.18.18),the motorvoltage component
(Vwt P i= k T Fky is aproportional constant) which correspondto the motor assist
torque as calculated from the output signal fromthe torque sensor.and themotor voltage
component(V k ) ich correspondtothe motor speed asclulatedfrom theoutput
signalefrom the steering wheel angular'velocity senso.These twooltage components are
then added and output.

Current ontro Metho Inthismethod, the target value for the motorcurrent, which
correspondstothemotorasisttorqueistthat t isequal to thevehiclespeedresponse
typederivefromts lte'ied from the signal of t v l s or.
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< Sensor system > < Steering system >

Steering
wheel V (Vehic speed)

Compensator T

Torsion 1,
bar L

h 2 1

Motor X4N
Compensator

Load T
Comperieo

[Currentfeedback)

FIGURF 18.17 Diagram of principle of motor current control
method.

ECU & Power Unit

<controlsystem> + r.T

< Sensor system >

Vehicle speed Angular vlo Torque
sensor senr Senst

<Steering system >

Td

e h o

Steein wheni Torsion Motor Tirfes
bar .L) .,4)
(0,

FIGURE18.18 Diagram A principle of motor voltagecon-
trol method,,

Voltae ControiMedwd In this method, both the motor torque and the motor speed can
be controlled by the output from the torque sensor and the steering wheel angular velocity
sensor. When the vehicle is traveling at low speeds, normal control is carried out. With this
control the value for (R -i + k N) in Eq.(18.2) is output to the motor to obtain a good motor
response rate (steering response rate) and thus provide a comfortable steering performance.
When the vehicle is traveling at high speeds, it is possible to carry out two types of control. In
the first method.return control, the value for (k N) is made smaller so that adampingt orque
which is proportional to the motor speed is generated In the second method,darnper control,
motor torque is gencrated in the opposite direction of motor rotation with V = 0 when the
steering wheelis released in turning.

Nornal Control, This is a method of drive control for steerng with a reduced steering
effort and a good steering response rate. As is shown in Table 18.4, when the steering wheel is
turned to the right, FET (a) is ON at the same time that FET (c) is carrying out PWM drive.
and current flows to the FET bridge circuit as shown in Fig.18.19 based on the value of V in
Eq.(18.2).If the angular velocity of the steering wheel increases, (e PWM duty also increases

An example of thesteering characteristics in an actual vehicle can be seen in Fig.18.20. Figure
18.20a represents the assist characteristics during stationary swing. with the dotted line repre-
sentg the steering characteristics when no assist force is provided. Figure 18.20b is the steering
response rate; Fig. 1820c is the steering characteristics corresponding to the vehicle speed and
Fig. 18.20d is the steering characteristics relative to thelateral accelkration of the vehicle.

TABLE18.4 FET Drive During Normal Control5

Steering condition FET (a) FET (b) FET (c) FET (d) Motor operation
Steering to right ON OFF PWM OFF Operates i direction steering to the right
Straight ahead OFF OFF OFF OFF Stops
Steering to left OFF ON OFF PWM Operatesin direction steering to the left
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FIGURE18.19 Diagram of bridge circuit operation.
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18.14 CONTROL SYSTEMS

Return Control This method of drive control is for varying the steering wheel return
characteristicsWhen the driver iS returning the steering wheel to the neutral position at low-
speed driving,the motorcurrent isimmediately reduced in order tomake the motor operate
inthe reverse direction to the torque generating directions.As a result, a good returnability of
the steering wheel should be obtained. At high-speeddriving, motor current is gradually
reduced in order to suppress returnability and obtain more stable steering characteristics.

As shown in Table 18.5, when the steering wheel returns to the straightforward position
after being turned to the rightET (a) carries out PWM-r drive based on the signals from the
steering wheel angular velocity sensor. and, at the same time FET (c) also carries out PWM
drive based on the signals from the torque sensor.

TABLE 18.5 FET Drive During Return Contro5

Steering condition FET (a) FET (bt FET (c) FET (d)
Return from right steering to straight ahead PWI OFF PWM OFF
Return from left steering to straight ahead OFF PWM-r OFF PWM

The results obtained by means of this return control are shown in Fig.18,21 Figure 18.21a
represents the steering characteristics when return controlis not applied,and Fig.18.21b rep-
resents the steering characteristics when return control is operating.The hysteresis is greater
and the returnabilityis weaker than in Fig.18.2la.

Steering torque (N-m) Steering torque (N-m)

020 1A 10 2030 3020 TO 20 30
ISteeu 24Seban

angle (eg) angl e

(a) (b)

FIGURE18.21 Comparison of steeringwheelrturn char-
acteristics

Damper Control This method of drive control is for improving the convergence of the
steering wheel when the vehicle is traveling at high speeds and for eliminating wandering of
the steering wheel caused by the tire inputs.

As shown in Fig. 18.22, when the motor terminals are shorted, it is possible to generate
motor torque in the reverse direction in proportion to the speed of the motor as is shown by
the equation in Fig.1822, and this characteristic is utilized for control Figure 18.23shows the
results of the application of damper control during a convergence test carried out at a vehicle
speed of 120 knh.

18,1.6 Power-Saving Effectiveness

Because the EPS system is a "power-on-demand" system, which supplies only the necessary
amount of powerat the necessary timealmost no power losses occur when thesteering wheel
is not being turned. Because of this, the system has extremely high fuel efficiency. Table 18.6
shows the results of measurements of fuel consumption during different driving modes to
compare EPS with the hydraulic system. 1e LA-4 mod corresponds to urban road driving
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18.1.7 Trends in Research and Development
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Fi'UIC .24 S asstem Control block diairam in which the yaw rte is edb ack as a steer-
ing reltlon toree.

Figure 18,25 shows\an1example of the effect ofsuppressing irregularities in vehicle behav-
io caused by side disturbances by comparing the amount Of lateral Rmoval when braking on
a rut of road surface withhe case for conventional power steering.

18.2 FOUR-WHEEL STEERING SYSTEMS (4WS)

[or vehicles with extremely long wheel bases and vehicles which need to beoperated in nar-
row places, the concept of a four-wheel steering system is attractive, I such systemsthe rear
wheels are turned in the opposite direction to the steerino direction of the front wheelsin

TABLE 18.6 MeasurementResults on Mode Fuel Cn suition

Improvemen in fuel consumption
Iydraulic power Fuel consumption

Mode EPS (mpg) steering(mpg) difference (impg) Improved rate (t)
L.- -4 2R 1 20,01 0.80 250

H ighway 28.88 28.18 214 2.52

15, 15.
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FIGURE 18.25 Effect of active reaction power steering,

order to make the turning radius as small as possible and to improve the handling ability.Such
4WS systems have been under development for some time. However, the concept of the sys-
tem being used in passenger vehicles for thepurpose of improving vehicle stabilityand steer-
ing response at medium to high speeds is relatively new.

A4WS system for passenger cars has the following two aims:

*Reducing the turning motion (yawing) of the vehicle by steering the rear wheelsin the same
direction as the front wheels, thus improving the vehicle stability at high speeds

* Improving the steering response at medium speeds, while at the same time reducing the
turning circle radius at low speed, by steering the rear wheels in the opposite direction to
the front wheels
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FIGURE 18.26 af vehiclemodel of 4WSJ

18.2.1 Basic Principles of 4WS

Shortening the Minimum Turning Radius.
As shown in Fig. 18.26, provided the origin
point of the coordinate is set at the center of
the rear tread, the (oordinates of the turning
center of the vehicle P(X, Y,)" when the rear
wheels are turned in the opposite direction
from the front wheels are given in the follow-
ing equations:

Xr= / (tan 6,+ tan 6,) (18.3)

yo= t(t tan6) /(tan6,+tan&,) (18.4)

And, if the turning radiusfor the front outer
wheel isR and the differencebetweenthe turn-
ing radius of the front and rear outer wheels is
AR, then:

R=P= i+ X tan
N 2( ? 2 ian 6+ tan 6, tan 8 + tan ,

AR= JP-CP

= - -+X +(1-y 2

= " +- +V+

- 2/~ ttn + tan 8f
2 tan 6+tan,Vtan +tan 6.

