
SPEED AND ACCELERATION SENSORS 719

Si S2 SENSOR
VREF S1 01 C3

S'2S( C2 CLK a

LATCH

D ON -
VF TC

GN
[D 2

DRfVE TOP PLATE

CLOCK

DECIMATOR
DATA DATA
1 BIT 8 BIT
2 MHz 8 kHz

LPF
ANALOG
OUTPUT

ENEDRIVEBOTTOMPLATE

TOP PLATE DRIVE VREF
VF

BOTTOM PLATE VREF
DRIVE VF

LATCH TRIGGER II 11
LATCH OUTPUT

FIGURE7.19 BlockdiagramofDetaSigmaModuator

accelerometers for the detection of side impact. This application will require additional air
bags to the side of the occupants. Other low g linear accelerometers are being developed for
ride control, ABS, traction, and inertial navigation applications.

Solid state acceleration sensors have special mounting requirements that are different
from normal integrated circuits. These are to ensure that acceleration forces are transmitted
to the sensor package-An advantage of the solid state device is self-test features for diagnos-
ties. In acceleration applications, the devices are required to operate overthe temperature
range -40 to 85 C (125 C under the hood), and to withstand >2000 g shock. Other similar
devices that have application in the automotive arena are vibration devices.

7.5,1 Air Bag Deployment Application

Crash sensors that use mechanical switches (sensors) are typicaly located some 40 em from
the point of impact, which necessitates the use of multiple ensors (normally 3 to 5 sensors are
used in multipoint sensing) for crash sensing and air bag deployment.These devices are veloc-
ity change detectors, and arecalibrated to make contact when the change of velocity in the
passenger compartment is at least 20 km/h, this being the velocity change at which the front
seat occupants will strike the windshield.

A centrally located analog sensor can be used as a crash sensor (single point). In the case
of a centrally located accelerometer, the g level to be sensed is lower than that of a point-of-
impact device. However, only one device is required to monitor the crash signature. This sig-
nature will vary with different type of chassis and different type of impacts. Consequently,
an MCU is used to monitor the output of the accelerometer to determine if a crash has
occurred. The typical output of a centrally located accelerometer during a 48 km/h crash is
shown in Fig.7.20. Deceleration of the vehicle and occupant displacement are also shown.At
48 km/h, the sensor has 20 ms to detect the crash and trigger the air bag. This results in infla-
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tion of the air bag 50 ms after impact, at which time the occupant has moved about 18 cm or
approximately halfway to the windshield and at the contact point with the inflated air bag.
During the initial 20 ms, deceleration can reach 20g, but the average is about 5 g when the air
bag is triggered. The centrally located accelerometer can take one of several forms: a piezo-
electric sensor, a piezoresistive device, or a capacitive sensor.
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FIGURE11 Typical48km/hcrashwaveform.

The centrally locatedaccelerometerhasanumberperformanceadvantagesoverits
mechanical counterpartThesearethereductioninthenumberofsen'orsandrequiredbus-
ing, which makes the centralylocatedsystemmuchmorecosteffective.Thereisanimprove-
ment in sensing and signal-processinacuracywiththesingle-pointseningaccelerometer
over the mechanical sensor.Thisgivesabeter-definedtriggerpoint ndoveralliproved
performance across differentchassisypes.Capacitivesensorsappeartohaveteedgeinthis
application, because theyhavethepotentialofbeingcosteccivemeetthrequirementsof
the application, and haveself-testfeaturesplusdiagnosticsavailableInthisapplication,atyp-
ical accelerometer specificationis±50gfull-scaleoutput.acuracy±5percentoertempera-
ture, bandwidth dc to 750Hzandcross-axissensitivity3percent.Duringimpact,thecrash
sensor can also be used for seat belt locking.

ontro4ppliatio

In ride control systems, the leaf or coil springs located on the axes are repaced by four wheel
stations, which form anactive suspension. Each wheel station contins an oil-filled cyinder
with a piston to set0the distance of the frame abovet axlesandtoiolatethframefrom
axlevibration.Thisis achievedusingaservo fedback syste .Whenavehicle with conven-
tional suspensionencounters a foreignobjecton the highaythe lod onthe wheelincreases
astmovesuptonegotiatethe obstacle.This load increase makesthe vehiclerise up.Witha
fulyactivesuspension,theincrease in load isdetectedand asero valveis opened totransfer
the necessaryamountof oifrom theappropriateclindertoa toage ontainer, Conse-
quentlythe load exerted onthechassisby each wheel ismaintaind at itsspecificlevel and
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SPEED AND ACCELERATIONSENSORS 7.21

the chassis remains at its static level. After the object has been traversedoil is pumped back
into the cylinder to reestablish the static load conditions.

An alternative to the active suspension is the adaptive suspension system. In this case,
information from the front wheels is gathered and used to predict road conditions for the con-
trol of the rear wheels. The advantage over the fully active suspension is one of cost, as the
number of acceleration sensors is halved. During cornering,oil is also pumped into the out-
side wheel cylinders to minimize roll angle.

A combination of sensors is used for active suspension These are accelerometers, wheel
speed sensors, chassis-to-ground sensing, and piston-level sensing in the suspension system.
The low g accelerometers used on the axles of the four wheels to detect the load changes on
the wheels have the following specifications:±2g full-scale,accuracy ±5 percent over temper-
ature, bandwidth dc to 10 Hz. and cross-axis sensitivity <3 percent.The acceleration informa-
tion and data from the wheel speed sensors is used to provide the information necessary for
the MCU to operate the servo control valves. Hall effect, MRE, and opto ensors have been
used for monitoring the level of the pistons in the wheel stations cylinders

7.5.3 Vibration Applications

Lean-burn engines are beingdeveloped forimprovedemission levelsand for better fuelecon-
omy (10to l5 percent improvement).NO, emissionsare greatly reduced to ncet federal stan-
dards. Lean-burn engines use high stoichiometric ratios: 20:1 and higher are necessary. At
these ratios, combustion becomes unstable and torque fluctuations large. Consequentlyanti-
knock and vibration sensors are required to supply the information necessary to the MC, so
that it can adjust the injected fuel amount and ignition timing for stability over widelyvarying
conditions.

'There are two types of solid state sensors that can be used in this application:piezoelectric
devicesand capacitively coupled vibration sensors. A typical vibration sensor contains a num-
ber of fingers of varying length which vibrate at their resonant frequencies when those fre-
quencies are encountered, The resonance is capacitively coupled to the sensing circuit, and
the outputs asshown are obtained.Optical sensors have also been used as antiknock sensors.,
In this case, the ignition spectrum is monitored for the detection of misfiring or knocking.
Vibration sensors can also be used for vibration monitoring in maintenanceappliations

7.5.4 Antilock Brake System Applications

In antilock brake systems.speed sensors are attached to all wheels to determine wheel rota-
tion speed and slip differential between wheels. VR devices, as well as Hall effect and MRE
devices,can be used in this application,as zero speed sensing is not required.VR devices have
been used and shown tobe cost effective in this application, but Hall effect and MRE devices
are now being designed into thesesystems. Pressure sensors are used to monitor brake luid
pressureand an accelerometer or ground-speed sensor can he used to provide information on
changes in the vehicular speed. Brake pedal position and brake fluid pressure information are
also required for control All of this information is fed to an MCU, which processes the data
and adjusts the brake fluid pressure to each wheel for optimum braking.Many of the ele-
ments of the ABS system can be used for the detection of lateral slippageon high-speed cor-
nerminand can be used for traction and the direction of power to the whecls.Traction control
applies in particular to slippery surfaces and with four-wheel-drive vehicles.Additionalinfor-
mation over that used in ABSsystems is required by the MCU for ASR applications, such as
engine speed and throttle angle.In this application,servo feedback to tethrottle may also be
necessary

A more cost-effectie, but less accurate.system for ABS and ASR is the adaptive control
system in which accelerometers are normally used to measure deceleration when braking, and

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



7.22 SENSORS AND ACILATORS

acceleration when the throttle is opened. If skidding occus duringbraking, thebrakepres-
sure is reduced and adjusted for maximum decelerationor the throttle adjusted for maximum
traction.Typical specifications for the accelerometer required in this application are.+1 g full-
scale output, accuracy +percent over temperature. bandwidth 0.5 to 50 Hz. andcross-axis
sensitivity <3 percent.

7.6 NEW SENSING DEVICES

New cost-efective sensors are continually being developed. he technolog and cost are
often pushed by the application and volume requiremensof the automotiveindustry and fed-
eral mandats. Today's silicon sensr and control electronics are limited in operatmg tem-
perature to 150 C to ensure long ei of the dicves This operational temperature is adequate
formost applications.but higher temperature operation may be required fsensors mounted
inthe engine compartmentThe limit on the operaing temperature osilcon devices can be
extended to between 200 and 250T (by the usef specal isolation techniques such as dielec-
tri isolation (this operating temperature apples to surface micromachined devices) For
higher-temperature operation, alternative materials such as GaAs or SiCare being devel
oped, but the cost ofthese devices inits[heir use at present,

A list of serniconduclorc onductor materials and maximum practical operating tempera-
turnes is given in Table 73 Higher operating lempeatures have been reported but with poor
longevity.

TABLE7.3 DeviceOperating Temperatures

Material Maximum practical operating temperature 0

Si 150
Si (dielectric iso. 250
GaAs 300
AIGaAs 350
GaP 4W0
SiC Y0P

7,6.1 New Rotational Speed-Sensing Devices

A number of new devices are being investigatedto detect magnetic fields.These are flux gate
Weigand effect magnetic transistor, and mgoei diode.The magnetic transistor at present is
showing the most promise.The device operates ona similar principle to the Hall effect device.
That is, the current division between split collectors (bipolar) or split drains (NOS) can be
changed by a magnetic field.This current differential can then be detected and amplified to
give an output voltage proportional to magnetic field strength. These devices can use either
majorityor minority carriers, and can be either vertical or lateral bipolar or MOS devices.The
magnetic transistor has the potential of higher sensitivity than the Hall effect device.

Figure 7.21 shows the cross section of a lateral PNP magnetic transistor.The current from
each collector is equal until a magnetic field is applied perpendicular to the surface ofthe
device. The magnetic field causes an imbalance of current between the two collectors.Sensi-
tivities with this type of structure have been reported as being an order of magnitude greater
than in the Hall effect device.' Magnetic transistors and diodes can be directly integrated With
the signal-conditioning circuits, which could make them very cost effective in future applica-
tions. A comparison of the magnetic transistor to other practical devices is given inTable 7.2.

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



SPEED ANDACCELERATION SENSORS 7.23

B J '1B

B E C B

SUBSTRATE P.
EPI N -

FIGURE 7.21 Cross section of a field-assisted PNP marnetic
transistor.

7.6.2 New Linear Speed-Sensing Devices

A number of different sensing technologies can be used for distance, object detection, and
approach speed measurements. Shown in Fig.7.22 are the areas covered by blind-spot, rear,

and forward-looking sensors Ultrasonics, infrared,laser.and microwaves (radar) can be used

in the detection of objects behind vehicles and in the blind areas. From a practical standpoint,
no technology has come to the forefront. However, with new innovations in technology the

situation may change very rapidly. Ultrasonics and infrared sensors are cost effective but

degrade with inclement weather conditions such as ice, rain, snow, and the accumulation of

road grime. Infrared devices are also color- sensitive, in that the sensitivity to shiny black

objects is very low compared to other colors. Microwave devices appear to have the edge
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FIGURE7.22 Col ision-avoidance patterns
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when considerin environmental conditions.but are expensive,and radar can be affected by
falseretun signas Ind clutter

F the detection of obsLcls and vehicles in front of a vehicethechoicis between laser
andmicowaes due to the distances inolved (up to90n m) Microwaves hae the disadvan-
tageof highcost and rgeantenna sizew <hen consideminavailabledvices in thet0 Hz 11
range.Frequenues greater than 100 1 Zarcpreferred fracceptable antenna sizeHoiee
collision aoidanceradari the 7677- Hz hand hasbe end eeloped in Europe Colliswin
avoidance radar in the 77,94 and 144 GHz is being considred in the United States. A tpical
system usesa3 5-Uiz VCO (olgecontrolled osilAtor) with frequency-doubling to
o ain bout4(m of powerat 77 GlizA frequency-modulated continuous wave or pulse-
modulaedsystem can be used Thesistem uses GaAs devices to meet the frequency and
powerrequirements Lasers can be cost eectiin this apphiaion, but also have theirdraw-
backs degrdation of performance byfog eflections trom otherlight sources (sun. ec.)
build-up of road grime on sensor surfacesand poor eletingsuacesat laser frequencies,
such as gnmy and shiny blacksurfaces.

7.6.3 New Inertial and Acceleration-Sensing Devices

Recent developments in solid state technology have made possible very small cost-effective
devices to sense angular rotation.The implementation of one such gyroscopic device isshown .
in Fig.7,23.This device is fabricated on a silicon substrate usingsurface micromachining tech-
niques. In thiscase, three layersof polysilicon arc used, with the first and third layers being
fixed and the second layerfree to vibrate about its center. The center is held in potion by
four spring armsattached to four mounting posts as shown. This devicecan sense rotation
about the X and Y axes and sense acceleration in the direction of the Zaxis.The center layer
of polysilicon, driven by electrostatic forces, vibrates about the / axis. These forces are pro-
duced by voltages applied between the fixed comb fingers and the comb fingers of the second
polysilicon. Capacitor plates as shown are formed between the first and third polysilicon on
the X and Y axes, and the second layer of polysilicon. Differential capacitive sensing tech-
niques can then be used to sense any displacement of the vibrating disc caused by angular
rotation.For exampleilangular rotation takes place about (he Xaxis,Coriolis forces produce
adeflection of the disc aboutthe YaxisThis deflection canbhe detected bythe capacitorplates
on the X axis. The sensing of the three functions is achieved by using a common sensing cir-
cuit that alternatively sensesthe X rotation, Y rotation, and acceleration. The gyroscope is
designed to have a resolution of <10 degrees per hour for angular rate measurements.and an
acceleration resolution of 0.5 mg.