__ ______ tan ,
t+ 

tV -2 "tan 8f+ tan 8, ) tan 8,+ [an 6,
(18.6)

in these equations,6fis the front whee steering angle (average ofleft and right wheels),6,
is the rear wheel steering angle (average of left and right wheels), b is the tread of the front
wheels. b, is the tread of the rear wheels, and t is the wheelbase.

(18.7)

(18.8)

R = PQ = - 't

AR=PQ-PC)

sinI,+ cos& + tanSf

sn6(+ cos6f +tan6
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18A8 CONTROL SYSTEMS

It can be seen from Eq. (18.7) that when the rear wheels steer in the opposite direction as
the front wheels, the turning radius becomes smaller than whin the rear wheels are not
steered (,= 0).In addition, it can be seen from Eq.(18.8) that when the steering amount for
the front and rear wheels is the same (6f= 8,), then it becomes possible to obtain a difference
of 0 between the turningradius of the front and rear wheels

Improvement in Stabilht vand laneuverabilitk When Driving t tiedium to High Speeds.
The steering chaacteisticsin awvelocity and lateral accelation ofhle vehicle with 4WS in
which the rear wheelsare steered in proportion to the front heelssteengangle in the same
directionareshown inTable 1K?,along withthatlora hiclew 2WS system. However the
half-ar vehicle model shown in Fig. 18. s useda thev hiclemodel

From Table 18.7, in a stem in which the rear wheeli eturined in the same direction as
the front wheels, the stabllit factor K, the damping ratio and th naturloscillation of yaw-
ing n are not different fron the values orconventonalvchiclswit2W' so thatthe intrin-
se stabibly of the vehicle will not varl On the othrhand because the latral acceleration
response lay will become smalleras th coefcients ofinumerat.rsand increas and the
sleady statem gainnn the yaw elocity will drop by the proportion I (1 - k) lithe yawin moi-
ment which accompanies the lateral m ement of the vehiclew illbecome lesandthesuMtb
itv within the rangeofpractical use ill be improved. If, hoiever, the rearwi eclsa steered
in the opposite dirction to the front wheels Ak)and so I - k>I T This means that the steady
state gain of the law elocity will increase, with the result that 1eseengresponse will be
improved.The symbols used inTable 1,7 and Fig. 18.27 are expllined inTable 18.8.

Fixed on vehicle

'o

F

F,

Y'

-.- 51

F xd on road

/V

-I' V/ V
F,

Fixed

FIGURE 18.27 Cordinates fixd on road and vehicle in half vicudecmrodel.'

18,2.2 Classification of 4WS

Four-wheel steering systems that are currently being implemented in vehicles arc classified
according to their functions and mechanisms.The aims and characteristics of eachsystemare
briefly explained in Tables 18.9 and 8.10 Because the fully mechanically controlled system
shown inTable 18.10 has a low degree ofcontrol freedom, there is less tendency for it to be
used. Regardlessof its low cost, however, thissystem providesevery basic function of-4WSso
that there is a possibility that it may be used in the future. primarily in smaller vehicles.
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TABLE 18.71

Symbol Name

K Stability factor (s2 im)
A Steady state gain in yaw velociy (vs)
B, B, Steady state gain vehicle side slip angle for front and rear (s)
7),7, Time constant for front/rear yaw velocity (s)
m Time constant for front/rear side slip angle (s)

ci. :Response frequency (radis)
fBw,2n) Natural frequency (Hz)

2 (1/s)
C.xV Steering capacity (m/s2 )

Damping rate

Stability factor

Steady state gain in
yawvelocity

Damping rate

Response frequency

Steering capacity

SM

a,
8H1

Vehicle with 2WS

m(1,K,- - 1 K)
K

1 V
1+KV I

- (kr+ Kl, + (K , + K),i)m
2 VrK,K,1 + KV)

V a+t A7+

I 1 s K

i(O,( ) - --

V V
GT (0) - 12S

Ga+O)- I V

G,(0) 2 1
+ -s -- s

1 V
1+KV 2 I

V11 2K,l
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18.20 CONTROL SYSTEMS

TABLE 18.8'

Symbol Dimension Name

mn kg Mass of the vehice
1. kg, m' Moment of the inertia of vehicle
/ m Wheel base
1!,, m Distance between center of gravity and front/rear wheel shaft
V mis Vehicle speed V = \T' +v
v,v ra/s Longitudinal and lateral veloity of the center of gravity
aa, m Longitudinal and lateralaccelerationof the center of gravity

Y, rad Yaw angle roll angl
rad/s aw velocity roll raTIe

f rad Side slip angle of the enterof gravity
rad Frontt ear\heelsteernangle

use, rad Fronirear sideslip angle
KK, N/rad Equialent orering power ffrontrear

rad Steerngwheel angle
I Steeirng rato in overall

TABLE 18,9'

Classification by functions Aims

Small range of rear steer angle only controlled Improvement ofsteering responseand vehicle
electronically stability in mediuni to high speed

Not only small range in medium to high speed in addition to the above, making the minimum
hut large range in low speed of rear steern turning radiussmall
angleare controlled electronically

TABLE 18.10'

Classification by mechanism Feature

Full mechanical system Simple mechanism
Electronic-hydraulic systen High degree for conitl freedom (compact actuator)
Electronic-mechanical-hydraulicsystem High degree of freedom (mechanism is not simple)
Full electricsystern (electrone-electrc system) High degree of control freedom simple mechanism

18.2.3 Introduction to Each System

Fully Mechanical System. This was the first 4WS system used in passenger vehicles. It was
adopted in the HondaPrelude in 1987 and in the Honda Accord in 1989. This system is a
front-wheelsteering angleresponsive-type system in which the rear-wheel steering angle is
determined wholly by the steering angle of the front wheels.The structure and fabrication of
this system are shown in Figs 18.28 and 18.29.

In rack-and-pinion type steering gearboxes for the front wheels,a rear-wheelsteering pin-
ion is provided in order to transmit the steering angle of the front wheels to the rear wheels.
The displacement in the steering angle is transmitted to the rear steering gearbox via the cen-
ter steering shaft. As shown in the figure. the rear steering gearbox consists of a combination
of an eccentric shaft and a planetary gear. The input and output characteristics that can be
obtained are shown in Fig.I8.30.The result of this is that when the steering angle for the front
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FIGURE 18.28 Fully mechanical 4WS.

InternaJ gear

%I

Plane ary gear

- I Stroke rod

FIGURE 18.29 Rearsleerng asuator of full mechanical 4WS.

Output y 7-.
O 1 Output curve rarm revolution ot panetary gear

C/ \ Input

Output curve Frorri spining of
planetary gear

Tota output curve

FIGURE1831) Input-output characteristics of rear steering gecbox

18.21

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



18.22 CONTROL SYSTEMS

Front whee

Rear wheel

Steeri0 wheelangle

A200 400

wheels is small. e rear wheels turn in the
same direction, bit when the steering angle
for the front wheels is large, the rear wheels
turn in the opposite direction, as shown in
Fig. 18.31. During high-speed driving, since
the front wheels are only turned by very
small amounts, the rear wheels thus turn in
the same direction. and driving stability is
improved. At extremely low speeds where
the front wheels are steered through much
larger angles, the rear wheels turn in the
opposite direction and the turning radius

coms small,thus.the Working ability
should be improved.