7.7 FUTURE APPLICATIONS

New applications to increase creature comfort and safety are constantly being developed, but
their rate of introduction will depend on the cost effectiveness of the technology, demand,and
government mandates. Other concerns of automotive manufacturers are size, weight, power
requirements, and adverse effects on styling and appearance. Many of the new sensor tech-
nologies are in their infancy.and thus are not yet cost effective on medium- and low-priced
automobiles, but are being made available as options on luxury cars.

7.7.1 Future Rotational Speed-Sensing Applications

A future application for speed-sensing devices will be in continuously variable transmissions
In this application, engine and wheel speed. as well as torque, will be measured, and the infor-
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FIGURE7.23 Solid state gyroscope.

mation processed by an MCU to optimize transmission ratios for engine performance and effi-
cicncy All-wheelsteering is also under developmentand requires speed-sensing information,
in addition to steering, front-, and rear-wheel angle position data for processing and control

712 Future Linear Speed-Sensing Applications

Another application that has been developed is the use of speed- and distance-measurng
devices for collision voidance sedevices fall into three categories: near-obstacle detec-
tion (rear). blind-spot detection, and semiautomatic frontal object detection and control9
(see Fig.7.22).

Near-obstacledetectionisused to prevent accidents during reversing. Blind-spot detection
i used to prevent accidents due to careles lane changing, and when backing out of a drive-
way garager alleyinto traffic.The smiautomaticfrontal detection is a long-rangesstem
The distance and closing speed between hicles, or between a vehicle and a fixed object, can
be measured and the speed adjusted as necessarto avoid a collision, or the driver can be
warned of impending danger An additian to this is to monitor road surface conditions for
friction-for example,dry roads compared to wet or icy roads-and also to use this informa-
tion to adjust approach speeds and distance, Without collision v oidanceroad condition mon-
itoring can bh used to caution ehicle opeators Colisiona Jvidnlces y\stems can be used to
minimi7e collisions, orc an e usedtooperte protectionsy ills eiefore an unavoidable col-
lision happens to protet the automobile passengersIn this case, vehicles closing at or
approaching an obstacle at80 km will be less than 7 m apart beoe a coison-is-imminent
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dterminationcanbemadeThisgives200ms decision-makingtime for the system MCU.This
is, howeverlong compared to today's air bag deployment systems, which have 20 ms decision-
making time after the event. In the future, an idealistic system may be a combination of the
two systems.

7.7.3 Future Acceleration Applications

One of the future applications being considered is the expansion of the air bag system to
include side impact protection.The sensor used for crash sensing is unidirectional, so that it
can only detect forward impact. A similar sensor, mounted perpendicular to the airbagsen-
sor, can be added to the system to detect side impact and to deploy protection for thepassen-
gers. This device will typically require a 250-g accelerometer Another application for
accelerometers is to detect slippage during cornering in advanced steering systemsThese sys-
tems wil employ a low-g accelerometer (1-2 g)

7,7.4 Inertial Navigation Applications

A number of inertial navigation systems are being developed for short- and long-range travel.
Long-range inertial navigation systems normally obtain their location by using a triangulation
method. This method references three navigation satellites with knownlocations in fixed
orbits. However, there are certain conditions under which contact with all three satellites is
lost.This occurs when the vehicle is in the shadow of tall buildings orhighhills, andtriangula-
tion is not possibke. Under theeconditionsthe guidance system has to Tely on such devices as
gyroscopes, which sense angular rotation or change in direction, and/or monitor vehicular
motion relative to the road.

Short-range inertial navigation systems or inertial measurement units (II) rely to a
large extent on high-accuracy accelerometers and gyroscopes. A typical accelerometer speci-
fication for this application is:+2-g full-scale output, accuracy 0.5 percent over temperature,
bandwidth de to 20 Hz, and a cross-axissensitivity <0.5 percent. A centrally located ]MU can
be expanded to cover other applications such as suspension, ABS, ASR, and working with
crash avoidance sensors. This may be the way to handlcost-effective system design in the
future.TheIMU can also be designed to provide location data for intelligent veicle highway
systems. These systems (Prometheus." Amtics") improve travel efficiency and reduce fuel
consumption and pollution byselecting the optimum route to a givendestination.Theroute
is chosen to avoid traffic congestion, road construction, and accidents (see Chap. 29)

7.8 SUMMARY

In this chapter, a number of speed-sensing devices, both rotary and linear,ha been
described,togetherwith potential applications.VR,MRE.Hall effect,and uptodevices(pos-
sibly magnetic transistor in future applications) can be used in rotational applications for
enginecontrol, transmissionand wheel speed sensing.Of these devices, Hall effect VR,and
opto have been widely used. With the tendency for direct pickoff, optical devices may become
impractical MRE devices are being designed in and will become a serious contender to the
Hall effecc device. In linear applications for crash avoidance, microwave devices have lhe
edge overperformance and optical devices in terms of cost. However, as the cost of
microwave devices declines, they could become cost effective.For blind-area alert and revers-
ing obstacle detection. ultrasonics and infrareddevices are cost effective, but performance
degrades during inclementweather.
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The accelerometer has possibly the greatest potential for applications in the automobile.
These applications range from crash sensing, ride control, ABS, and ASR to IMU systems
Accelerometers needed will range in sensitivities from 50 g in crash sensing to 1 g in the IMU.
Advances in technology are providing a number of new sensors that are showing potential,
such as the magneto transistor and the micromachined gyroscope. To summarize, Figs,7.24
and 7.25 show the types of sensors used in specific applications, and the technologies used for
specific sensors.As can be seen, one type ofsensor can be used in a number of applications.In
applications where a sensor output is shared.care must be taken to ensure thata failure in one
system does not disable the sensor or other systems, Because of the similarities in several of
the systems and the use of shared sensors, the greatest potential for cost-effective system
design is a single control system.The IMU shows great potential to be the controller for ride
control, ABS, ASR, four-wheel-drive, and steering applications. The rate of introduction of
new sensors and systems will depend on federal mandatescustomer demand, and the need to
improve engine fuel efficiency and to reduce emissions.

GLOSSARY

Adaptive suspension A suspension system that monitors motion of the front wheels and
adjusts the suspension of the rearaxle accordingly.

Armlics Acronym for Advanced Mobile Traffic Information and Communication System.

ASR(traction) A system to prevent whee spin on slippery surfaces, to give maximum trac-
tion and acceleration,
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FIGURE7.24 Sensorapplicawuion
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FIGURE7.25 Sensortechnologies.

Coriolis forces Forces exerted by a spinning body to oppose any motion at right angles to
ie axle.

Crash signature Shock waveform projected through a chassis during a collision.

[nertial navigation Guidance system giving accurate location.

IMU (inertial measurement unit) System used for guidance between two locations indicates
road hazards and delays.

Leanburn Enginewithhighcompressionratiosand hh air-to-fuelratios for increased effi-
ciency and low emissions.

Micromachining Manufacturing technology for micromechanical structures using chemical
etching tchniques.

NO, Chemical symbol for oxides of nitrogen,

Prometheus Acronym for PROgraM for a European Traffic with Highes Efficiency and
Unprecedented Safety

Sitched capacitor filter Technique for switching capacitors to simulate high-value resistors
[or low-frequency filters to minimize size.
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CHAPTER 8

ENGINE KNOCK SENSORS

William G. Wolber
Eeainc EFinerc
(nrminsFtir o-a.h co.

8.1 INTRODUCTION

Knock isa phenomenon characterized by undesirable structural vibration and noise genera-
tionandispeculiartospark-ignitedengines. Knock is undesirable both from a customer
accetance standpoint and also because severe knock can cause engine damage. The terms
ping (light, barely observable knock) and predetonation (knock caused by ignition of the
charge slightly before the full ignition of the flame front by the spark plug) are also commonly
used in the industry.and not always with precision.

Historically, knock became an important engine phenomenon in the 1930s. In their search
for performance improvements, designers of spark-ignited engines increased compression
ratios beyond the capabilities of the gasoline formulations available to provide smooth,
knock-free combustion. The discovery of gasoline additives such as tetraethyl lead, which
improve the stability of the combustion process primarily by decreasing burn rate, permitted
the fuel suppliers to provide a range offuel knock properties at the pump to match with the
range of engine requirements. As a result, by 1950, knock was not regarded as a significant
engine performance limiting parameter since the car companycould specify what fuel should
be selected, ranging from "regular" to "super premium" grades. A blending fuel pump was
even provided by one fuel company which allowed the operator of the vehicle to select
exactly what grade of fuel he or she wished to use from a selection of six grades

In the late 1960s, the situation began to change drastically. In response to public concern
about air quality and healthlegislation on automotive emissions became a new constraint on
automotive engine design, first inthe United States and more recently worldwide.The use of
fuel additives to improve gasoline knock characteristics fell into disfavor for two reasons:

* Many of the better additives resulted in combustion products not desirable in the air. For
example,most lead compounds are toxic at low levels to human and animal life.

* As engine designers strove to provide lower engine emissions, the use of the three-way cat-
alytic converter cleanup device in the exhaust system became nearly universal, Unfortu-
nately, most good fuel additives that improve knock characteristics poison the catalyst of
the converter, rendering it ineffective. Also, many engine controls began to make use of the
oxygen sensor feedback control loop.The catalyst on the oxygen sensor also is poisoned by
the better additives.

This situation led to gradually more stringent federal regulation of the fuel industry, a
trend which, in the end, legislated fuels with knock-improving additives completely off the
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market, so that by the mid 1980s, all spark-ignited automobile engines in the United States
were being operated using lead-free gasoline. Of course, as leaded gasoline disappeared, the
knock phenomenon returned, The auto industry knew what to do-lower compression
ratios-but thisstep alone has accompanying negative consequencessuch as lower fuel econ-
omy. Thus, the situation was one driven by the need to optimize betweseveralprincipal
goals: emission regulationsfuel supply characteristicsfuel economy goals, customer accept-
abilityand vehicle performance.

8.2 THE KNOCK PHENOMENON

8.2.1 Definition

Spark-ignited engine knock has been defined as "an undesirable mode of combustion that
originates spontaneously and sporadically in the engine, producing sharp pressure pulses
associated with a vibratory movement of the charge and the characteristic sound from which
the phenomenon Jerivesits name."This definition at once conveys some of the difficulties of
measuring the phenomenon and devising engine controls to minimize it. First, the ultimate
standard is the reaction of the human to the vibration felt or the sound heard as a result of the
knock. An attempt to measure the cause of the phenomenon leads one to the difficult prob-
lemof observing pressure waves in the cylinder.In fact,over the years these difficltiesled the
industry to devise an experimental comparison measurement technique which measured the
octanerating of the fuel, not ofthe engine.

8.2.2 Laboratory Measurements

The CFR Engine. The basic comparison method which evolved for rating fuel knock qual-
ity involved the use of a simple,single-cylinder, spark-ignited engine called the CFR engine,
and a pure hydrocarbon fuel-100 percent isooctane. Researchers discovered that they could
reproduce knock phenomenon, laboratorv to laboratory, by running this engine under speci-
fied conditions with this fuel.

Gasoline Octane Rating. A system of rating the knock characteristics of fuels, called the
octane rating,was developed based on a comparison of the CFR engine performance with the
test fuel compared to pure isooctane.On this scaleosooctane has an octane rating of 100;pas-
senger car engine fuels ranged from the high 70s for "regular" to the high 90s for "super pre-
mium."(Fuel formulations with an octane rating over 100 were possible but were used mainly
for aircraft engines.)

As the industry strove to put knock on a solid engineering basis, methods of measuring the
resulting phenomena on the CFR engine, and commercial engines as well, were developed
The parameter on which the industry stindardized was "jerk," the third-time derivative of
engine block displacement. Scales evolved for comparing the relative knock performance of
fuels and of engines based on the output of this kind of sensor. Much work was also done to
correlate jerk sensor measurements with cylinder pressure phenomena.

The fundamental resonant frequency of the knock-generated pressure signal is dependent
on engine cylinder geometry and the speed of sound in the charge gas.The structural vibra-
tion characteristics of the engine block (hat are excited by the fundamental knock event are
determined by the engine block transfer functionTesting conducted on one cylinder of a six-
cylinder spark-ignited engine demonstrates that high-frequency structural vibration compo-
nents are good indicators of knock, despite the relatively low frequency high-pressure
excitation event Structural vibration induced by mechanical eventssuch as valves opening
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and closing, introduces noise that can be confused with knock-induced vibrations. Careful sig-
nal analysis is required to overcome a sometimes poor signal-to-noise ratio.

The reverberation resonance of the cylinder typically lies in the range between2 and 12
kHz. A useful rough estimate of the knock frequency for a given engine cylinder geometry is
given by Draper's equation:

Pmn x C

ItB

where fr is the knock resonant frequency
Pmn is a vibration mode constant
Cis the velocity of sound in the gas in the cylinder

and B is the radius of the cylinder

Using this equation,assuming that the average gas temperature is 2000 K so that C is 900 m/s,
the first circumferential mode resonant frequency is estimated at 575 kHz for a cylinder of
10-cm bore.

As better cylinder pressure sensors have become available, cylinder pressure wave mea-
surements, along with signal analysis techniques for deriving a knock rating number, have
supplemented jerk measurements in the laboratory. The most popular signal analysis
approach is to declare the maximum amplitude or peak-to-peak value of the bandpass filtered
pressure dta as a knock number. usually referred to as knock intensiy.

Other waysof describing knock level are the root-mean square, mean square, or integral
of the absolute value of the bandpass pressure oscillations during the knocking portions of the
cycle. The spectral power of the pressure transformed into the frequency domain has been
used for measurement.Derivative-based methods have also been established, based on rapid
changes of clinder pressure during the knock phenomenon, using the first,second. and third
derivatives of the cylinder pressurehistory.

8.2.3 On-Board Knock Control

ImprovedFuel EconomY by Lowering Engine Compression Ratio. As engine control using
microcomputers became established in the late 1970s and early 1980s for gasoline passenger
car engines, and the octane rating of the fuels available for them dropped below 90, the auto-
motive industry responded by lowering engine compression ratios However, some of these
smaller engines were equipped with turbochargers to recover some of the lost performance at
wide open throttle.It was found that these engines could experience destructive high-speed
knock at maximum speed and power.Not only were the knock reverberations in the cylinder
large,but they were modulating a high base pressure wave.This could occur because the extra
boost pressuref oni the turbocharger permits additional fuel to be metered to the engine
without violatina emissions restrictions on the control,since the amount of oxygen available
to react with the fuel is greater. This could result in knock wave peaks exceeding the cylinder
head pressure limit,as well as excessive vibration of the entire engine.

The knock occurring at wide open throttle had to be decreased, but retaining the addi-
tional power from the turbocharger at part throttlewas very desirable.The electronic control
was available to modulate the amount of fuel injeted during the dangerous engine state;
however, a means of sensing enginc knock on-board in real time was needed. The sensors
used are described in Sec. 8.3. The control operates by sensing that knock is over the permis-
sible limit,and then reduces it either by retarding ignition timing or by opening a wastegate
valve on the boosted manifold pressure.

Improved Fuel Economy by Raising Compression Ratio. Following the successful imple-
mentation of knock limit control on turbocharged engines,considerable experimentation was
carried out to assess whether or not there is value in applying knock limit control to naturally
aspirated spark-ignited engines. It was determined that if the engine knock was always kept
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less than an empirically deterined limit forthat type of engine and stored in the microcom-
puter control memory.then the knock level would not be objectionable even tothe more crit-
ical caroperatos .Moreoer, this could be accomplshed v hile rasing the compression ratio
one full numhcr-for example, from 8A to 9: 1I used to mprove fuel econom, this change
results n a3pe ent improvement in the corporate average fleet economy (CAFE) rating for
that modelenginertcombination. At today's CAFE values, this is close to a one-mile-per-gal-
lon improce

CAFE values aree xremelyimportant to a passenger car original equipment manufac-
(urer (OEM). Te largerheaver luxuy <cars cannot achieve as lo a CAFE value as the
smaller. lightercars.Hl ever, thel c are more profitable to produceThliushe mixof
cars produced by an OENl can depend on just how close his CAFEr esultsare coming to the
mandated vilue. A way of improving fuel economy without downsizing, adding significant
cost,orlosling erformance isv e 1ry valuable.

Starting in ihe early IP s, more and more passenger cars had a knock limit control and
increased compressionratio Such a change is usually scheduled at a time when the engine
drsin and the tooling to makethe engine are chagin for other reasons. By 1990 2i to 30
perent of the naturally aspirated passengercar nginesproduced in the United States (and
aill of the turbochiged engines)fe atured knocklImitcontrol

8.2.4 Measurement and Control System Considerations

In addiion to the problem of developing a suitable on-board sensorfor knock, once the
parameter to use had been selected, a number of other considerations had tobe settled in
effecting a satisfactory control. It was already pointed out thatengine knock can be reduced
either by retarding spark timing or by opening a manifold boost wastegatevalve. In (he
United States, thecandidate engines already had electroniccontrol of sparktimingso that al
that was needed to implement the knock control was an easily added change in the liming
command in the control microcomputer.l-lowever, many control strategiesexist for process-
ing the knock signal. Perhaps the most elaborate of these was implemented on the first tur-
bocharged engine knock limit control:

* The vibration frequency of the knock isspecific to the engine model but lies between 2 and
12 kiita fr passenger car engines. The sensor used was mechanically bandpass-tuned to
match this characteristicwith a 0 of about2.

* The major knock reverberations for a given cylinder occur during a time window that starts
shortly after the cylinder reaches top dead center and ends 60 to 90 crank-angle degrees
later. The control opened asignal gate to allow the knock signal to passthrough and be
averaged only when the engine was in these time windows.

* To prevent engine damage, whenever the knock signature exceeded the limit value,the con-
trol very rapidly retarded igition by as much as 10 crank-angle degrees so that the engine
would not be in severe knock even for the next few cylinder events.Then the control would
very slowly advance the timing until the process repeated. This resulted in somewhatl ess
than bestengine performance but assured a comfortable margin of safety for the engine.

* The knock threshold limit in the control was modulated to increase with engine speed so as
to compensate for greater noise background at high engine speed.

83 TECHNOLOGIES FOR SENSING KNOCK

A number ofdifferent parameters have been selected for measuring knock in real time on
board, and sensors hav been developed for this purpose. It must be recognized that these
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sensors measure the magnitude of a consequential parameter driven by the knock, rather
than the knock phenomenon itself.The overall effectiveness of the control is therefore deter-
mined not only by the intrinsic performance and stability of the sensor and control, but also
by how robust the chain of causality is betweenthe knock phenomenon and the parameter
measured,

8.3.1 Jerk Sensors

Naturally enough the first turbocharged engine knock limit control uscd ajerk ensora pro-
ductionized version of the kind of sensor used for laboratory CER engine testing. An
exploded view of this sensor is shown in Fig.8.

SPRING
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SHELL

'CASE
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FIGURE8.1 (a) An exploded view of L jerk sensor, and (b) a photograph of thesensor
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Referring to the exploded view, it must be understood that when the sensor is fully assem-
bled, the spider spring is preloaded, and all parts of the sensor except the coil cover are in
compression. The nickel alloy magnetostrictiverods are biased mechanically inlengthws
compression and magnetically by thefield impressed through the rods from the permanent
magnet,returning through the ferromagnetic soft iron coil coverThe nickel alloy rods are the
highestreluctance element in this magnetic circuit,and are in magnetic saturation.

The vibrations which are picked up and transmitted from the engine block through the
mounting stud appear in the nickel alloy rods. These rods are of such a lengththat they com-
prise a broad passband mechanically resonant element. The compressive mechanical bias is
sufficiently strong that the compression and rarefractionwaves picked up are never large
enough to take the rods out of ntcompression. The wavepresent in the rods therefore lin-
early modulate the magneticreluctanceoftmagnetic circuit.

The many-turn coil wound around the magnetostrictive rods generates a voltage propor-
tional to the rate of change of the magnetic flux; the flux, in turn, is inversely proportional to
the magnetic reluctance of the rods Since the vibrations picked up are alreadydue to acel-
erations from the knock reverberations transmitted through the engine block, ihe voltage
from the coil represents the third-time derivative of displacement,or jerk.

The vibration signal from knoking engine is present virtually everywhere on the engine
block, with ignasfrom all ylinderssuperimposed For passengercar engines, whice rarely
have more than eight cylinders, the major part of the knock signaturesfrom thesuccessive
cylinder events are not superimposed in time, but rather consecutive without overlap. The
time delay due to the distance from the cylinder to the sensor is always much less than I mis,
whereas the cylinder-to-cylinder time is 25 ms even for an eight-cylinder engine at 6)0 rpm.

However, the absolute amplitde of the knock signal does vary from location to location on
theblock There is no best place to mount the ensor;rather, a site with a strong amplitude
shouldbeselectedforagivenengine model,and the sensor should always be mounted at that
point on that engine rnodel.The knock threshold isexperimentally determined on that engine
model with the sensor mounted at that location.

Themethod used for processing the knock signal and effecting control was described in
Sec. 8.2.4. As time has gone on, the knock signal processing has tended to become simpler,
although in the 1990s this may be changing.Time windows and mechanically resonant sensors
have largely disappeared,and much of the filtering is now done digitally.

8.3.2 Accelerometer Sensors

The magnetostrictive jerk sensor, while satisfactory in performance, has too many parts to be
a low-cost solution to measuring knock on board. Moreover, its mechanical assembly is not
simple. fn an effort to achieve lower-cost solutions, the industry found that the second-time
derivative of displacement-acceleration-couldbemeasured and used to implement[a satis-
factory knock control.The drawback to using an accelerometer compared tu a jerk sensor is
that it does not yield as good a signal-to-noise ratio; however, by using appropriate filtering,a
good control signal can be achieved

The first accelerometers used were mechanically bandpass-tunedandsonic still are. How-
ever,in the 1990s, the trend has been to broadband sensors, again used with much electronic
filtering.Thishas the advantagethat one sensor model can be used for all engines, with the
engine-specific frequency filtering characteristics built into the electronics module, which has
to be engine-specific anywayIf the crucial filtering featuresare provided digitally,they can be
installed as part of the engine-specific software.

Piezoelectric Accelerometer Certain crystals of a specific cut or orientation possess the
property that, when stressed, they produce a corresponding voltage.Ifsuch a crystalis loaded
with a mass and spring, vibrations entering the assembly squeeze and pull the crystal with
respect to the mass-and result in a signal which is a measure of the acceleration of the body to
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which the assembly is attached.These signals can be substantial in size but appear electrically
to be sourced at a hih (capacitive) driving point impedance. Thus, care has to bc taken to
ensure that capacitively coupled noise does not contaminate the signal.

Thereare a variety of single crystals which exhibit the piezoelectric effect,but silicon is not
one of them.Efforts to devise a silicon micromachined accelerometer were stymied for a long
time by this fact, but a solution will be described below. Single crystal quartz is the material
which was used in the single-crystal piezoelctric accelerometers.

In some cases, it is possible to use the massof the piezoelectric element itself as the mass,
and to combine the spring with one of the crysta electrodes.In such a design, the only parts
areaspring, a contact, th crystal, and the housin.

Piezoceramic Accelerometer. Another type of piezoelectrn element is the piezoceramic
device. Piezoceramics are not single crystalsThey can be fired into just about any shape just
like a ceramicn sulatoror a vas e.By impressingahigh oltage across electrodes on the
ceramic while the material ist a high temperature-bove its Cuie emperature-and then
gradualv loweing the t<.mperature, the plezoctami hecomespoled or piezoelectrcacros
the electrodes.

The best pezocerarmics tend to belong to Ihe lead -zirconate-itanate (PZT) tamil. These
materials have a Curie temperature from '1250 o 500'C, If the sensor ever gets aboeits Curie
temperature its poling becomes degraded, and its calibration is no longer valid. However,
thesengine block-mounted sensors will not experence temperatureshigher than about 125
to 150 C,even during hot soak,so they can be used for the knock sensor.

Single-crvysa piezoelectric accIlermeters also have a Curie temperature but it is ypi-
cail much higher than for the plezoceramics. Quartz, for example has a Curie temperature
over 600'3 C.

Because the piezoceramic materials can be molded into any shape, handled roughly, sawn
and machined, coated with thick-film metallieectrodes, and o on, they lend themselves to
easyIow-costmass production. As a result, they have become pretty much the knock sensor
oI thoice for the automobile ndustry drawing of a piezoceramic accelerometer knock sen-
sor is shown in Fig . 2 In this particular design, the spring and top electrode have been com-
bined into one part, but thems is a separate metallic part between the piezrerarnie disc
and the spring.The whole assemblis tacked on a mandrel which extends up from the base-
stud which forms most of the package.

8.3.3 Silicon Accelerometer

As previously noted, silicon itself cannot be made piezoelectric. However, it is possible to
make a silicon micromachined accelerometer by anisotropically machining a cantilevered'F-
shaped structure into each cell of a silicon wafer ,using a chemical etch.Strain gauges are dif-
fused or implanted into the canilever-the vertical bar of the The mass of the horizontal
crossbar of the ' and the spring constant of the cantilever provide the mechanical-to-strain
transduction.Such accelerometers are in mass production for use in antiskid braking systems
and as triggers for air bag safety devices.Whether or not they will replace piezoceramic knock
sensors is primarily a matter of economics. Technically, the silicon accelerometer issatisfac-
tory; its temperature limit is about 150 C, which is adequate for on-block mounting.

8.3.4 Other Sensors

Instantoneous Cylinder Pressure Sensor. The direct measurement of instantaneous cylinder
pressure permits the extraction oftle pressure reverberation signal,which is thedirect cause
of knock. While this would be a very desirable signalto use for knock detection, it has not '
been implemented in on-board knock control systems for severalreasons:
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FIGURE82 Apiaeoeramllicaccikromererknocksensor.

* Either the same cylinder must always be the one to experience knock first and most
severely,or one must have a sensor on every cylinder

* The cylinder pressure wave is complex.and knock is only one of many signature elements
present. Deriving a unique knock signalrequires considerable signal processing in real time

" While cylinder pressure sensors exist which aresuitable for lest purposes, a durable, low-
costmass-producable on-board pressure sensor is not yet available.

In spite of these difficullies, work continues on cylinder pressure sensors for on-board con-
trol use, not so much to be used as knock-sensing devices as for use in deriving an instanta-
neous torque measurement (see Chap. 9). If this approach succeeds, then it is reasonable to
suppose that the cylinder pressure sensor will be used to provide the inputs for obtaining both
torque and knock measurements.

Since a spark-ignited engine already has a spark plug mounted in each cyinder head, it is
possible to convert the spark plug Into a kind of"poor man's pressure sensor"by mounting a
piezoceramic washer held in compression between the spark plug and the cylinder head when
the plug is torqued down.This arrangement has in tact appeared on a commercial passenger
car engine. While the signal is not presently being used to extract a knock signal, suitable sig-
nal processingwould make this possible.

Hydrophone in Coolant. In Sc. .1 i asmentioned that the knock signal appears vir-
tually everywhere on the block. in facit even appears in the coolant fluid faithfully repro-
duced.11is fact ld to experiments in which hydrophones were mounted in the coolant and
used as knock sensors.This approach has never reched production because it has no advan-
tage over a block-mounted sensor and is in factmore difficult to package and to mount on the
engine.
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8.4 SUMMARY

In a remarkably short span of time. the on-board sensing of knock and its control have
become a rather standard feature of passenger car engine control electronics. At the same
time, the on-board sensors have been developed and arc now largely mature.Acceleration has
become the parameter of choice for most of these control systems, and the required
accelerometers are typically based upon piezoceramic technology; itseems likely that thiswill
remain the case at least through the 1990sThe rapid proliferation of these systems was facil-
itated by three factors

a A solid background of experimental knowledge about knock and how to control it was
established in the laboratory during the several decades before lead-free gas was mandated.