Electronic-Hydraulic Control System

Vehicle SpeediLateral Accelertion Re-
sponsive Tpe, This system was installed in
vehicles like the 1986 Nissan Skvline. The

- 10 structure of the sstemand he construction
of the rear gearbox are shown in Figs. 18.32
and 1833, respectively In this system, a spe-
cial hydraulic valve, which generates hydraulic
pressure balanced with the reaction force

Seassteering Oosleside seering from the front wheels in proportion to the
FIGURE 1831 Characteristics of front steering lateral acceleration, is provided in the front-
speed-responsive 4WS. wheel power steering system, and this hy-

draulic pressure is transmitted to the actuator
for the rear wheels. The rear-wheel actuator

Contains a high spring rate spring which allows displacement of the output rod lo the position
that balances the hydraulic pressure recived.Therear wheels are s:eered in the same direction
as the front wheels by means of the displacement of this rod. Accordingly, the relationship
between the vehicle speed and the steering angle of the rear wheels varies in accordance with

Front wheel Rearwheel

Gonlro valvefor PIS

Control valve II

r 1 4 Power
1~ V yllider

i tgnal ,~ J
Solenoidvalve'---- ;

FIGURE18.32 Lateral acceleration-responsive 4WS.
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STEERING CONTROL 18.23

To cointfol valve

Spring

FIGURE18.33 Rear seering actuat o lateral acceleraon-responsive 4WS'

10

o --M

I

120

Vede speed (kmh)

FIGURE1834 Characteristicsofrearsteeringanle:

the lateral acceleration as shown in Fig. 18.34 In this system, the Traximun steering angle of
the rear wheels is confined to a fairly low value, so that it is ntintended obe a system (or
improving the minimum turning radius of the vehicle at very low speeds

Vehicle SpeedlFrom-Wheel Steering Angle/Steering Wheel Velocity Responsive Type. This
system was installed in vehiclessuch as the 1988 Nissan Sylviaand was developed for the pur-
pose of further improvement of vehicle stability and maneuverability during medium- to
high-speed driving.The structure of the system and the construction of the rear-wheel actua-
tor (solenoid servo valve) are shown in Figs 18.35 and 1836, rspetively.In thissyste the
workingfluid discharged from the hydraulic pump is directlyintroduced to the solenoid servo
valye and controlled by instructions from an ECU (lectronic control unit),after which it is
sentto the power cylnder,

The ECU detects the front-wheel turning angle and the steering speed of the steering
wheel b means of signals from the steering wheel angle sensor located in the steering wheel.
ne values thus alulatedand the vehicle speed are used todetermine the steering angle for
the rear wheels The maximum steering angle of the rear wheels is confined to a fairly low
value in this system also s that i was intended only to be a system for improving the vehicle
stability and maneuverability at medium to high speeds. Howeverit does not improve only
the stability by turning the rear wheels in the same directionbut also improves the nanu-
erabiliby momentaril turning the rear wheels in the opposite direction to the front

wheelswhenthesteering wheel is turned quickly at medium vehicle speeds That isthe initial
yawing movement (yaw velocity) of the vhile is mproved and steeringresponse is thus
improved. Figure 18.37 shows the steering angle pattern of the rear w\heels with time
expressed along the horizontal axis.

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



VeUcespeed
Solenoid valve selso ' Conrol unit

Steering angle serl or

/ S aiPowercylinder
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Center sprng

FIGURE1835 Sysenicofnlructtonofiont-wheel-responsve4WS

Rear wheel

Puwercylinder S0en0d

S poolvalve

Ce aprng- -----

eiespring

Hydraulic pump

FIGURE18.36 Solenoid servo valve of front steering angle-responsive 4WS

Steerng speed oi iront wheel
Same

side /
Slteeringangle

High speed

Medi me

side

Re ainl the steering wheel

Starr Fnish

FIGURE 18.37 Characteristics of front steering
angle-responsive 4WS'
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STEERING CONTROL 18.25

Electronic-Hydraulic-Mechanical Systems

Vehicle Spedlftnr-WAwc5weringAngle ResponsiveTpe. Thissystemwasintroduced
in the 187Mazda Capellaand was designed with the aim of beipn a sstem for improving
both stabilit ywhen driving at high speedslike the fully mechanical ystem and eiclirnin
mumu rning radius at low speedsThe structure of the system and the construction of the rear
actuator are shown in Figs 1828 and 1839 respectively This sIsten can be broadly divided
into the power assist section and the phase control secion The powerasst sectionconsis
of a linear spool valve and a puler piston and utilzes hydraullc picssure as the dinamic
force.hle phase control section comprises a bevel gear which engages with the input shaft, a
control yoke, and a control rod which is connected to a valveThe angle of the control oke is
driven by a stepping motor via aworm gear, thus controlling the turning irectionoftherear
wheels so that the rear wheel can he turnednot only in the same direction, but also in the
opposte direction as the front wheel.

Rear steering shaft

I

Vehicle speed
sensor (No.2)

Steering whee

(~j ~ ~~conrolear acrtat

4WS control actuator
Hydraulicpump

Front power steern Vehicle speed sensor (No )

FIGURE1838 Front steering angle and vehiclespeed-responsive 4WS

Power piston
Centering spang Power rod

\Rightochamber /
Left chamber ' 7-Sleeve

Valve centering spring

Spool valve

Control vave input rod

FIGURE1839 Rear steering actuator.
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18.26 CONTROL SYSTEMS

In Fig. 18.40, a representsthesituation inwhich the rear wheels are turned in the same
direction, and b represents thesituation in which the rear wheels are in the opposite direction
The direction of movement of the valve spool in relation to the turning direction of the input
shaft is opposite for a and b as shown. Figure 18.4 shows the s:tuation in which the ratio of
thesteeringangle of the rear wheels with respect to the steering angle of the front wheels is
continuously changing with respect to the vehicle speed.

Right cha ber Left chamber

~opp~e dretoq Bevelgear

Negaive A

Poshve

eight direct steer

(a)

Negae i

FIGURE 18.40 Elranctone drm ofem nciile and"

ah s idepns e \ '

vowi

Vehicle Speed/Pront-Wheel Steering Anglaw Velocity Responste 7e This system
was introduced in the 1992 Toyota SorrFgueM842 and 18.43 show the system structure
and the consruction f the rear-eA ateaeang actuator, respectively.The system consists of
two sections: a mechanical-hydraulic stpe steering mechanism to steer the rear wheels by a
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ABS speed sensolrotor
ABS speedJsesorrtor

I Neutralstswich
HduFlcd level switch

flowdviie QI ni , sn

e , et rotagangle sensor
Rearconrlelay)assembly -A5S& active cntrol suspensionSCable as-y .----crmputer

-)Aclive4 WS corpuer

FIGURE18.42 Active 4WS systen.

Pressure conrol mecFiansm

v ie gear

Driven geat
Cami foer shaftOi

Cam assembly

C ValvecontroIlove

Power cylinder PistVElvetontralutune1

Power cylinder shalt
0 Return sinn

FIGURE 18.43 Rear steering actuator unit."

considerably large steering angle in the opposite direction to the front wheels in order to
make the turning radius small at low speeds, and an electronic-hydrordic ype steering mecha-
nism to steer the rear wheels by a considerably smaller value in orde to not only improve the
steering response and the stability during middle- to high-speed driving, but also to suppress
the unexpected movements due to the outside disturbances.

chanial-HydraulicType Steering Mechanism. Thi mechanism consists of steering
angle transmission cables, which transmit information concerning thesteering anc of the
front wheels to the rear-wheel steering actuator; a joint to connect the frontand rear cabLes;a
pulley assembly, which converts the displacement of the front-wheel steering rack into cable
movement; a cam, which converts the movement of the cable into diplacement of the sleeve
valve inside the rear-wheel steering actuator; and a copy valve,which steers the rear wheels as
far as the instruction given by the sleeve valve and maintains them i. position. Furthermore,
a dead zone is provided in the pulley assembly so that the rear wheels are not steered in the
opposite direction to the front wheels when the vehicle is traveling at high speed.

£lecrnic-HydralicType Steering Mechaism. This mechanimis designed to improve
the steerin' response and the stability of the vehicle and to suppress the unexpectd move-
ments from outside disturbances when the vehicle is traveling at medium to high speeds. For
this purpose, the system consists of five types of sensors for detecting the driving conditions
and the steering situations, an ECU which determines the steering angle for the rear wheels
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18.28 CONTROLSYSTEMS

based on the signls from these sensors,a pulse motor which drives the gear mechanism based
on instructions from the ECU. a gear mechanism which converts the rotation of the pulse
motor into a spool valve displacement, and a hydraulic copy valve which steers the rear
wheels as far as the nstruction given by the sleeve valve and maintainsthem in that position.

Control Mehod Thebasic agorithm to determine the steering angle for the rear wheels
is given in Fig.18.44.When driving in the medium- to high-speed range, the front-wheel steer-
ing angle proportional gain for the rear wheels is set to0:instead of that, the yaw velocity pro-
portional gain in the direction which suppresses the yaw rate is set. Accordingly, in the
medium- to high-speed range, the rear wheels are turned in the same direction as front
wheels' with the same effect as that of the other system mentioned before.The feature of this
system is that a yaw rate sensor is provided to detect the vehicle dynamics and utilizes its sig-
nal as a control parameter.The effect of this is the addition of a unction which automatically
compensates the confusion in vehicle behavior caused by outside disturbance.