* The three legislated pressures of emissions limits, CAFE fuel economy goalsand no-lead
fuel, combined with a customer base used to engines without knock. made solving the
knock problem a high priority.

* The already widespread use of digital microcomputer engine control made the addition of
knock limit control a straightforward design change

GLOSSARY

Curie temperature The temperature above which a piezoelectric crystal or piezoceramic
element no longer reliably retains its original piezoeletric characteristics

Jerksensor A sensor which measures the third-time derivative of displacement.

Knock Acoustic cgine noise and vibration of characteristic frequency caused by uneven
combustion in the engine cylinder(s).

Octane rating A measure of the resistance of agasoline fueto knock, as compared to pure
isooctaae hydrocarbon.

Retarding Causing engine combustion to occur at a larger angle past top dead center, by
delaying the time at which the signal tostart the spark event occurs

Turbocharger A device which comprses engineintake manifold air by using the engine
exhaust to drive a turbine and compressor.

Wastegalevalve A valve in the exhaust system of a turboharged dieselen"ine which causes
part of the exhaust to bypass the turbineThe same nameis also applied to a valve on a tur-
bocharged gasoline engine which causes part of the boosted intakemanifold air to dump to
the atmosphere. dropping the manifold pressure.
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CHAPTER 9

ENGINE TORQUE SENSORS-

William G. Wolber
Executive Engineer
Cwnmins Electronics Co. Inc,

9.1 INTRODUCTION

Torque is one of the primary state parameters ofan engine; along with speed it is a fundamen-
tal measure related to the output power.Torque can be defined as the momentproduced by the
engine crankshaft tending to cause the outputdriveline to turn and therebydcliv p er to the
load.For rotary motion, the torque multiplied by the rotational speed equals the power deliv-
ered by the shaft. Inderivative fonn, Newton's law states that torqueT qualsthe rotational
moment of inertia times the angular acceleration a. Hence, at constant rotational speed,
instantaneous power is proportional to instantaneous torque.This is an important relationship
because torque and, thus, delivered power can change rapidly compared to rotational speed.

Portraying the engine as a torque-delivering device is a useful concept, When an engine is
used in road service as prime mover power, the operator of the vehicle tends to ask the vehicle
for positive or negative incremental acceleration,as the operator perceives it to be falling behind
or closing upon the vehicle ahead.Hence, the operator asks the engine for more or less torque.If
the engine is spark ignited, this happens naturally through the modulation of the engine air
intake fl ow path. In a diesel engine,it happens indirectly.The operator controls fuel rate, which
to first approximation is linearly related to power. For slowly varying engine speed and load, an
incremental change in power resultsin a change in torque and therefore a change in acceleration

9.1.1 Time-Scale Definitions

At this point,it is useful to define two time scales which will be used with regard to the engine
A reciprocating engine is never truly operating steady state. It is a cyclic succession of batch
processes, a kind of system which chemical engineers have termed "continuous-by-jerks."
Each cylinder absorbs shaft energy during the compression stroke and releases a larger
amount of shaft energy through combustion during the power stroke. These actions are so
interleaved that the drive shaft is continually accelerating and decelerating in step with cylin-
der events Nevertheless, a quasi-steady-state model for the engine can be defined in which
these rapid fluctuations are ignored and attention is focused on the more slowly varying state
parameters which arc nearly stationary during one engine revolution This is the situation the
operator senses and controls and it is also the primary focus of the control algorithms in a
microcomputer-based engine control today.(As of 1994.all electronic engine controls operate
on the "engine time scale.")

9.1
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Quasi-&eady-State Torque. Quasi-steady-state torque is defined as that runningaverage
value of torque that varies slowly with respect to the cylinder-to-cylinder period, but rapidy
with respect to vehicle changes inmotionand load. To quantize this state, it is noted that an
unloaded engine coupled to flywheel inertia may accelerate from idle to maximum speed in
one to five seconds when subjectedto wide open throttle and that this performanceisesse
tially reproduced whether the change in throttle position occurs in 20 ms or 1 is. Quasi-
steady-state torqueis what the operator is interested in cormanding,and so, if we visualize a
torque command-feedback engfne con1rol it is the parameter of interest.

Instantaneous Torque. Today's electronic engine control can usefully respond much more
rapidly than this for thosestate parameters having to do with eachcylinder batch process
itself The preparation of the fuel and air charges and the timing of ignition take place on a
time scale measured in fractions of a cylinder periodand thus the time scaleointerest ranges
from 30 ps to 20 ms. This time scale corresponds to the instantaneous engine state. It is the
time scale of the torque impulses that are termed instantaneous torque.

Inorder to use instantaneous torque measurements, it must be recognized that the recip-
rocating engine is a cyclic machine in which major functions and the parameters that charac-
terize them are tied together in sequence mechanically by the crankshaft and camshaft.
Proper adjustmentof those other parameters that are free to be changedindependent ofthe
train ofinstantaneous cylinder events allows optimization of the overall torque impulse gen-
eration in real time.Forexamplea theoretical examination of the internal combustion engine
cycle has shown that the centroid of the cylinder pressure wave should occur about 15 crank-
angle degreesafter top dead center ("Powell's MagicAngle") to maximize the instantaneous
incremental torque from that cylinder. No spark or injection timing algorithm can do any
better than to effect such timing ofthe torque impulse. Note, however, that we are stating
where the centroid of the pressure wave should be for the best torque impulse,not where the
fuel injection or ignition should be commanded.

State-of-the-art scheduled spark timing controls are based upon test data from one or
more prototype engines run extensively in the laboratory on a dynamometer under quasi-
steady-state conditions. From the data obtained, families of spark plug or injection timing
(crank angle) surfacesversusengine speed, load, etc. are derived thatcorrespond tooptimum
economy and performance while meeting emission requirements. These data then form the
schedule embedded in the control microcomputer memory for all engines of that model pro-
duced.This type of scheduled computer control is standard throughout the industry today for
all electronically controlled engines, both spark-ignitedand compression ignition, with just
two exceptions. These are the oxygen sensor feedback control loop, which keeps an engine
equipped with a three-way catalystin the stoichiometric "window" of the catalyst efficiency
performance, and the speed governing feedback control algorithm used for power takeoff
(PTO) operations,diesel all-speed governors, and generator-set frequency controL

By contrast,the addition of an on-board instantaneous torque measurement would permit
the direct feedback control of several key engine control parameters. To take maximum
advantage of such feedback control,an advanced instantaneous crankshaft position sensor is
also required

The controls which could be implemented through use of an instantaneous torque feed-
back control system are:

* Quasi-steady-state torque feedback control in response to torque command.

* Spark-ignition or compression-ignition timing control by feedback of instantaneous torque
impulse timing compared to the norm of the"Magic Angle."Torque impulse amplitude can
also be optimized against timing.These controls can be implemented on a cylinder-by-cylin-
der basis, for spark-ignitedpulse sequential fuel injected engines, and for unit-injected
diesel engines.

* Cylinder-by-cylinder torque-leveling feedback control can be implemented by adjusting the
amount of fuel injected into each cylinder to obtain equal torque impulses from each one

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



ENGINETORQUE SENSORS 9.3

This results in a quiet, smoothly running engine with a somewhat improved maximum
power,because the torque limitcan be set for a more nearly constant cylinder event instead
of for the worst case cylinder.

The instantaneous torque signal is also rich in a variety of diagnostic information-for

example, to measure engine power or for use as a miss detector,

9.2 AUTOMOTIVE APPLICATIONS OF TORQUE MEASUREMENT

9.2.1 Off-Board Measurement

The principal automotive use of irque measurement today is in the testing and evaluation of
engines using the engine dynamometer.The torque sensor is inserted as a drive shaft between
the engine and the dynamometerthe shaft ofthe sensor ia torsional Hooke's law member
and its twist is measured.Typically the torque is actuall measuredusing a strain gagebidge
on the drive shaft. Full-scale twist is limited to no more than about a degree per foot of shaft
for engines in the 50 to 500 hp range.

In a dc torque sensor, the strain gage bridge is powered from an external source through
slip rings, and the offset voltage is taken off the bridge the same way (Fig.9 1), The sensor is
necessarily bulky, large, fragile, and costly. A more rugged ac strain gage sensor can be made
using rotational transformers, as shown schemticallyin Fig 92.
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C SPINNER FOR
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A0 TOOTH GEAR

SNAP RING

FIGURE 9.1 Explodd view of rotating shaft torque sensor with slip rings.
(Courtesy of the Lebow Di.., di Eaon Corp.)

Developmental Tests. In engine development, a good bit of the work involves fine-tuning
the engine to getthem aximum power and minimum fuel consumption at various engine con-
ditions. Since power equals torque multiplied by engine speed, if tests are carried out at con-
stant speed,maximum power occurs at maximum torque.Thus, the torque sensor can be used
as a direct indicator of whether changes in the engine design or control will improve power.
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FIGURE9.2 Rotary transformer rotating shaftorque sensor-

End-of-Line Manufacturing Tests. Particularly in the case of heavy duty diesel engines, the
price of the engine is directly related to engine rated horsepower Such engines are in a real sense
sold by the horsepower. The manufacturer certifies that a certain model will deliver no less than
a certain horsepower when run trated conditions The engine is tested at the end of the assem-
bly ine for a number of attributes, chief among which is assurance that it exceeds stated horse-
power at rated speed.11he assurance is provided by accurate torque and speed measurements

In-Service Tests, Occasionally, torque sensorsmaye used wii an engine that is being
tested under field conditions.This is relativelystraightforward when the engine is being used
in a stationary application, but not if it is installed in a vehicle,

9.2.2 On-Board Measurements

To be most useful on board, . torque sensor should not only be accurate but also fast in
response. Most of the sensors availabletoday do not have this attribute,because they were
developed for use in dynamometer tests

To be a useful on-board engine control sensor, the torque sensor of the future also needs
several other attributes:
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ENGINE TORUE SENSORS 9.5

* It must be extremely rugged, which for practical purposes means noncontacting with
respect to the driveline.

* Itmustbe able to withstand torque impulses of 10 to 20 times its full-scale measuring capa-
bility without degrading its accuracy For strain gage type sensors, this means that the sen-
sor would always have to measure in the lowest 5 to t percent of its range, where it is not
very accurate.

* Installation of the sensor must not cause any significant change in the compliance of the
driveline. This is a requiremint imposed by engine applcation engineerstoavoid spoiling
the tradeoffs that have beenm rade to avoid severe torsional vibrations.

* Ideally, the shaft of thesensor should be very short in length (in part to achieve the preced-
ing characteristics). Unfortunately, for a torsional Hooke's law device, that means the full-
scale shaft twist angle will be very small.

In spite of these formidable barriers to a satisfactory design, a wide variety of desirable
applications could be made using an on-board instantaneous torque sensor. As a resultmany
researchers and developers both in academia and industry are working to achieve such a mea-
surement directly or indirectly.

Power Measurement of Large Engines. Means exist for field service personnel to measure
engin powerinthefield for engines installed in a vehicle and rated at up to 400 to 500 ip. For
larger vehicle-mounted enginesthis measurement is a difficult problem for a number of reasons:

*Arugged on-board sensor is not available.

*These engines are ofien installedin very large machines such as mine-haul trucksand front-
end loaders located off the road in remote areas.

*Dynamometers large enough to load down the engine to full power are not available except
in a very few locations.

One of the most frequent ustomer complaints about heavy duty engines is perceived loss
of power.Often such complaints must be resolved at the field location and on a subjcle
basis.The enginoand vehicle can be fully loaded in ctual work ope ration,and engine speed
is known accurately. Ifan on-hoard torque sensorwere aillable such complaintscould be
quickly resolved, and it would be well worth installig on large engines

Miss Detection, 1he California Air Resources Board has mandated that all passenger vehi-
des shall be equipped with ai engine diagnostic capabilty that includes a mis detector.While
the re'ulation is not yet in force as of the time of this writing, the automotive industry knows
that vcery stgment will be alfected by the requirememntbythe end of thedcade Many vehi-
cle OEMs, fist-tier automlive suppliers nrepreneurlsensor fiims, and academic
researchers are working hard to meet thes ns dctor requirementsmainly basing their
efforts on the same technologies useful for measuring r lering torque

Torque Feedback Control The reciprocating engine could beconfigurd in a edhack con-
trol mode f equipped with an on-board quas-steady-statet ruesensorcapableof respond-
mg at leastas t as the engineilline. In a torqucommand drive--wiresystemthe
operator input would be a command for a new torque.greater or less than thepresent torque.
The engine control would do its best to provide the new torque as rapidly as possible The
feedback error signal would be the difference bewicn thetlorque command and the sensor
output Of course, thee wt orque and the resuing acceleaion i deceleration would have
to be lmited ithinbounds set by maxima for cylindrpesure, emissions pioduction,
exhaust gas temperature fuel economy, and so on.

Feedback Control of Timing. As \as described in the introduction to this chapter the mea-
surement of instantaneous torque,on board, along with instantaneous crank angle position,
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9.6 SENSORS AND ACTUATORS

would allow the engine control computer to usesignature recognition tomeaure the crank
angle at hlcih the centroid of the torque impulse is located, for each cylinde. om this
informationprobablyi with sonicconmpensalion for seriously off -normal enge condllionsas
stored incmputermenorythe enine conirlcandeterinifthatimpulsewascenteedat
Powells MagicAngie and, if not, how\ Iuci e < ri orlaterl hechain of combustionv ents
needs to be stlrted lostkel. the computer as needs to decide betweenupdatin that
cylinder hased upon that Information alone and waiting a whole engine reoion to update
or alsobsing the correction upon abrupt changes in operator input, loa knocklecl ecIn
any case,underquasi-steady-statec onlitiions, the best efficiency ofthateneine fu coneinlle

chemical energy 1itoshaft power by proper engine timing could be achived this\wa whethe r
the engine is spark-ignited or compression-inn

Cylinder Torque Leveling. Individual trimming of the amount of fuel for each cylinder an
be realized on pulse sequential fuel injected spark-ignited engines and on unit injector diesel
engines by matching the torque impulse for each cylinder to the average ofall cylinders.Then
the average impulse can be raised to very nearly the maximum value the engine isdesigned
for.In today's engines, the control must provide a guard band between the maximum torque
for the worst casecylinder and thedesin limit for the engine (commonly called the maximum
cylinder pressure limit or the peak torque limit). If the torque impulses delivered by each
cylinder were known to be controlled to be equal, the guard band could be reduced and more
power obtained from a given engine.

While cylinder-to-cylinder torque leveling is not the same as compression leveling, an
engine controlled cylinder by cylinder for timing and torque leveling intuitively would appear
to be as smoothly running and low in acoustic noise emission as can be visualized.

Engine Diagnostics. The instantaneous torque signature is very rich in diagnostic informa-
tion. A fligure of merit for engine roughness caneasily be obtained in real time, from which a
lean-limit control signal can be derived. The miss detector responds to an extremecase of
roughness. Ragged ignition and flame front formation,imperfectinjection, poor distribution,
and many other engine and control problems can be measured or inferred from such a signal,
on board and in real time.

9.3 DIRECT TORQUE SENSORS

9.3.1 Reaction Force

The use of a strain-gaged torsioal Hooke's law shaft to measure torque at the dynamometer
has been described in Sec.9,2.1Torque can also be measured in the test cell by instrumenting
the engine or dynamometer mounting with strain gage load cells to measure reaction torque.
This isauseful way to measure quasi-steady-state torque. but is not a goodmeasuringsystem
for instantaneous torque.as both the engine and its load have considerable inertia and damp-
ing which attenuatethe torque impulse and may introduce phase delay.It is alsonot a good
on-boardmeasurement because the engine mounts on a vehicle are designed to attenuate and
damp out bouncing from road and load irregularities. Also,as afunction of time, temperature,
ozone concentration, and other variables, they tend to stiffen substantially and change the
deflection of the engine at its mounts as a function of torque.

9.3.2 Torsional Strain (Twist) Sensors

Magnetic Vector Sensors. The strain-gaged torsional- ooke's law sensor was described in
Sec.9.2.1. A more practical approach to an on-board torque sensor is a noncontacting design
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ENGINE TOROUE SENSORS 9.

called a magnetic vector scnsrrTh4 i ss1 ensor operates on the principle that the magnetic
domainsin a ferromagetic shait delliingftorque are raidomlydi stibuted when no torque
is being deliver'd, but that ch domin1on1aerageiss lightl yrotatIdin the angentialdirec-
tion hen torque 1s deliveredbth e shaftlil ilndtw ims tit Ifal c-drive coil is placed nearthe
shaft and surrounded b foursenincoils aran ged mechaiicall andl ectrically asa bridge,
thle amplitd eof1he bridge ffsel is proporti11 to m gileti v\ctor tangential compo-
nent,and therefore to twist and torque-

If the magnetic domains were truly statistically distributed over a small range of shaft
angle, such a sensor would be able to measure instantaneous torque. Unfortunately, they are
not. Over a small shaft angle increment, the average torque vector does not net to zero when
torque is zero, and the output is characterized by a fixed pattern noise which repeats every
36 0 The magnetic vector sensor isreasonably accurate measuring quasi-steady-state torque,
but the signal-to-noise ratio becomes poor when an attempt is made to measure instanta-
neous torque.

Further work on this sensor simplified and miniaturized it The bridge was replaced by a
single tangential coil, and the sensor was made small enough so that it could be mounted in
the rear crankshaft bearing. However, it still was not able to measure instantaneous torque.

Investigation continues on techniques to reduce the fixed pattern noise, and some claims
of progress have been made.However,at this writing,a production on-board torque sensor Is
notavailable.

Optical Twist Measurement. Researchbwork has been reported on a sensor that changes the
duty factor of light pulses sensedafter passingthougSetsofslits at both ends of a shaft.The
principle of its operation is shown in Fig.9.3.Such a sensor is noncontacting and can be made
robust, but it requires appreciable shaft length and therefore adds compliance to the drive-
line.The work has not been engineered to produce an economical on-board device.

TORQUE ELEMENT
(TORSION BAR)

SHAFT

-%--SLEEVE

.. #2

SLOTTED DISC #1

FIGURE93 Optical torque ieier (CourieY of The Bndix Corp)

Capacitive Twist Sensor. An electrode pattern can be made using interdigitated electrodes
spaced one or two degrees apart on two facing flat dises One of the discs is stationary;the
other rotates witht he crankshaft. Two such pairs of electrodes can be operated with phase
detection measurementto provide a virtually instantaneoussignal proportional to the twistof
the shaft; the rotating halves of the electrode pairs are attached to the ends of the Hooke's law
torsional spring. Obviously, this arrangement has the same drawback as the optical sensor in
that it has to have somehaft length to twist and, therefore, some compliance. However, it is
robust, has good accuracy, and is a more practical on-board device than the optical twistsen-
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9.8 SENSORS AND ACTUATORS

sor.This sensor can also yield an accurate crankshaft position measurement. Nevertheless,an
on-board version is not available today,

9.4 INFERRED TORQUE MEASUREMENT

Indirect measurements of torque-related parameters can be made with a view to inferring
torque from the measurements.Typically, such measurements require considerable real-time
computation in the control microcomputer, along with precision measurement of the instan-
taneous crank angle position. Much work is in progress in a variety of locations to make these
methods into practical instantaneous torque control signals

9.4.1 Instantaneous Cylinder Pressure Sensors

Engine development engineers have long used piezoelectric crystal cylinder pressure sensors
in the laboratory to make engine power and heat release measurements and as an aid to
development.The best of these sensors use doped quartz single crystals. They are accurate
and reasonably robust, but expensive and unforgiving if overranged or subjected to excessive
temperatures. Much work continues on development of a mass-producable on-board cylinder
pressure sensor.t One of the Japanese car manufacturers is reported to have a top-of-the-line
passenger car modelavaiable only in Japan, with engine control using piezoceramic cylinder
pressure sensors

The signals from cylinder pressure sensors need considerable real-time data processing to
produce inferred "torque" signals. In one method, the noise always present is filteredthe
pressuresignal is multiplied by an instantaneous shaft angleterm, and integrated over the
anglerange representative of the power stroke of the cylinder. From this a measure of torque
contribution from that clinder is obtained. he best digital signal processing (DSP chips
available in the early 1990s are barely able to keep up with cylinder events in such a process.
Nevertheless, we can be confident that if the proper sensors arc availablein the late 90s, the
microcomputer chip performance required will be available and cost effective too.

9.4.2 Digital Period Analysis (DPA)

When an engine is run at low speed and heavy load, the instantaneous angular velocity of its
output shaft on the engine side of the flywheel varies at the fundamental frequency of the
cylinders, since the compression stroke of each cylinder astracts torque and the power stroke
adds a larger amount. The signal-t-noiseratio of the measurement of instantaneous angular
velocity (or rather of its reciprocal, instantaneous period) degrades with increasngengine
speed and lighter loadbut is a useful way to infer torque-like measures of engine performance.

Figure 9.4 shows an idealized plot of instantaneous crankshaft period against crank angle
under constant speed,1ean conditions.The instantaneous period wave is seen to be a variation
about the mean period valueThis waveform can actuall be measured using a precisionmul-
titoothed crankshaft position sensor. For reasons which will be explained later, the instanta-
neous angular velocity lags the torque inputs producing i. As a result, the period wave
appears to lead the torque or cylinder pressure variations.

Timing Control by DPA. The generalcase of the variation in crankshaft velocity in a four-
cyhnder engine can be described by:

TN = AL PN () sin 0 = AL P (0) sin 8 + TF (0) + T + 10 (9J1)
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where TN = instantaneous torque due to burninggases in cylinder Nat angle 6
A = area of piston
L = maximum effective crank lever arm

P (8) = pressure in cylinder N(a function of crank angle and many other variables)
Pv,, (6) = pressure in third cylinder to fire after N which is in its compression Stroke

when cylinder Nis in its power stroke
T ()- so-called"fixed load" torque due to friction, accessories, etc., and is gener-

ally a function ofd6/dt
TL torque delivered to the load

I =inertia of the enginedrivetrain,and vehiclereaction through the wheels
6 =instantaneous angular acceleration of the crankshaft

In order for Eq.(9,1) to remain valid, as Ty varies with angle 6 due to the variations of PJ
(0) and the sin 6 term, some term in the right-hand side of the equation must vary corre-
spondingly. In fact, the major effect is upon 0, the angular acceleration, which varies both in
magnitude and sign, being positive when P, is large and 6 Is near A12, and negative when P, is
small and 0 is near 0 and it. If Eq. (9.1) is integrated as a function of 6 from 6 = 0 to 6 = 7 and
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9.10 SENSORS AND ACTUATORS

then the sumnmation is extended to angles larger than 7t by adding inthe contributionsofcyli-
ders N + I and N + 3, the term in 1 becomes an verage angular velocity over a complete
engine cycle.

One important consequence of the preceding analysis is that,upon integration of the equa-
tion, the sin 0 term becomes cos 0--that is. the angular velocity wave lags the torque impulses
causing it by m2. Another consequence is that the amplitude of the period wave reflects the
net contribution of the cylinders-if theload increases, and Py() increases to keep average
angular velocity constant, the amplitude of the period wave must increase. The 10 term has
become an ho, it is the reciprocal of this term which was plotted in Fig9.4.

When a spark plug fires or fuel is injected into a diesel cylinder, the pressure in the cylin-
der takes a finite length of time to build-firstbecause of a delay to get the fire started and
then because of the finite and relatively constant flame propagation timeand second, because
the temperature rise which causes pressure to rise, peaks only shortly before combustion is
completed. Thereafter, pressure falls as (e piston displaces under the pressure of the gases.
Mean best torque (MBT) will be achieved from that cylinder when the pressure pulse, con-
volved with sin 0 yields a maximum upon integration. As described previously, researchers at
Stanford University have found analytically and confirmed experimentally that this condition
prevails for a fairly wide range of engine conditions when the centroid of the pressure pulse
occurs at 15 degrees past top dead center (TDC). Because of the delays described previously,
ignition must occur early enough to position the pressure peaknear this value.It is this"antic-
ipation" in spark plug firing that is termed igniton adnceThe reason why advance angle
has to be larger at higher speeds is now obvious: the flame propagation delay time covers
more degrees of crank angle when the engine is running faster.

Further experiments by the Stanford researchers and others confirmed the suspicion that
theperiodwaveisastrong function of the crank angle,and that the angle associated with the
centroid of the pressure wave is a unique function of the phase of the fundamental compo-
nent of the period wave measured with respect to a crankshaft angle index point,say top dead
center of cylinder no. IThe period wave is measured with a sensor which is a precision ver-
sion of a crankshaft position sensor. It produces a fast,sharp pulse for every small and equal
angle increment-say one degree-through which the shaft turns. Pulses from a high-fre-
quency quartz crystal clock are counted to measureeach period.The crankshaftangle index
isavailable fromthecrankshaftposition sensor.In principle,the period wave could be Fourier
analyzed into the Fourier integral coefficientsAand B,, by computing the Fourier integrals,
and the phase of the fundamental (first harmonic) is then arctan 8,/A. To perform this com-
putation in rel time is a bit much to askoftodaymicrocomputer (but not tomorrow's!) and
variousshortcuts are utilized to achieve an approximate resultRemembering that the period
waveappears to lead the torque impulses that cause it by 12, the spark timingcannow be var-
ied so as to place the centroid of the pressure wave, on the average, at or very near the 15-
degree-aflter-TDC point.

Its instrucinet conside what performance is required of the DPA and crankshaftposi-
tion senss toachiev a given signal-to-noise ratioThe repeatability thecankshaftangle
mrked v the sensor is tunction of the diameter of the sensin disc, For the varousmag r-
neti sensors,a repeatabity hter than 1.5 degree can be achieved with a 10-cm-diameter
disc. In the DPAsensor.the concern is for the period-to-periodjiter. It obiously worse for
smaller angle increments both because the anglejitter is a larger part ofthe period, and also
because the period-counting roundoffeirr isl agefo anyginm clockf requenTi. At the
same time, the moreperiods measured per reolution the more idelity the peiod wve will
havef or its hgh-frequency components.he perid-to-period jitter of the magnetic sensor in
this example s about± 05 degree.This is satisfactory or 24 perids per revolution but
marginal for 60 periodsa tiypical perid wave amplitude is onlyi + pcent of the average
period. On the other hand, eveni periods per revolution is mnrgin lf oignitlon or injection
timing control,

The granularity he to counting roundoff also needs to bc nsidered Today's low-cost
[SI circuits can count reliablyat 20I zso that isa practical clock frequency If a four-cylin-
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der engine is running at I rev/mi (30 Hz), the ssotdperiod wave will have a unda-
mental of H-It Ithe DPA sensor has one degreale indices referred to the rankshaft,
ach period wll have aboutWo 0countsfrom theclockTherefore thepenidcountinground-

off noise w ill be ±1 pat pr 2000. Referred to a nomina£ 3percent amplitude peIodw wv,
this jitter amounts to ±2 percent of the peak value of the period wave not of the peiod itself)
not counting any smoothing.

For the fundamental of the perind wave, the phase of which is used for DPA timng cn-
trolaood deal of smoothing ccnb e realized, so that for a clean"engine, estimation ofthe
correct angle to ± one crankshaft dgee easible

Figure 9.5 shows an actual period wave measured using an electromagnetic DPA sensor
with one-degree increments and a 10-MHz clock. Both thej itter described preiousil and a
fixed pattern noise can be discerned in the signal.The lattr effctis due to slght impenrfc-
tions in thet ooth spacing of1 h precson gear used as the sensing disc Such systematic errors
can be eliminated in the micrcomputer, but they are troublesome and consume iteration
time. The better solution is design a precision DPA sensor which minimizes fixed pattern
noise.