Or= k, V r - r+ K(0 V) kV WY

Steenngangie
senSOf

veicilespee
senso

Yaw rati .
sensor

k,:Propodional gain to rtoot steering angle

k , Proportional gain to steering speed

k, -Proportional gainto yaw velocity

0,:Fronm steeringeive

K M Sleering speed ofst

K Veic speed
v Yaw veocty

09'. V
0,+

J r.,,e

M~V

FIGURE1844 Control block diagram.0

18.2.4 Electronic-Electric Control Systems

Vehicle Speed/Front-Wheel Steering Angle/Steering Speed Reponsive Type. Thissystem
was introduced in the 1991 Honda Prelude.The system structu e is shown in Fig. 18.45, and
the construction of the rear-wheel actuator is shown in Fig. 18.416.Thissystem has a structure
whereby the rotation of an electric motor that is controlled by the ECU is converted into lin-
car motion by means of a ball screw to directly drive the rear wheels. The system is easy to
install. Cross sections of the structures of the front-wheel seeirig angle sensor and the rear-
wheel steering angle sensor are showninFigs.18.47 and Fig.184 respectively.

Also in this system, the turning of the rear wheels is determined by the vehicle speed, the
front steering angle, and thesteering wheel velocityThe determining algorithm is similar to the
system mentioned previously In this system, Improvements in the stability at high speeds
improvement in the steering response when the steering wheel is turned quickly,and improve-
ment in the turning radius of the vehicle at low speeds have been realized simultaneously

The most recent example of an electronic-electric system is the system' that has been
installed inthe 1993 Nissan LaurelThe approach tocontrol inthissystem isthesameasinthe
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Steerig wheel

Muati-pole magnet
ipulser

j Hole IC

M..Element Can

FIGURE18.47 Main'Tering anleensor

oeC. MR Element

Magnet rotor

Fr /

FIURE18.4$ Rtnar sicennu angle sensor (main)

vehicle speed/front-wheelsteering angle/steering wheel velocity responsive type system men-
tioned before, but by using anelectricactuator,the space taker up by the system has been
reduced and ease of installation improved

Figure 18.49 shows the system structure, and Fig 18,50 shows the steering angle generation
modes for the rear wheels.

Front whel Rear wheel

Siaregangle I -

11 speedJ

retaCsenw IK ' n L Y Pear sserieg
(LMolto / angle sensor(Sub)

K .. ) KJ URearosleor
ante sensor(Main)

FIGURE 18.49 System construction of HICAS>

18.2.5 Trends in Research and Development

Four-wheel steeringsystems that have been installed in current vehicles mainly adopt the pro-
gram control technique in which the rear-wheel steering angle is programmably determined
based on the beforehand scheduling relationship with the vehicle speed, the front steering
angle, and steering wheel velocity. The aim of the system is the improvement of the insuffi-
cient performances in handling characteristics of the vehicle under special steering situations.

Recently, however,the system based on the new concept is being earnestly researched in
order to drasticallyimprove the handling characteristicsinany reion for practical use Such
technology issimilar to that of CCV (controlonfigred vehicle), which is used in airplanes,
and named asacive control technology in general. In this section,a basic introduction to the
following two representative concepts concerning the active four-wheel steering systen (A-
4WS), which adopts the active control technology in the 4WS systems, will be given.
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FIGURE18.50 Rear steeringanglegenerationrmode

Vehicle's Slip Angle Control System. Generally.the moving direction of the center of gravity
of the vehicle is not the same as the heading direction of the vehiclewhile the vehicle is turning,
and the angle between these two directions is called the side slip ang!e of the vehicle. When the
side slip angle of the vehicle is large, the driver is forced to drive with an oblique line of vision.
This can be considered onecause of increased driving difficulties From this point of view, the
control concept has been proposedwhereby the side slip angle of the vehicle while driving is
always kept close to o. addition, the cause of the increasing of phase delay in lateral acceler-
ation according to the vehiclespeed is that the steady state gain in th sideslip angle is reduced
toether with the vehicle speedand becomes negative at high speed, order to eliminate such
phenomena, the concept which keeps the sideslip angle close to 0 may also be desirable.

The sideslip angle B canbe expressed in general by the following equation:

PQL {B1+ fs)&+1 T s)8
POL~s ,) B +T55,+ '

By 21k A A21k,-1,mV -21k,1 V 21k1 V

(18.9)

Provided the numerator s in Eq. (18.9) =
0, the steering angle ratio between the front
and rear wheels thai is required for realizing
a sideslip angle of 0 can be obtained from Eq.
(18.10) as a function of the vehicle speed.
This is shown graphically in Fig.18.5 1

B - B,,s
' + B, r's

(18.10)

FIGURE 1.51 Steering angle ratio for making the
vehicle sideslip angle equal to0.'
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FIGURE 18.52 Affections in steering response characteristics by using the de-
layladvanced control means'

tion for [Ie front-wheel steering angle is employedhevehicl characteristics canbe set more
freely An example of the simulation analysis when the front and rear wheels are steered with
a control principle such as the above is shown in Fig.18.52.

Model Following Control Sysien. In this system, the desirable vehicle behavior in accor-
dance with the driver's steering operations is predetermined as a reference model, and the
control is carried out so that the actual vehicle behavior fits this model Generally, the lateral
acceleration and the yaw velocityare used as the parameters for expressing the lateral move-
ment of the vehicle, If the independent models are set for both of thes characteristics, and
make theactual vehicle behavior follow them, it is necessary to actively control both of the
front and rear wheels. Research into systems such as this is currently being carried out, butin
this section, a system for controlling the steering angle of the rcar wheels that uses arange
model for D* which is defined by the linear combined Eq.(18.11) for the yaw velocity and the
lateral accelerationwillh e introduced.

DI = da, + (I - d) 4, (18.11)

Iftheweihted constantdin Eq.(18.11) equals 0, this control system becomes a vawveloc-
ity model following control system,and if d= 1, then it is a lateral acceleration following con-
trol system.
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GLOSSARY

Convergence Yaw stability of the vehicle when driver inputs a rapidsteering wheel move-
ment and releases the steering wheel,

Kickback Steering torque and angle arising frominverse inputthrouh the tires from
uneven concrete road or other surface.
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CHAPTER 19

LIGHTING, WIPERS, AIR
CONDITIONING/HEATING

Richard Valentine
Motorola Inc

19.1 LIGHTING CONTROLS

Controlling lamps with power electronics offers many advantagesand a few disadvantages
over conventional switches or relays. An important advantage includes easier diagnostics
comparedto the classical mechanicalswitch or relay approach, while a significant disadvan-
tage includes the higher cost of the electronics Because some lights,such as headlamps, turn
signals,and brake lampsare safety related,a method to test the integrity of these lamps is an
advantageous feature.The power electronic design can not only turn lights on or offbut it can
vary the lighi's intensity and detect abnormal conditions such as open or shorted lamps.The
cost tradeoff issue becomes more interesting when the power electronics load control is con-
nected ontoa data bus or multiplexed network (see Chap.26).

The typical automotive famp canrange from small-wattage panel lamps to large 60-W or
higher headlamps (refer to SAE ref IS-34/93 for auto lamp standards)4Tungsten and halogen
types prevail for many vehicular lamp designs. The prime difference beteen standard tung-

ennonhalogenandhalogenlamps is in light efficiency. Halogen types produce about 20 per-
centmorelight for each watt of energy consumedOther types of lamps, such as light-emitting
diodes (LEDs), fluorescents, orgasdischarge, are somewhat adaptable for vehicular applica-
tions.The power electronics operating requirements vary for each lamp technology category

19.1.1 Incandescent/Halogen

The single most important rule when switching normal incandescent lamps is to select a
power transistor that can sustain a 10 to 15 times inrush current level. For example, a 2-A-
rated stop lamp requires a 20- to 30-A-rated power transistor for an electronic switch design.
When designinga lamp-driven circuit, other considerations besides inrush currents must be
taken into account maximum power transistor operating temperatures, shorted load protec-
tion, voltage supply transients, reverse voltage supply condition, open load detection, high or
low side design topology,MCU interface, switching edge speed limits, and variable brightness
control. In addition, the electronic lamp switch should not drop more than 113V to ensure that
the lamp's intensityis not degradedIncandescent lamp light output is very sensitive to the
lamp's operating voltage. A20 percent drop in an incandescent lamp's nominal operating
voltage can reduce its light output by 50 percent.