DPA Usedfor Diagnostics. During the 1980s, one of the heavy duty diesel engine manu-
facturers introduced an off-board diagnostic instrument capableo doing DPA on the engine K
with the clutch disengaged and using snap acceleration and deceleration to load the engine
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FIGURE 9.5 Actual period wave data from engine crankshaft; unsmroothed data. (Courtesy ofThe Benditk Corp., Diesel Operation)
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inertially. This instrument used the very imperfect engine ring gear as the DPA target but
solved the fixed pattern noise problem in a very elegant way." The position sensor is actually
a dual sensor, with the two magnetic circuits disposed tngential to the ring gear and closer
together than one tooth pitch. Aparticular tooth is sensedby the first magnetic circuit and
then by the second before the next tooth is sensed by the first circuit.Virtually all of the fixed
pattern noise is eliminated.

What would be achieved in an on-board DPA system would be real-time, nearly ideal
closed-loop control of spark timing. As with most controls for spark-ignited engines, there
are some trims required to make the system work. Flame front propagation is in fact a com-
plex process which has a substantial jitter in the time of propagation, so it is necessary to
average the computation of the phase angle over a number of cylinder pulses in order to
obtain a good phase estimator. Under transient conditions, the shape of the pressure pulse
may change enough so that the angle for mean best torque (MBT) shifts slightly.These fac-
tors can also be incorporated in the control A similar method could be used for compres-
sion-ignition engines; in fact, the period wave has a more reproducible signature than for a
spark-ignited engine.

It is useful at this point to emphasize again thatthese principles hold under any conditions,
but that the control works well only in the lean regime. As the air/fuel ratio nears stoichiom-
etry, the amplitude of the period wave becomes quite small. Because the method of measur-
ing the instantaneous period--counting clock pulses over a finite angle incremen-is a
differencing method, the signal-to-noise ratio (S/N) is always a problem.since a differencing
process always yields a poorer S/N than that of the original function. Hence, the DPA tech-
nique yields poorerresults the nearer the engine is to stochiometry and the higher the engine
speed.

Referring to Fig.9.6, if a figure of merit is formed

R = (9.2)

TDC TDC TDC

A t2 C A

2L I

I T

T( - 12
ROUGHNESS C F

t1 + t2

FIGURE9.6 Digital roughness control,
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we have a measure of the "roughness" of the engine useful for lean limit control or misfire
detection. This is one example of many such optimizing algorithms which may be derived
from DPA

9.5 SUMMARY

One can conclude from this chapter that torque measurement, whether direct or inferred isa
useful parameter for engine evaluation off-board, but that the proper sensors and computer
analysis equipment for on-board control are not yet available. Yet the number of facilities
working to advance this art, the resources being added, and the sporadic reports of progress
are such that one can predict with some confidence that a breakthrough is imminent. Just
what kind of control will first appear, and what kind or kinds will ultimately be successful,is
not yet clear.

GLOSSARY

Algorithm A set of software instructions causing a digital computer to go through a pre-
scribed routine. Because embedded computer engine controls have become so common, algo-
rithm has become essentially synonymous with control law for automotive engineers.
Compression leveling A (theoretical) type of engine control which would cause each piston
in each cylinder to compress itsair charge to the same maximum pressure.
Dynamometer A machine to absorb power in a controlled manner, especially from an
engine under test,
Hooke'slaw A relationship for an ideal elastic member which says that the displacement is
proportional to the force.
Interdigitated An arrangementof two multiple-finger structures such that each pair of fin-
gers from one structure has a finger from the other interposed.
Pulse sequential A type of fuel control for gasoline spark-ignited engines inwhich the fuel
for each cylinder is injected into the air manifold near the intake valve for that cylinderjust as
it opens.
Robust Able to survive and operate properly in a severe environment.
Stoichiometric Pertaining to a combustion process in which the oxidizing agent (oxygen)
and the reducing agent (fuel) are in balance such that, were the reaction to go to completion,
therewould be neither oxygen nor fuel left overand all the reaction products such as carbon
monoxide would be oxidized to their highest state-carbon dioxide.
Torsional flookes law A relationship for an ideal elastic shaft which says that the angle
through which the shaft twists is proportional to thetorque.
Torque The moment tending to make the output shaft of an engine turn. Torque can be
expressed as a force acting perpendicular to a lever armat a distance from the center of rota-
tion. Its units are Newton-meters (pound force-feet).
Unit injector A type of fuel control for diesel engines which has fuel metered into a piston-
barrel injector for injection into a specific cylinder at a specific time.Each engine cylinder has
its own cam-driven inectorwhich operates something like a hypodermic syringe.
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CHAPTER 10

ACTUATORS

Klaus Muller
Mfanager Developmnt Vof MagetVves Pressure Supply
AutomotieEquipmet Division 1
Robert Bosch Gnbi Stuttgart

10.1 PREFACE

10.1.1 Introductory Remarks

Numerous open- and closed-loop control systems find application in modern production
vehicles, where they provide improved operating characteristics together with enhanced
safety, comfort, and environmental compatibilit

The actuators respond to position commands from the electronic control unit to regulate
energy, mass, and volume flows.

10.1.2 Actuators: Basic Design and Operating Principles

Conventional final-control elements (standard and spool valves, etc.) have been familiar for
some time. A provision for electronic control is required for actuator applications in modern
vehicles. The actuator consists of a transformer to convert the input signal from the control
unit into (usually) mechanical output quantities, and the conventional final-control element
which it governs. (See Fig. 10.1.)

Elecir. contr. signal Transformer Final-control Mass orvolume or
element energybflow

Stage 1 Stage 2

FIGURE 10.1 Basic actuator elements.

Either the control unit or the actuator itself will feature an integral electronic output
amplifier. The energy conversion principles (stage 1) determine the classification of the actu-
ators, Electromechanical actuators will also be discussed in the following pages.

10.1
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10.2 SENSORS AND ACTUATORS

10.2 TYPES OF ELECTROMECHANICAL ACTUATORS

10.2.1 Magnetic Actuators

de Solenoids

Actuator Principles In order to operateactuators depend on the forces found at the
interfaces in a coil-generated magnetic field when current passes throughit. The solenoid
actuation force F,, is calculatedas

F.ABF,,= A
2 lRii

(10.1)

where A= pole face area
B= magnetic induction
pa= permeability constant (p,= 4 t 10'VsAm)

On the flat-armature solenoid illustrated in Fig 10.2a. the total solenoid force s 2F,, Equa-
tion (10 1)can also be applied to versions equpped with a permanent magnet (Fig 10Tb) A
particular solenoid force is specified for e-ch technical appcationThepole face area.the
magnetic circuit and the coil are ihen determined for this fore.

Fm Fm

A A

NS

w_
(b)

FIGURE 111.2 Flai-armature solenoid featuring field excitation (a) via coil:
(b) via permanent nagne

Determining lMagnetic Circuit and Coil Specificatons. The nagnetic circuit consists of
the working gap (between the armature and the base) and the ferrous regionsPermeability
in iron is approximately three orders of magnitude greater than in air. For this reason, the iron
regions conduct the field.Iftheeffects of leakage flux are discounted, the absence of magnetic
charge, g B dA = 0, means that the magnetic flux 0, remains constant for all cross sections A
in the magnetic circuit:

,= B dA,= BdA= B dA, const.
-A1 -A 2 4

(1(1)

If the magnetic induction is assumed to be honogeneous for all cross sections A,, then Eq.
1(2) can be simplified to:

4,t= B At= BA,= B A= const. (10.3)

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



ACTUATORS 10.3

The induction lines run at a 90' angle to the surfaces A,. Equation (10.3) defines the magnetic
induction in each section of the magnetic circuit (Fig. 103). If, as an example, Index I is
assigned to the gap sectionthen B and A, are derived with the assistance of Eq. (101), and
one can proceed to calculate B, for the other sections.

3

I

2 -4 1,5 air gap
2,3.4 yoke
6 armature

li-5

6

FIGURE 10.3 Magnetic circuitdivided into individual secions

lie magnitude of themagnetic field strength H is determined by the material properties
(permeability p) of the section in question Field strength H:

B =u , H(10.4)

In air,. 1.In ferromagnetic materials, u, does not remain constant. Rather, it varies as a
function of the magnetic field strength H (see Fig.10.4).The relationship between B and H is
defined by the B-H-curve.

Hj H

FIGURE10.4 Progressionofperweabilty ndB1HcurIe4

Using the magnetic voltage V=J.- H; ds for the individual section, it is possible to calculate
the peripheral magnetic voltage as the sum of the individual magnetic voltages V;. Accord-
ing to Ampere's law,

0 =H ds (10,5)

this magnetic peripheral voltage is equal to the magnetornotive force e. It defines the total
current of the coil, 0 =1 w (= current, iv number of windings.)
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10.4 SENSORS AND ACTUATORS

Because the preceding calculation fails to consider leakage flux, the results must fre-
quently e treated as approximations only It is possible to increase the precision of the cal-
culations by portraying the magnetic circuit as a general network (with gaps and iron regions
as reluctance elements) instead of as a series circuit.The results will then reflect the effects of
alarge proportion of the leakae flux. Maximum precision is achieved withn umeric field cal-
culations, which provide numerical olution of Maxwell's equations.

After magnetomotive force 0 has been determined, the field coil must be dimensioned to
produce the required magnetic field.The formulas contained in Fig. 10.5 can be employed to
determine the field coi's specifications For a graphic interpretation. see Fig.10.6.

Aw,=h~l

Winding number:

Winding cross section area
Coil resistance
Specific resistance
of coil wire
Outer diameter of windings
Inside diameter of windings
Thermal resistivity coefficient
of coil wire

Winding cross section area:

Rztp (d+di)(1+XAO) 2

Aw= 2 kw U2

Wire diameter:

d~ ( Bp(da+d) Akj/

Ai3 Temperature differential between
coil and room temperature

0 Magnetomotive force
kw Coil space factor (ratio of total

wire area (w/o insulation) to winding
cross section area)

U Voltage at coil

FIGURE1OS Determining coil data or specified coil resistance and voltage levs.

0
C

3:

Magnetomotive force 0-1

FIGURE10,6 Area of winding Aas funciion of magneto-
motive force 0 parameter coil resistance).

A,
R
P
p

da
di
a

R
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ACTUATORS 10.5

To minimize the size of the solenoid assembly, the magnetic circuit and the coil must be
dimensioned to produce the smallest overall size.The formulas for coil dimensions (Fig.10.7)
can be used to minimize the volume of pot-shaped solenoids,

F-
- 1.5
d

- = 0A ... 0.5
d

FIGURE 10.7 Selecting coil dimensions for pot-shaped solenoids

In general, the solenoid is iteratively optimized by changing geometry in those critical
areas within the magnetic circuit requiring a high magnetic voltage Themagnetomotive
force 0 is then recalculated for the modified magnetic circuit Figure 108 shows the opti-
mization of solenoid diameter D for a particular armature diameter d.

d

It
0

C,
E
C,

V

C

C,

0~)

L

t
F,

ID

Armature diameter d I

FIGURE 10.8 Relationship between solenoid and armature diameters

Magnetic Force Curve. When the unit is intended for use in an actuator, the relationship
between magnetic force and stroke will be required. With a flat armature and base, and with-
out including the iron regions.Ampere's law [E.(10.5)] and Eq.j(10.4) provide the following

(10.6)1=H56
pt)

where 8= working gap

I.

1%)

.1

'Ad

L = const.
Fm= const.
B =const.

b.1 h J._
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10.6 SENSORSANDA \ G liAORS

Together with the forerelat nshipEq. 10.11 the flloing resultis obtained:

02 A-, F, I (10.7)

The substantial drop in magnetic force will be undesirable in many applications. Modifica-
tions to the curve for magnetic force versus stroke represent an alternative to increases in
solenoid dimensions.This expedient can be effected through control of the current in thecoil
or by means of design modifications to the armature and base (see Fig. 10.9)

z

z

z

z

(a)

Ft

(5
(b)

FIGURE 111.9 Design modificationsand force curve.

The areas below the force-travel curves,a measure of the work performed, are always the
same.

(10.8)IF()i= const.

with I=const,

Configuration c can be employed together with a spring to produce a proportional solenoid in
which armature travel can be regulated as a function of current. This type of systemissensi-
live to interference from extraneous factors such as mechanical friction, and hydraulic and
pneumatic forcesThus, final-control systems for high-precision applications must also incor-

parate a position sensor and a controller (Fig.10.10),
Dynamic Response. To show the dynamic response pattern more clearly, Fig.10.11 pro-

videsaschematicillustration of the progression over time of three parameters: voltage u at
the excitation coil,excitation current i,and armature position y.

The dynamic response pattern can be calculated using computer programs that apply
Maxwell's equations (field propagation with eddy currents, self-induction) in conjunction
with the motion equation.

Approximation formulas can be employed to derive rapid estimates (eddy currents and
magnetic resistance in the iron regions are not taken into account):

Jlul
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ACTUATORS 10.7

1> 13

Fspaog Fm

Al A

A22

13

F,

xa-,

FIGURE10.10 Operating points of a proportional solenoid

U-B1
is

- 10t

FIGURE 10.11 Progression of voltagecurrent, andarmalure travel

L1
R R 2 8P \;2

UU L2

where to4= initialinductance
R = coil resistance
U= voltage at solenoid
8, gap with armature lowered

Foject =armature counterforce (treated as constant)
and to t, see Fig 1011

A

Fe

- I

(10.9a)

(10.9b)

4
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10%8 SENSORS ANDACTUATORS

0.12

- H
/

/
/ I.

It'

I'2

1It 1

12

FIGURE10.12 Relitionshipsof r, and 

Figure 10.12 provides an overview of therelationships betweent and 2 and the parameters-
The eddy currents must also he considered in calculationsdealing with electromagnets

intended for operation at high speeds or switching frequencies. When the excitation current is
applied suddenly, the progress over time for the magnetic force is

F,,, (i) = F,5 (1 - e-)2 for field generation

t= P -!

4(2. - 4ab
4(2.405)` p 8

for field dissipation

for rectangular cross sections

for circular cross sections

where F,,,= static solenoid force according to Eq.(10.1)
t= time
=lengthof iron core in which eddy currents occur

alb =heightwidth of iron core (rectangular crosssection)
d diameter of iron core (circular cross section)
p =specificresistance
S=working gap

Lamination to inhibit eddy currents in dc solenoids is not a standard procedure; its applica-
tion is restricted to extreme cases.

Figures 10.6 and 10.12 illustrate the fact that ata given voltage, small coil resistances will
furnish a sinall coil and short activation times. However, these benefits are accompaiedbya
simultaneous increase in the power loss P,= UVlR.The coil is thus designed to operate at the
maximum permissible temperature.

Torque Morors. The torque motor consists of a stator and an armature-both made of soft
ma11ntic material-and a permanent magnet DTpotingarmature canb e equipped with
either nor two loils.

Figure10.13a shosonl the magnetic flux generated by the permanent magnetThe arma-
lureis iesting at the center position The magnitude of the magnetic induction is the same at all

1i1-11

U

and

with

with

F" w z [-"'. e-",
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ACTUATORS 10.9

ii~~~ ~ TI114 I kN *

79 I I yy4 4-

Is-I.-

F 0 0

(a) (b)

FIGURE10.13 Design and operation of the torque motor

p)n+ (c

1N2

(4~4

3 4

dF >40

F>0

Center of rotation
(c)

gaps. Because equal amounts of force are generated at the armature ends, the forces acting on
it exercise a mutual canceling effect

Figure 10.13b illustrates only that magnetic flux which is generated at the coil. Figure
10.Ishows the cumulative pattern for the fluxes from a and I, with increased flow at gaps 2
and 3 ( ,/2+42) accompanied by reductionsat gaps I and 4 (D2' - O2)Using Fq.(10. 1)
the torque in the center position is

Ml = Fr = Lw, i.e., M - I
2s

(10.10)

where r = armature radius
A = pole face area

Br= magnetic induction in gap generated by permanent magnet
s= lengthof gap

w = number of coil windings
I= current.

Torque motors are used for applications in which substantial forces are required over
small operating angles.They react more rapidly than electromagnets.In hydraulic and pneu-
matic applications, torque motors deliver good performance as drive units for flapper and
nozzle systems.

Electromagnetic Step Motors. Electromagnetic step motors are drive elements in which a
specialdesign operates in conjunction with pulse-shapedcontrol signals to carry out rotary or
linear stepped movements.Thus,one complete rotation of the motor shaft will be composed
of a precisely defined number of incrementsstep angles . The magnitude of these anglesis
determined by the phase number q, the pole pair number p, and by the number of teeth , in
the step motorThe step motor is thus capable of transforing digital control signals directly
into discontinuous rotary motion. In principle, the step motor is essentially a combination of
dcsolenoids.The calculations employed for desolenoids are thus also suitable forapplication
with electromagnetic step motors.Depending upon the configuration of the magnetic circuit,
a distinction is made between three types of step motors: the variable-reluctance step motor
(neutral magnetic circuit), heteropolar units (polarized magnetic circuit),and hybrid devices.
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10.10 SENSORS AIND ACTUATORS

A C5

B BA

A CA

AE

AB

BE CA

AE
I
CA

FIGURE 10.14 (a) Reteropolar step motoirand (b) hybrid step ntor

Due to its positive operating characteristics (holding force available in power-off state,
improved cushioning, lower control power requirement for a given volume), the polarized
step motor has come to be the most widely applied (see Fig. 10 14)

Drive systems featuring elecrornagnetic step motors combine the following characteristics:

* Field forces induce controllable,incremental movements (minimal wear).

* Precisely graduated movements can be generatedusing an open-loop control circuit (with-
out position monitors or feedback signals).

* High torque remains available at low angular velocitiesand insingle-step operation

* Brushless motor design makes it possible to create drive systems which combine reliability
with long service life.

The operating characteristics of the rotational step motor can be described with the aid of
a stationary torque-angle (M-0) curve. A reasonable approximation can be obtained using
sinus-shaped curves with a phase displacement reflecting the switching states of the phase
windings (A, B, C) (Fig 10.15a). Assuming that external torque inputs can be excluded, the

Illl's / I
5/
/5 N -

C

I
/

I
/

Al4

N %"s _

J \\

7fl11III

A B

271
4p

(a)

--
,. N

'I

-
// \

/ SI
/

/

FIGURE10.15 (a)Stationary torque-angleharacteristicsand b)step-halved.
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12

6
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M4

n\\ l I

1 /

A
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(P

(b)
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ACTUATORS 10.11

armature's stable position will be found where the backslope of the curve intersects the
abscissa (I,M= 0,dM/d<0).Phase B, C,etc., can thenbe activated toperpetuate rotation.
The periodicity of the stable positions 1, 11, 111 is the step angle o.

If phase A is followed by simultaneous excitation of A and B with current pulses of the
same amplitude, the result is a summing pattern corresponding to Fig. .15b. The geometric
step angle 0 can then be halved. Alternatively,simultaneous excitation with current pulses of
different amplitudes (current control) can be used to subdivide 0 to almost any degree
desired (microstep operation). However, the use of this strategy to enhance the step motor's
positioning precision is not possibledue to manufacturing tolerances. When step motors are
used in drive systems which rely upon open-loop control methodsavoiding stepping errors
becomes an important priority (synchronous response).

For critical applications, dynamic simulation of the step drive system's dynamic response
pattern is recommended. Here,a good approximation is derived by portraying the step motor
using a transfer function of a second-order system Dynamic response can also be evaluated
using the torque-step frequency pattern (M-fpattern) for potential step-error-free operation
in a start-stop frequency range, Fig. 10.16a, and an operating frequency range, Fig. O.b.

f

Additional
moment of inertia

<t 2 '2

without step error without steo error t
(a) (b)

FIGURE 10.16 Torque-step frequency chracerstic.

The range in which step error does not occurcontractsinresponsetoadditonalinertia
torques or mobile masses Impressed current induces an upward shift in the potential fre-
quency range which is larger than that derived from impressed voltage. This demonstrates
that the step motor's response pattern is strongly influenced by the electronic control strategy
The stepping frequency controls the angular velocity, the pulse distribution (A B or A-
C, see Fig. 10.15) determines the direction of rotation, and the number of pulses governs the
pivot angle.

Step motors are only suitable for use as direct-drive elements (the motor's armature oper-
ates directly against the actuated unit.no gear drive) in those applications where the influence
of load fluctuations and interference factors remains limited, as stepping errors can otherwise
occur, For this reason, digital linear actuators featuring interated rotary step motors and
threaded spindles are becoming increasingly popular as linear-motion generators in high-
demand applications. When operated within a closed-loop control system, step motors can
provide improvements in dynamics, positioning precision, and sturdiness. However, the cost
advantages associated with open-loop operation are forfeited.

MovingCoils. The moving coil is anelectrodynamic device (force applied to current-saturated
conductor in a magnetic field).A spring-mounted coil is located in the ring gap of a magnetic cir-
cuit featuring a permanent magnet. When current flows through the coil, a force is exerted
against it.The direction of this force is determined by the flow direction of the current itself
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10.12 SENSORS AND ACTUATORS

The positioning force can be calculated using

F= B.Lwl, i.F- I (10.11)

where B= magneticinduction in thegap
Ly= length of the coil wire

I excitation current

As the force is not afected by the travel positiona spring can be included to produce a pro-
portional relationship between tral and current.

The advantages of the moving coil include low hysteresis and good iearesponse. Low
mass acts in combination with low coilnductance to provide excellent dynamic-response
characteristics. The main liabilties of this desne in the low force and limited work per
stroke for any given unit dimensions.

deMotors. dc motors are used to discharge a multiplicity of functions in modern cars (today
up to 70 motors pervehicle) These motors are generally permanently excited de devices, as
the magnetic field remains continually available without additional energy consumption.For
economicreasons, these units are virtually always equipped with ferritemagnets.

Design andOperation. The dc motor depends for its operation on the forces generated
in a conductor within a magnetic field when current is applied.

The permanent-magnet-excited motor consists of

*The magnetic crcuit consisting of a permanent magnet for generation and an iron core and
a stator frame to conduct the magnetic flux

* Energized coils

* Carbon brushes and cornmutator, arranged to direct the current to the rotating coil while
maintaining the force flow in a single direction

The stationary characteristic can be represented using the following equations (see Fig.
10-17).

Ui=t IR+, t

(10.12hJ

(10.12c)M, = Al M = c: 0 1

R

Ul M

LI'

M
1.

At

c
z

R

- Terminal voltage
- Induction voltage
- Shaft torque
- Starting torque
- Internal torque
- Torque loss
- Constant
- Number of conductors
- Magnetic flux
- Armature rotation

frequency
- Current
- Armature resistance

FIGURE11117 L mctor, circuit diagram.

U l
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ACTUATORS 10.13

After inserting Eqs (10.12b) and (1012c) in (10.12a),with

i= C (ideal idle speed) (10,13a)

AM,=cz 1 -M (stall torque) (103b)
R

one obtains

= 1  ¶ A- (1014)
M1, +- M,

The motor drawspowerfPlfrom thedecircuit.

U , 1  (M1M6)

P( ) =(M+A) (10.17)

The output at the shaft is the mechanical power P2

M
P2= Ma0= M1 1- (1018)

Using Eqs. (10.17) and (10.18), the efficiency q can be calculated as a function of the shaft
torque.

P = (-M Mv=a (10.19)P, I 1,If - \'W!+ )

Maximum efficiency as a function of load is obtained by setting the derivative d/dM= 0 with

M( += ,+ At(M+Mo) 12 (10.20)

In comparison, the output power derived with Eq. (10.18) reaches a maximum at Al M,12:
and thus at a higher value,

Figure 10.18 shows a performance diagra with speed n, current 1, and efficiency ' as
function of the load torque M. It is not possible to determine speed and current separately

Equations (10.12a) through (10.20) illustrate the interactions and the factors that affect
the motor's performance curve.The influence of the design parameters is shown in Fig.10.19.

The magnetic flux P is determined by the dimensions and intrinsic material characteristics
of the magnet, and by the stack length of the armature and the rest of the magneticcircuit.The
speed/torque curve responds to increasing magnetic flux P by tilting progressively to the hor-
izontal axis; this response pattern is indicative of a more powerful motor (see Fig.10-19a).

Variations in the number of turnsz change the idle speedno at the same starting torque (see
Fig.10.19b); changes in the armature's resistance (produced by selecting a different wire diam-
eter d) affect the stall current,and thus the stall torqueobtained at any given idle speed no (see
Fig.10.1n).The maximum achievable copper content is determined by the winding technique
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10.14 SENSORS AND ACTUATORS

n.,

/M

-MV 0 M

IG URE10.18 Motor performance curve.

hi

(a)

FIURE 10.19 Effect of design parameters on rotationl speed

Units used in real-world applications display small deviations from the theoretical perfor-
mancecurve as a result of voltage drop at the carbon brushes,the current transfert o the com-
mutator, the armature reaction field produced by the mtr's current, and, finally, various
rotational and flux losses.

The options for using the electrical parameters to affect the rotating speed are illustrated
in Fig. 10.20Vriations inthe voltage U (e.g.,of the kind produced electronically with a pulse-
width modulation) produce a parallel displacement in the speed curve (Fig. 10,20a). Other
common options include the installation of a ballast resistor R and the inclusion of a third
carbon brush. Less common (due to cost) is a design in which the winding is divided betwvee
two commutators; these can then be activated individually, in parallel, or in series. Servo
motors generally operate for brief periods of timebut also over the entire range represented
by the unit's characteristic curve.

Each motor must be built specifically for the operating conditions anticipated for the indi-
vidual vehicle. Ferrite magnets must be selected for the lowest potential temperature, as it is
here that the resistance to demagnetization is lowest. When circumstances demand, ther-
moswitches can also be included to provide protection against overheating

Automotive actuators must be small and light. Motor volume is directly proportional to
torque requirement, At the same time, thepower output is proportional to torque multiplied

1
ni(sq)

/

~a@a>05)

/K1(Zj)

n2 (z2 >"Z1)

it2 (d,2 >d,1 )

r12(d1 )

(c)

no
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ACTUATORS 10.15

n1 (Ul > )

WO(U 1)2½(Rv 2 > Rv,

M M

(a) (b)

FIGURE 10.20 Speed variations in dc motors

by rotating speed.Thus, the output can be increased by raising the operating speed; here the
accompanying rise in noise levels is the limiting factor. Small motors are equipped with gear-
drive units to obtain the required levels of actuating force. );J

Magnetostricive Actuators. Ferromagnetic materials respond to increasedmagnetic field
strength by expanding or contracting (magnetostrictive effect). This is due to the Weiss
domains turnin inthe field direction. The maximum contraction obtained with ion is
-8 tim/m. Highly magnetostrictive materials composed of rare-earthiron alloys display a
maximum elongation of 1500 to 2000 pm/m. laximum potential elongation is obtained at the
optimal mechanical pre-tension Ti (Fig. 10,21).

mm/m
Material: ThO 27DyonFet9

(Terfenol-D)
2.0 Tr= Mechanicat

pre-tension
To 14 MPa

1.5 -

C

E1.0 -TO 0

0.5 -I

0 ?
40 -30 -20 -10 0 10 20 30 40 kA/mm

H

FIGURE1021 Magnetosrictive frmvariationss a funcion of field srcngtv

The specific advantages oft he magnetostrictive transformerare high actuator forces,rapid
response, good rigidity, and a high level of electromechanical efficiency

The disadvantages include the small variations in length, the high power loss associated
with generation of the large maximum field strengths which the unit requires (also in static
operation), the length variation with hysteresis, the expenseand the limited availability of the
requisite materials.The material is also brittle and difficult to machine.

The commercial availability of the transformers is limited to units designed for research
purposes. We are not familiar with any applications in production motor vehicles,
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10.16 SENSORS AND ACTUATORS

10.2.2 Electrical Actuators

Piezoelectric Actuators. When mechanical compression and tension are brought to bearon
a piezoelectric body, they produce an asymmetrical displacement in the crystal structure and
in the charge centers of the affected crystal ions. The result is charge separation. An electric
voltage proportional to the mechanical pressure can be measured at the metallic electrodes
(direct piezoelectric effect).