19.1
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19.2 CONTROL SYSTEMS

Inrush Current Effecs. Larnploadsbehave like high positive terperaturecoefficient resistors
When the lamp is cold, the resistance value ofits filament is aboLt 1/10 of its normal operating
resistance. Lab testsshow a definite relationship between the lamp's peak inrush current level
and ght output intensity with respect to time.If the lamp current is limited to its nominal value,
it takes longer--iane-half second or more-forthe filament to reach its nominaltemperature but
if the current supply is unlimited,the lamp heatsup very quickly.The lamp responsetime and the
available supply current must be considered for applications when an instantaneousghtoutput
is desired,such as with turn signals or brake lights in a vehicle. A 1-s delay at 89 kmh (55mili)
equals 24.6 m (81 ft). Fourseconds of time is about how long some vehicles take to stop at a vehi-
cle speed of 89 kmlh.If the driver has exerted maximum braking, and his stop lamp waits for I s
to convey this action to trailing vehilethe driver willalmosthbe halfway stopped before the
trailing vehicle has astop light indicationThisis not acceptale.an ithedelay time instop orpos-
sibly in tun signal indicators must be minimized to benefit the reaction time forother drivers

Limiting the lamp's inrush current will probably increase thelamp's longevity in high duty
cycle applications,such as a flasher, because the mechanical stress on the filament is reduced.
A limited inrush current design should decrease the chances of the lamp failingduring the ini-
tial turn on.In vehicular applications when external induced filament vibration is high, the
lamp reliabilitymay not be improved enough to justify a current limiting design. A current
limiting designdoes increase the power transistor's peak heat cissipation, and when operat-
ing with an energy source that is capable of supplying high peak currents,such as an autono-
tive battery, the rationale to include current limiting would be to use a smallerless expensive
transistor or to minimize voltage sags in the wire bus when several lamps are switched on at
the same timeA current limiting design may include a network io control the switching tran-
sition times from OFF to ON to OFF

Setting the switching times to over 000 s would help minimize EMI effects. Most power
transistors can switch in less than I gs, with some power FETs tbe to switch in 50 ns. These
RF switching speedsare undesirable and will he detectable by other electronic systems in the
vehiclesuch as the AM radio.

Lamp Driver Design, The power electronics can drive the lamp in one of two simple ways
One is low side switching (Fig 19.1) with the lamp connected between the power supply and
the transistor, orhigh side switching (Fig.19.2) with the lamp connected between the transistor
and common. The main drawback to low side switching is that one side of the lamp is always
connected directly to the battery supply, and if this lead is shorted to common, very high cur-
rents will occur.A highside switch disconnects the power supply fron the load~soifthe switch
is off, the chances of an accidental power supply short when replacing or troubleshooting the
lamp are minimal.On the other hand,in the high side switch desig),a switch ON condition will
cause very high current levels to flow through the power transistor in the event of a short.The
selection between high or low side switching is affected by the lamp's environment.

In a low side design leakage currents that may flow from the lamp's socket or connectors
can be a concern.This is especially true if the lamp is operated in asalt-laden,high-misture
atmosphere.1isproblem occurs because of the constant voltage potential at the socket and
is one reason why most exterior vehicular lighting systems use high side switching. Other
applications, such as instrument backlighting or signal indicators that are usually located
inside the vehiclecan bea low side design totake advantageof lower-costNPN ransistorsor
N-channel power FETs.N-chamnel power FETs canbe used for i gh sideswitchingbyadding
acharge pump as shown in Fig. 19.2a Special power linear deices are also available that
incorporate a charge pump for high side switching of small lamps. Thcse power linear IC
devices (MC3399,MC33091or equivalent) will find more usage as their pricing and reliabil-
ity become more attractive for automotive application.

Power Control Device Selection. When the drive topology has been decided upon, a power
device can be chosen.There are numeroustradeoffs between bipolar and power FET transis-
torThe N-channel power FET device requires minimal drive power for a low side switch and
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FIGURE19.2 High side switching.

is cost-competitive with similar rated bipolars Low side switching can use N-power
FETs,whereas ahigh side switch would need more XpesivP powerFETs.Power FET tran-
sistors will usually be abl to conduct the high peak inrush currenis much more readily than
bipolar transistorsTis is because power FETs have highertransconductance than bipolars
Bipolars are usually biased for operationat the lamp's average load current and will therefore
operate in a linear mode during the lamp's initial turn onthereb offeringsomecurrent-lim-
iting at the expense of increased peak junction temperature.The pwer FET wil usually con-
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FIGURE192a N FET high side Jesign

duct many times its average current without going into a linear moe, provided the overcur-
rent condition time period is fairly short, less than 100 ms.

Lamp driver long-term reliability is determined mainly by the power transistor's heat dis-
sipation and somewhat by the solder joint totals. Selecting P-power FET devices for the high
side configuration because of the low number of parts,ease of drive interface, and low power
dissipation appears best, but P-channel FET devices are usually 50 percent more costly.The
N-channel devices win both for cost and reliability in a low side switch design.Table 19.1 sum-
marizes the various lamp driver designs.

Short-CircuitProtection. Another consideration is shorted circuitl.The bipolar transistor is
typically biased for miimum base drive power loss. During a shorted load condition, the
bipolar will pull out of saturation, enter into a lnear operation mode, and may fail due to
excessive junction temperaturesordinarily before a fuse will blow A properly sized power
FET may be able to safely conduct enough shorted load current to blow the fusing element.
Power FET devices of 50 V are available that exhibit less than 0.0'. ohm forward ON resis-
tance in a fingernail-sized surface-mount package such as a MTB75NO5HD or the equivalent.

I I
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TABLE 19.1 Lamp Switch Design Comparison

Driver Output Pwr. Reatve Parts Solder
Device stape device ef sIstem count joints Relative

type loss. lo5s. in/out% cos t, IotaI, p's total ts reliahility,

Hih side switch configurations for 2-A lamp load

NPN 0.2 27 89 high 9 25 low
PNP 1.31 0,8 92 medium 6 18 medium
Darlington PNP 0.03 2.7 89 high 5 13 low
P-channel MOSFET 0.01 0 9 96 high 7 19 medium
N-channel NOSFET 0,05 0 97 highest 19 54 low

Low side switch configurations for 21-A lamp load

NPN 132 0-8 91 medium 9 23 medium
PNP 0.13 3.2 88 high 5 15 low
NPN Darlington 0.08 2.7 90 bigh 8 23 low
NPN Darlligon wiZener 0.0004 2,7 91) low 3 10 medium
N-channelMOSFET 00002 0.7 97 low 3 It) high

Puny supplyvohige 12DV

This type of device could safely conduct 14 A continuously (assuming a 50 OC ambient tem-
perature and 2 W constant power dissipation, [I= (P/R)fl.

Another way of protecting a transistor against excessive current levels is to monitor the
current value by the insertion of a low-value power resistor in series with the load. A com-
parator is used to detect the current sense resistors voltage drop and will toggle if this volt-
age drop exceeds the comparators reference voltage.The comparator output is tied to anRS
flip-flop logic network that latches off the input signal Some power FET devices are now
manufactured with an internal current mirror element and eliminate the need for an external
large power resistor.A basic circuit is shown in fig.193 for an internal current-sensingpower

+ 2Vot
Supply

Lamp

Ld

MTP1ONIOM Drain

R-S Flo-Flop

_S Q AIR Gate Kelvin

Riro 
Source

Voltage Reference
lor Current Sense
Detector - 3mV per A

FIGURE19.3 inateunert-s-n ngFlTlampdme
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FET lamp driver This circuit uses an RS flip-flop that will shut off the gate voltage.When the
RS flip-flop has been toggled by the comparator.the RS input (set ne) has to be retoggled to
turn on the current-sensing power FET again.When an overcurrent condition occurs, the cur-
rent-sensing power FET is latched off until the input is retoggled.

The transistor's voltagelrating will be determined by the maximum voltage transients on
the power supplyline. In vehicular battery-charging systems, the normal 12-V supply can
reach over 85 V due to intermittent battery connections when the alternator is operating. If
the transistor is not avalanche-rated and enters a second breakdown due to excessive power
supply voltages, it will fail shorted.Higher -voltage systems require much higher-voltage-rated
devices

MCU-based Lamp Driver, The current-sensing power FET can be directly interfaced to a
single-chip microcomputer.The use of a singl-chip microcomputer can allow the switch con-
trol circuit to perform many tasks: open load detection shorted load protection, variable
intensityand diagnostics. The MCU concept is especially attractive when several lamps are
clustered together and driven from the same module. Figure 19.4 shows the use of a single-

SwitchInpt t

Swich Input -

Swich Input-----*-
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FIGURE19A MCU lamp control.
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hip MCU lfor controlIng our lamp filaments. Many more lamps could easiv he added to this
design.Low side switching is used to accommodate the use of logic level N-channel current-
sensing power FE'TS The CU's program is set to sustain a shorted load condition for loss
than 50 is;his allowsacold lamp turn-on condition to betolerated. If a shorted load occurs
after the initial urn on the program can shut off the load in less than I ns,wait for 1s , and
then try to renenergze the lamp. A diagnostic faull lamp is energized to alert the user that a
fault has occurred. An open load can be detected when the lamp is energized by having the
programmonitortheAIDinputsforazerovalue.Anh8-itADcorverterwillresolvetoabout
0 .2 Vwhen referenced from a 5-V supply.Therefore, a normal load current of 2 A will gen-
erate about a 0,084-V level,which will be read as a 04-hex number by the program A value of
00 to01 H would be considered an open,and a value of greater than 06 H would constitute a
shorted load. A distinction could be made in the lamp failuire indiator between an open and
shorted load by turninr th flure mdicator full on foran open.and then flashing it at a 1-Hz
rate for ashorted onditionTiure indicators are 3- lamps for bright visibility such as
is requred in vehicular Jshboards. High-efficncyLEDscouldb e used when the 3-W lamp's
brilian ei snot required, and the LEDs mayhe directlydriven from theMCU's output ports
whenconnected in a low side switch configuration.

Variablelght intensilt can be obtained by progamming a IiHirequency with 0 to 100
perent pulse-width modulaionThe8 -hit MCU can va ythe pulse width by 256steps which
would appear aan infinite intensityacontrol to the liuian obsever One difficult with PAl
is when its duty cycle is producing verynarrow pulses such asat I percent or 99 percent These
narrow pulses may not allow the power stage to completely switci on or off One method to
minimize narrowPM pulses isto force the PWM to juIp from 0 percent to about 5 percent,
and from 9 to 100 perent.11ican easily he accompilshed in the softwre desiAn.

An external comnmnicaton nkc an eestabblished va the MCU's serial data port. This
would allow the light control fuctions to be remotel accessible byanother computer.

In surnary,standard discre power ET or bipolar transistors can effectively control
mcandescent lamp loads. Power FETs are preferred because of theirlowdrive power require-
rnient and high transconductance.The addition of an MCU enables the lamp control design to
include many desirable features,such as shorted load protection,and minimizes the need for
more advanced lamp driver semiconductors such as snartpower or power IC devices MCs
are available with a built-inULXport tocommunicate with other load contol modules for
remote operation of several lamps or other loads.

19.1.2 Fluorescent Lamps

A fluorescent lamp is commonly defined as a light source that prodices light by the interaction
of an are with the gas mixture inside a glass vacuum tube When this gas mixture is ionized by
means of a high-voltage pulse from the tube's end terinals, its internal resistance decreases
from megohms to several hundreds of ohms. Fluorescent lamps are typically 2 to 3 times more
power efficient than standard incandescent lamps The automotive lamp applications for fluo-
rescents may include inside lightinginstrument back pane llghtingand other areas where an
unfocused and discontinuous light spectrum, but highly efficient light source, can be utilized.
The main drawback to fluorescent lamps is that they requirea fairly high voltage to initiate the
arc and a means to limit the lamp current once the arc is established.In other wordsthe fluo-
rescent design will cost much more than a similar incandescent-sized light.This is an important
consideration when operating the fluorescent lamp from a 12-V supply.

A 12-V powered fluorescent driver design requires an 8- to 16-V input to about 300-V out-
put convertor with current limiting.These types of circuits usually operate at high frequencies
(20 to 100 kHz) to minimize the size of passive components, such as transformers and capaci-
tors, and to minimize audible noise.This type of circuit can generae significant EMI and RFI
if not properly shielded and filtered. Figure 19.5 shows a block diagram of a 12-V fluorescent
driver.
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19.1.3 High-intensity Gas Discharge
Lamps

This class of lights includes mercury vapor.
metal haide, and low- or high-pressure
sodium. Some prcgress has been made to
incorporate HID (high-intensity discharge)
lamps in automotive applications. The HID
metal halide type limp offers high efficiency,
up to four times more lumens per watt than
incandescent, and high light output in a small
package that can he utilized for headlamps.
Again, the main drawback is the cost of the
necessary power driver electronics.HID lamps
require a circuit design similar to fluorescent
drivers but at much higher power levels. The
cost of the HID driver electronics limits their
widespread use for automotive usage.

19.1.4 Electroluminescent (EL)

These low-intensity blue-green color light sources are used for decorative night lighting pur-
posesand as acklighing for liquid crystal displays (LCD). ELligtinggenerallyrequiresa
low-current 100-Vac source. A 12-V de to 100-V ac invertor is required for vehicular systems

19.1.5 Light Emitting Diodes (LEDs)

Red LEDs may be adapted for stop light indicators. The LED produces a true red and does
not require colored lenses.By combiningseveral series LED strings together in oneassembly,

a stop light indicator is possible. A constant
current source can be utilized to maintain a

+12v constant LED illunination level as shown in
Fig. 19.6.

Current Current
Regulator Regulator

! 19.2 WINDSHIELD WIPER
CONTROL

LEDStng

6 com,

FIGURE 19.6 Constant LED illumination level
design.

Windshield wiper (WW) systems are
required by government regulations and
therefore should b: designed for high relia-
bility. The motor control usually allows for
low- and high-speed operation, or variable
speed. The mechanical wiping motion is
accomplished by a worm-gear design which
gives torque multipliation and connects to
the windshield wiper mechanical arm assem-
bly The key design specification is that the
motor must sustain a "stalled" wiper condi-
tion without damage. The motor must also
provide sufficient torque to run the wiper

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



19.10 CONTROL SYSTEMS

mechanism under worst-case conditions, such as blades frozen to the windshield. Electronic
controls are used with WW systemsusually for interittent operation plus variable speed.
The driver adjusts a timeinterval control potentiometer for a one- to several-seconds wiper
rate. The electronic circuitactivates the motor with the appropriate time interval A travel
limit switch is normally used toinsure that the wipe cycle is completed,and that the blades are
returned to their nomial position.

Automatic windshield wiper designs are possible with today's technologythat utilize a
moisture detector todetermine thedegree ofWWaction required.

19.2.1 PM Motor Speed Control

The auto industry uses dc PM motors becausetheyare economical to produce and ensure good
performance. The motor's speedcane varied byeithera simple voltage dropping passive
resistor or an active linear voltageregulator.Thissimplistic methodiswidelyusedforvehicu-
lar motors requiring variable speed control.It does have a serious drawback in terms of power
efficiency. For example, to control the speed of a motor that draws 20 A at[ ull speed requires
about 10 A at half speed At full speedthe overall motor control system'sefficiency ill be
around 80 percent. If the speed is reduced to half the system's efficiency drops to 40 percent.
This is because there is a heat loss of 70W in the series voltage dropping elementin addition
to the 14 W lost in the motor. A more efficient speed control systemisthereforea desirable
goal and can be accomplished by interrupting the motor's voltage )t a variable duty cycle or by
using aswitching power supply. A switching power supply to control up to 300 W would cost
more than the motor because of its high-frequency transformers and other components.

PlWMSpeed Control Design, Electronic permanent magnet nctor speed designscan range
from a single power transistor toturn the motoronor off to an "I bridge microcontroller-
based system with closed-loop speedconrol.The designof a unidirectional 280-W 20-A
motor speed control will be examined that usespower FET semiconductor technologies.

Since the PM motor is a dynamic machine with the armature acting asa flywheel the volt-
age interruption orchopping ratecould be 1000 Hzor slower.beforethe motor's speed actu-
ally pulsates. A problem at 1000 Hz or other audible rates is noise generated from within the
motorThis audible motor sound may not be tolerable for drivers or passengers. At higherfre-
quencies-16 kHz or grealer-the audible noise is minimized. Another noise issue is the sig-
nificant electronic radio frequency interference (RFI) that radiates into the electrical system,
including the vehicle's radio equipment.This RF is generated by the fast switching edges of
the PWM signal. The drawinin Fig. 19.7 illustrates slow and fast switching speeds and the
resultant power transistor dissipation relationships. Slowing down the switchingedgesmini-
mizes the radio frequency interference (RFI), but the switchingspeed parameters also play a
crucial role in the overall controller system. High transitional speeds arcdesirable to mini-
mizswitchinglosses and to improve reliability, but very fast switching speeds become
impractical beyond a certain point due to the inherent inductance in the wire and component
leads. A compromise has to be made between the edge speeds and power device heat loss.

Slow Switching Edges Fast Switching Edges

Transistor Ton Tott Ton! Toi
Voltage

TransisorDo eCurrenit5~.J...... ~ ~ ,1

Hiqh Peak Power i1spation Low Peak Power Dissipation

FIGURE19.7 Slow vs. fast power loss.
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Switching Speed Effects. Figure 19.8 graphs the switching edge speedeects uponthe
power transistor's power dissipation when switching a 20-A moto loadfrom a 14.4-V power
supply.Three different operating frequencies are plotted, one at 2 kHz. one at 16 kHz, and
the last at 2 kHz Note how the 2-kMz switching times are less crit-al than the higher 16-kHz
and 20-kHz frequencies.In order to minimize audible noisethe 1- or 20-kHz frequency can
be used, but, unfortunately, the 200- to 500-ns switching speeds required to minimize switch-
ing losses cause the intrinsic inductance in the hookup wiring. componentsand motor to
become critical. These faster edgespeeds will generate significant voltage spikes across the
hookup wiring and may lead to reliability problems unless precaut ons are made to minimize
stray inductance in this wiring
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sw Ton =TOft(seclI
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2 k2
______ ~V'p- k

O.1ps 10.04s
Switching Time (T w)

HGURE 19.8 Power loss vs switching speeds.

If the motor controller design has lead lengths that exceed 25 mn (I in) their inductance
values must be considered.An inductance value of 0.12 kH can be obtained in about 127 mm
(5 in) of wire length with a #12 wire size, as shown in Fig.19.9 Tiis 0.12-Hvalue may not
sound like much, but a plot (Fig.1910) of power line inductance versus switching transition
times shows that just 0.1 pH oflead inductance cangenerate a 10-Vvoltage spike (at 20-A
motor current) when switching edges are about 0.2 Thereforeiffast switching edgesare to
he used, as with a 20-kHz operating frequency, a capacitor filter networkismandatory near
the motor's power lead and controller.This filter network actually hai tosmooth oi both the
20-kHaand the much higher frequenciesassocia tedwith the200- to 1000-nswitchingedges.
To summarize, when fast switching edgesaregenerated, filter networks are mandaoryor the
hookup wiringwill act as an antenna.

Motor Inductance Clamping. The kickback voltage from the motor's inductance also has to
be contaned, as the motor's inductance value will be dominant over the hookup wiring.This
high-energy-laden voltage spike must be deal with or the power transistor will enter an

V11W t i

L'is
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avalanche or second breakdown mode, which is something to be avoided.The energy content
of the motor's inductive kickback voltage is mainly determined by the motor's current, the
motor's internal and external wire inductance value, and the rate at which the current is
switchedoffAhigh-current-ratedfreewheeling rectifier network can be connected across the
controller's battery and motor terminals to clamp the motor's inductive kickback voltage
spike.The reverse recoverytimes of these freewheeling rectifiers do affectthe powertransis-
tor's switching performance.

19.12 CONTROL SYSTEMS

10i0WV

.OluHv

0.00I~
0

FIGURE19.9 Une Z.

1000.0v

100.0 v

*-

! 10.OV
E

0

0. V1

I I

0.01 ps 1p5
I

10kIs

I -

- I I I - , . I I _ , p 4 + -ME

V * "l

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



LIGHTING.WIPERS AIR CONDITI)NING/HEATING 19.13

When operating at a frequency of 20 kHz or a 50-ps repetition rate,the motor's inductance
value is large enough to keep the freewheeling rectifier in a forward conduction mode until
the next 50-ps cycle occurs. For example, if the PWM is set to a 25 percent duty cycle, the
power transistor is on for the first 12.5 ps, and the freewheeling rectifier is in conduction for
heremaining 37.5 ps. This means that when the next cycle occur:;, the power transistoris

switching on while the freewheeling rectifier is still in conduction. The result is that the power
transistor and freewheeling rectifier conduct a high level "shoot-thiough" current spike. The
magnitude and duration of this current spike are directly related 1 the rectifier's reverse
recovery time ratinglead inductances.and the battery supply source impedance at the recti-
fier and power transistor location. Selecting freewheeling rectifiers with a "soft" reverse
recovery characteristic will help minimize the shoo-through curren problem

The motor's back-emfis produced from the rotating armature in a magnetic flux from the
permanent magnets (PM).The PM motor's back-emfwith a fixed mechanical load is normally
lower than its powersupply voltage and should therefore not exceed the voltage ratings of the
power transistor

Motor Current. When the motor's inductive generated transients are safely contained.one
needs to deal with stalled and shorted motor conditions. Note that the motor's copper wind-
ings exhibit a positive temperature coefficient of 0.00393 per 'C. Therefore, a 0.25-ohm
motor resistance value at 25 C room temperature would be about CI8 ohm at -40 OC. Using
the 20-A motor as the load, the maximum stalled or locked rotor current can be calculated
as shown below,

rI Em,+- r 14.4:- 0.18 =77A

where E,,,,= maximum power supply voltage
Rm, = minimum motor resistance*

Power TransistorSpecifications. When the maximum motor current has beenestablished,
the power transistor device specifications can be determined. In this case, the device needs an
average current rating of atleast 77 A.but the prime consideration frreliable power transis-
tor operation is its worst-caseheat dissipation.

The worst case scenario would include maximum values for the supply voltage, ambient
temperature, and motor current A maximum junction temperature of 150 C for the power
transistors is used as a maximum point.It should he noted that the reliability will increase by
about one order of magnitude for each 10 C drop in the power transistor's junction temper-
ature. The followingequations calculate the power transistor's maximum allowable heat dis-
sipation for use in an 85 Cenvironment using a 2.7'C/W heatsink unit and a I TW junction
to case power FET Ihernial resistance.

PD,,,, = (T1,,, - TAM ) ROJC + RoCS + RoSA)

= (150 - 85) (I + A + 27)

= 17.1 W

where Tma= maximum allowable junction temperature
TAnt= maximum ambient temperature
R C=junction to case thermal resistance
ROCS= case to heasink interface thermal resistance
ROSA = heatsink to ambient thermal resistance

Formula for caculating the motor's cold resistance v alue is Rn-ld = [(delta temp. x &,i) R ] R,. [(-65x
0.00393) x 0.251 + 05 = 0.18.
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After the maximum transistor power dissipation is known, the maximum forward voltage
drop, VDS,,, and ON resistance can be calculated as shown:

VDS,,n = PD.,.,, - 1.,

= 17.1 - 77

= 0.22 V at 150 CTj
R DS,= VdSn+1m,,

=022+-77

0.003 ohm at 150WCTj

In order toobtain a0.003-ohm powerFETON resistance value at 150 OC Tjseveral power
FET devices will need [o be paralleled. Bipolar devices were no even considered because of
heir hi-current base drive requirements.Power FETs exhibit about a 75 percent ON r-si

tance increase from a 25 to 150C rise in junction temperature.Therefore,sixMTB7N5HD
or equivalent devices in parallel would be required toachieve 0.03-ohm total ON resistance
value when operating in an 85 C ambient with a 217 C/W heatsink. Six devices may not be
economically attractive,so a larger heatsink may be more desirable.If the heatsinks thermal
resistance is lowered to I C/W, an ON resistance of 0.005 ohm would be required which is
three MTB75N05HD or equivalent paralleled devices This is an example of the cost tradeoff
between heatsink size and power FET ON resistance.It also points out that the power FETs
ON resistance must be considered at the actual worst-case operating temperatures.

Short Current Protection. Some form of overcurren protection would minimize power
transistor failures in the event of a shorted motor,as might happen if the motor leads touched
eachother.Assuming motor's internal resistance will always present at least 90 percent ofits
nominal value, the shorted motor leads is the worst possible overcurrent condition. If three
75-A-rated power FETs are used in parallel, they would be capable of conducting we over
200 A.This current level may clear a 30-A fuse or activate a circuit breaker before the power
FETs start to seriously overheat. In some wiring systems afisei ink is used to protect against
a catastrophic wiring harness fire.The fuse link is usually just a short piece of copper wire that
is encased in flame resistant insulation and is one wire-size smaller than the motor harness
wire.The fuse link would probably not clear before the failed power transistors had shorted
and blown open.If a fuse is selected that is slightly larger than the motor's normal run current,
the power transistors may be capable of sustaining the shorted load current levels long

enough to blow out the fuse before the tran-
sistors fail.A more reliable shorted load pro-
tectiveconcept nay still be necessary

It may be desirable to latch off the power
transistor during shorted load conditions.

Bane r Moto Load current sensing can be accomplished in
thiree ways, as sown in Fig. 19.1 The volt-
age drop across the power transistor can be
monitored, and, when a certain threshold is

reached, the gate drive is latched off until the
next operatingc ycle. Another method is to
insert a senesresistorinthe source's path
and monitor the voltage drop across the
resistor. An internal current-sensing power
FET devicecan also besubstituted for one of

a thepower ETs,withitscurrent mirrorvolt-
age representin aportion of the total load
current.

The method of measuring the transistor's
FIGURE1911 Load current sensin. forward ON volage does have some inher-
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LIGHTIN, WIPERS AIR CONDITIONING HE \TING 19.15

ent drawbacks The drain-to-source measurement circuit has to te synchronized with the
gate drive voitagand the forward voltage will change by at least 2 to I at a nominalcurrent
level over a -40) to +175 'Cunction temperature range.The temperature drift of 2to I means
thatat 175 Ta 60-A overcurrent would read the same as 120 A at -40 (tTherefore at high
tempeatues, the overcurrent detector may falsely shut donw lth a stalled motor, and, at
cold temperatures, the overcurrent may not shut down atal The most accurate current mea-
surement1method is to use a series resistor added in the high current path,

A single-chip microcontroller could greatly enhance the operation of this design by allow-
ing more funcionality.for examplea stalled motor condition could be detetedand a preset
shutdown mode inoked to protect the motor against burnout.The MCU would includei ter-
nal AID for currendetection dUect from the current-sensing res stor or from the mternal
current-sensing power FET 11be PWM signal would also be generatd from the MC. Figure
19.12 shows an MCU-based peed controlconceptualdeignthat uses an 8-bit single-chip
microcomputer.

+ 12v

Vollage
Regualo Motor

Onlrff - Vcc
Fwd'/Rev-
PIGM1 ---0 MOU)8bit
PGM 2 with N/D PowerPGM3 

MOSFETOe Driver current sense
Output Stage

Speed Pot,-- ND A corn
Kelvn

Contact

FIGURE 19.12 MCU motor controL

19.3 AIR CONDITIONER/HEATER CONTROL

Electronic controls allow an automatic climate control system to be designed for the comfort
of the driver and passengers. An upscale automatic IVAC(heater and air conditioning) sys-
tem, Fig. 19.13, may utilize an MCI to compute the most effective heat and ac flow rates. The
heater and ac evaporator fan motor speed control designs can be siilar to the WW variable
speed design previously discussed if PM motors are selected. Brushless motors (BLMs) offer
several features for this application.The BLM offersno brush-to-commulator noise.This fea-
ture alone is desirable in luxury vehicles, and, when one considers the increasedmechanical
reliability gained by the elimination of the brush-commutator assemblythe BLM cost-to-per-
formance ratio seems more reasonable.

19.3.1 BLM System

If a motor-driven load requires closed-loop speed and direction control, the cost disadvantage
of a BLM system becomes less significant Figure 19.14 shows a tyical permanent magnet
brush motor compared with a BLM with both motors utilizing speed and directional control
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Temp. Control On/Ol -
Detrost OrOtI -
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ND
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FIGURE19.13 Climatecontnosysten.
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Speed Sensor
optional)
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Pemarent Magnet Motor
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Brushless DC Motor

FIGURE19,14 PMvs13LM

networks Note that the BLM sstem usesuniv aboul one-third moredrive electronics ihan
the PM motor.

111e BL\1 drive electronics mayconsistofa BLM linearhipolaritegrated circutsuch as
an MC33135 or similardei, thatnot onlycontains loggtles forcornulation 1rming but
also includes internal driver tages capable of driving either poweit bipolar or power FET out-
put transistsi ,orthe MC itself can he used to enerate the necssay RLM contolsigna
On possibleytennay includetheM NCt135ili linear bipolar IC and six power FETs Three
of hpiw eL asarinternalurntsensing types.kse curent-sensinL FT sinalsare
conditionedand fed back it the MCI i and to the ler IC as ignalsrepresenting A motor

WC

I
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normal condition or a motor overload condition When the MCU detects a motor overload
condiion a predeermined couiseofaoan takes place First, the oerlodis counted as an
event.The MIU timer allows the overload to continue for a length oftime depending on how
much time has elapsed fronm the previous overload.lhis is done to allowf or the thermal heat
buildup that willoccur when the motor is overladed o rstalled on r epetitive basis, enablig
the motor to have a hghsutrting torque whencold ,but to prllc the windingsbeaingsand
diT electronics when the motors empaturehas become Jangerously high due to
repeated starts with aa uly load The %( s FEROMisusedto lrmember user scttigs
such astemperature preferencesaswll a foi Itacin intoa multiplcxdata network.

19.3.2 Clutch Coil Control

The HVAC system also controls the ac clutch coil,plus other small duct motors or solenoids.
Care must be taken when switching these highly inductive loads with power transistors. Fig-
ure 19.15 shows several possible voltage clampingnetworks to prevent damage to the power
module when the inductive loads are switched off The following formula should alwaysbe on
hand and used when designing power-switching circuits that drive coils or solenoids.

k, = L (DiDT)

where Vo =maximum inductive generated voltage
Di= coil's peak current level whenswitched off
D1 switching time of the coil's current level

A typical air-conditioner clutch coil may exhibit 15I mH of inductanceand 3 ohms resis-
tance (or 4.8 A ofcurrent),and, when operating from a 14.4-V battery, would generate about
720 V when switched off in 100 ps (V = 0.015 x (4.S/.001. Needlesstosay, this would
severely stress or destroy a typical 50-V-rated power transistor.Sonic form of voltage clamp-
ing required.

Afully automatic HVACsystem can monitor the inside andoutsideairtenperatures.The
MCU program can monitor these inputs plus the user's temperature setpoint and then com-
pute the heater and/or ac fan motor's speed plus heater core flon rate and/or ac clutch to
achieve the desired inside temperature.Th HVAC MCU softwaredesign canbe imple-
mented using fuzzy logic rules ratherthan standard control algori thms or massive lookup
tables.

19.3.3 Fuzzy HVAC Control

Fuzzy logic designcan be used to develop an HVAC control proram. In general terms, a
fuzzy logic design allows the software programming of an MCU-based controllerto be sim-
plifiedand isespeciallyuseful for complex nonlinear control dynamics.At this time,standard
MCU devices can be used for fuzzy programming. Future MCU devices will probably be
available that will enhance a fuzzy program.Programmers who can easilyunderstand how to
compose assembly language programsforconverting various input ignal conditions into the
required output signals may not contemplate a fuzzy logic desiga, but, for many system
designers, the fuzzy program method will shorten the software design and can allow the pro-
gram design to be evaluated with the use of fuzzy development loc even before the hard-
ware has been constructed.

A fuzzy oic implementationusing an -, 16-, or 32-bit single-chipmicrocontrolle
(MC68HCI1, MC6H 6. M68332, ec) requires the control systCm"S behavior to be well
defined from an intuitive sense.The designer defines the input conditions anddesired output in
a subjective manner. For example, if the auto's inside temperature is 25 C. most people would
probably find that value comfortable. In fuzzy terms.25 would be 100 percent true for an input
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