If electric voltage is applied to theelectrodes on thissame body, it will respond with a
change in shape; the volume remains constant. This reciprocal piezoelectric effect can be
exploited to produce actuators.Sintered ceramicslead-Zirconate-titinate (PZT),are the com-
monly used materials for theseapplications. The precise composition can be modified to
obtain the desired material characteristics. The magnitude of the shape change depends on
the electric field strength E.The relevant equation is E U/s (U= voltages= electrode gap).
Single-element actuators require field strengths of up to 2 kV/m and therefore very high
voltage to achieve maximum travel (see Fig.10.22).

mm/rnm
Material: PXE 52 (Philips)

0.5 -

0.0 _ I I I
-1,5 -1 -0.5 0 0,5 1 1,5 kV/mm

E

FIGURE1t.22 Form changes as a function of electric eid sirength

Stacked-design translational devicesconsist of piezoelectric layers of between 0.3 and I
mm in thicknessfeaturinga metallicelectrade between each layer.This design is employed to
lower the voltage (down tofor instance, 800V)whilesimultaneously increasing the excursion
rateThe layersare electrically para el and forma series circuit (see Fig.10.23a).

Flex elements are formed by joining two layers with varying intrinsic rates of elongation.
The elongation occurs along the vertical axis of the direction in which the field strength is pro-
jected (trarsiverse effect). Flex elements display larger excursion rates with lower actuating
forces (seeFig1023b).

New manufacturing techniques make it possible to produce multlayer piezoelectnc
devices with thinner layers; these can be used to obtain the required field strength at voltages
as low as approximately 100 V and below.

Howeverdue to the numerous parallel elements, the advantagesassociated with the low con-
trol voltage are obtained only at the price of increased capacitance and higher operating currents

The positive attributes of the piezoelectric actuator includea highdynamic response level,
substantial actuator force, voltage-proportional elongation, excursionwith no power con-
sumption in static operation,and (practically) no wear in the piezoelectric lement.

The corresponding liabilities include minimal elongation changes. high operating voltage,
hysteresis during elongationa temperature-sensitive stroke, and a drift in operati g response
as the unit ages The material itself is brittle and difficult to machine.
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ACTUATORS 10.17

Elongation A

Design types

Typical regulation
distance and elongation

a
Parallel to
electncal field

Al ,1
T-0,7

b

Perpendicular to
electrical field

At 1000 .rn
and more

max. staticalload 35 000 N [ 0.01 ... 0.05 N
Typical operation
voltage

150 .. 1000 V
50 ... 150 V

(multitayer)

10 ... 300 V

FIGURE10.23 Deign and speOannsat dfCrent transfrmer wrsins

Piezoelectric actuators are applied in precision positioning devicesand as active oscillation
dampers. Potential automotive applications (with a voltage supply of 12 V) have yet to be
thoroughly investigated .However,it is expected that the piezoelectric actuator-and the mul-
tilaver stacked-design device in particular--will gain popularity in closed-loop automotive
control systems,where they will serve as a replacement forthe conventional actuator in appli-
cations requiring a higher level of performance.

Electrostatic Actuators, In the past, use of electrical field forces was restricted to some
measurement devices and to the acceleration of charged particles. Microactuator technology
makes it possible to apply these small forces in mechanical drive devices.These devicescom-
bine high switching speeds with much smaller energy loss than that found in electromagnetic
actuators. The disadvantages are the force/travel limitations and the high operating voltages.
At present,microactuators are rarely encountered outside the research laboratories; thus, the
electrostatic actuator's current commercial significance is negligible.

Electrorheological Fluids The electrorheological effect is based on polarization processes
inminute particles suspended ina fluid medium.These particles modify the fluid's viscosity
according to the orientation in the electrical field. The effect canh e employed to adjust the
viscosity between "freely flowing"and "rigid." Reaction times are measured in ms.Among the
disadvantages are interference factors, temperature sensitivity, high vollages, control powers
of several hundred watts, and the price, which is still high. The electroheologica effect is
exploited in controlled transfer and damping elements.

10.2.3 Thermal Actuators

Temperature-Sensitive BimetallicElements. The temperature-sensitive bimetallic element
is composed of at least two bonded components of varying therma-expansion coefficients.
When heat is applied, the components expand at different rates, causing the bimetallic ele-
ment to bend. When electrically generated heat is appliedthese devices beconie actuators

U!

~
'~:,
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10.18 SENSORS AND ATUfATORS

The passive component is characterized by a lower thermal-expansion coefficient. Mean-
whilethe active component should maintain a constant coefficient of thermal expansion over
the largest possible range.

The passive element in the most common type of temperture-sensitive bimetallic device
is invar (FeNi, while he active compone is an alloy of ron. nickel, andmangnee
(FeNi,Mn). Common element configuations include strips, coils, spirals, and waers. Tem-
perature-senstive bimetallicdevices are readily available and Inexpensive. They can be
appied attemperatulesofup to roughly 650Canddispla ahigh degree of consistency in
their shape-chaneresponse (up tsverl million ccles)1he dawaksinclude the modest
acuatortres the lowwork potenti0 lot a given volume(energy densiyl), and the fact that
only a singe type of shape modification (flexural) isposbe

MemoryAllovs. Memory alloys are metallic materials which exhibit a substantial degreeof
"shape memory." The explanation for this phenomenon can be found in the reversible, ther-
moelastic martensitic translbrmation, in which two different crystal structures are adopted.
As ong as the temperature remains below the transformation threshold, the structure
remains marrensitic. However, when the alloy is heated beyond the transformation tempera-
ture, it responds by becomingaustetic.

The elenient's shape is changed permanently by the one-way effect, If the element is
heated to beyond the transformation temperature.it returns to its former shape.If the com-
ponent is then reshaped after cooling, the entireprocess can be repeated.Thermomechanical
pretreatment processes can be employed to achieve a two-way effect, The component then
assumes one defined shape when heatedand another when cooled.

Yet another phenomenonis superelasticity. Application of loads produces an extension of
up to 10 percent; the effect is reversed once the load is removed. However, because this effect
is extremely sensitive to temperature, it has yet o be employed in the construction of actua-
tors.The materials are commercially available, the base materials are nickel-titanium (NiTi-)
and copper-zinc-aluminum alloys (CuZnAl-). The transformation temperatures of these
alloys lie between -100 and +100 C.with the one-way effect also being obtained outside this
range.

The benefits of memory alloys include the high effective output fora given volume and the
ability to complete work cycles within a minimal temperature interval of 10 to 30 oC.The
memory components can be formed to suit the particular application. The wire's resistance
can be employed for direct heating. The material itself can be formed with or without physi-
cal machining,and can also be welded. Among the disadvantages must be counted the limited
thermal range of application and the high price.

Memory alloys are used as drive, final-control, and triggering elements in various technical
applications (automotive, household appliances, heating and climate control, medical tech-
nology etc.). The forms assumed by the actual components include triggering wires, coil
springs,and flex and torsion elements.

The memory element can be used as sensor and actuator-for instance, in a liquid
medium-in which temperature changes will induce shape changes in the component.

Expansion Elements. The expansion element exploits (he volume-versus-temperature
response of specific solid and fluid media which exhibit large coefficients of thermal expan-
sion. The volumetric response is converted to a stroke motion. The expansion medium is
housed in a rigid container. The motion is converted to a stroke using diaphragms or elas-
tomer inserts. Electrically controlled expansion elements find application as actuators.
Expansion elements are inexpensive and robust, and combine large stroke travel with sub-
stantial positioning forces.

However, these devices are only suitable for application within a limited temperature
range.ilieir dynamic response is also less thanoverwhelming. Expansion elements arewidely
applied in automotive technology (for instance,choke actuators on carbureted engines).
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10.3 AUTOMOTIVE ACTUATORS

10.3.1 Antilock Braking

(See Chap. i5 and traction control systems, Chap.16)
Both antilock braking systems (ABS) and traction control systems (ASR) limit the rate of

slip between tire and road surface. These systems enhance vehicle stability and steering
response while maintaining optimal braking

and accelerationcharacteristic ABS and
Mastercyindr(MC r ASR employ a single set of actuators to

Sitching vave modulate braking pressure Inaddition.ASR
Primingdevices supplement braking intervention by

valve adjusting engine output.

Retum
tuN Actuatorsfor Braking Intervention. Brak-

MS nmg pressure is regulated normally via 2/2DC motor t
et solenoid valves (valves with two ports aid

Acumulaor valve two switch positions.see Fig.10.24).When no

22-Solenoid current is applied, the inlet valve remains
valve open and the outlet valve is closed, allowing

Outletvalve unrestricted wheel braking.
ABS/ASR systems modulate pressure by

controlling two 212 solenoids for each wheel
RetumcircuitR or for two wheels of one axle.With no cur-

rent, the inlet valve remains open whilethe

Wheel inder(WC) outlet valve stays closed, To maintain pres-
sure, current is applied to the inlet valve.

FIGURE10.24 ABS/ASRhydrauliccircuity Pressure release is obtained by transmitting
current to both valves

Various pulse sequences applied to the
inlet valve generate a step-by-step increase of the wheel braking pressure (wheel brake pres-
sure modulation).

Using the same pulse sequence for the outlet valve whilethe inlet valve remains closed,a
step-by-step brake pressuredecrease in the wheel cylinders is achieved, Switching and prim-
ing valves of a 2/2 type can be incorporated in the circuit to provide the additional functions
required for the ASR (Fig.10.25).

SolenoidVadveDesign. One part of the magnetic circuit is located in the hydraulic cham-
ber- here the armature and the pole piece simultaneouslyserveas valve elements in a design
known as the wet solenoid. Thesolenoid coil and the other part of the magnetic iron circuit
are located outside the hydraulic chamber. This design requires the presence of a pressure-
resistant sealing element.This element must also be nonmagnetic, in order to ensure that the
magnetic flux flows through the working gap and the armature in the desired fashion.

The solenoid circuit isdesigned to provide reliable switching and pressure maintenanceat
maximum temperature (maximum coil resistance),minimum voltage, and maximum pressure.
At the same time,armature clearance and residual gap must both he adequate to ensure that
the valve continues to function at low temperatures (brake-fluid viscosity changes exponen- .
tially (by three powers of ten) in the range between -40 and +120 C).The maximum operat-
ing pressures can extend in extremecases to more than 200 bar.Typical switching times are 4
to 10 ns. Dynamic response is evaluated according to the pressure variation at a specified
control pulse. The duty-cycle requirements for ABS are minimai. but ASR switching and
priming valves must be capable of 100 percent permanent duty.The maximum cycle numbers
correspond to several million actuations.
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Inlet valve Outlet valve

MC R

WC

WC

MC R

Priming valve

7.

Pump

MC

I Pump

MC

Switching vave

WC

MC

MC

WC

FIGURE 10.25 2/2 solenoid valves for ABSIASR

ETC with Throttle-Aperture Adjustment. Either of two standard methods can be employed
for throttle regulation. Electronic Throttle Control (ETC) systems feature an actuator (servo
motor) mounted directly at the throttle valve. On systems incorporating a traction-control
actuator, the actuator (servo motor) is installed in the throttle cable (Bowden cable).

The design configuration of the electronic throttle-control actuator is illustrated in Fig.
10.26. To enhance clarity and facilitate understandin, all rotating components (except the
throttle plate) are portrayed as linear-motion devices.Thethrottle shaft travels between two

Return spring Driving dog Intermediate piece

Coupling sprng

I, imim

n2

DC-Motor
Throttleshaft Potentiometer Stop closed throttle Stopopenthrottle Gear

FIGURE 10.26 Operation of electromh rtle control,

Throttle plate

------- I i v

k
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motion limiters; thesedefine [he closed throttle and maximum aperture positionsThe shaft is
powered by a de motor via a dual-gear drive. When the motor is off, a return spring pulls the
intermediate piece back toward the idle-air stop. The driving dog pushes the throttle shaft
toward the idle position.The coupling spring holds it in a defined idle position.This position
corresponds to an idle speed ensuring adequateengine power to maintain power-steering and
brake operation in the event of systemfailure.

Current can be applied to the dc motor in either direction. One direction opens the throt-
tle plate and tensions the return spring.The other direction closes the throttle plate. When the
throttle plate closes all the waythe coupling spring is tensioncd.Two potentiometric throttle-
position sensors are included in a design calculated to provide redundant system capacityThe
electronic control unit uses thesignals from these sensors to regulate motor current for the
desired throttle position; the signals thus represent part of a closed-loop control system.

Traction-Control Actuator The actuator can be installed in any of several locations
within the engine compartment.No modifications to the throttle body are required.

Figure 10.27 illustrates the operating principles in a simplified linear flow pattern (the
actuator components are actually rotary elements). The ends of the Bowden cable sections
are connected to rotary can/linkage spring assemblies.

Transmission throttle valve Traction control actuator

_ --- -Cruise-Automatic adjuster Cus
control cam Cruise control

Thrott e cam Pedal Automatic
cam adjuster

-LUnkage
spring Accelerator

pedal

rulu 'DC-Motor

Potentiometer
(Throttle) L F1 --- Mto

Driving plate Gear Motor retum spring

FIGURE 10.27 Operation of a traction-control actuator located between the accelerator pedal and throttle
body-

Under normal operating conditions,the pressure applied at the accelerator pedal is
relayed through the Bowden cable nd linkage spring coupling to open the throttle valve.The
servo motor comes to life when the ABS!ASR control unit transmits a command to reduce
the throttle-valve aperture.The servo motor pulls the engagenient mechanism to the left via
gear drive and Bowden cable. Once the initial take-op range has been covered, the linkage is
activated to reduce the throttle-valve opening.The servo motor is deactivatedas soon as the
ASR no longer requires throttle-valve regulation. A return spring then brings the motor back
into its original positionallowing the traction control actuator to drive back to its original at
rest positionl.

The traction-control actuator can also be used in conjunction witha cruise-control system.
A separate cam connects the Bowden cable for the cruise control to the actuator assembly.
This layout is employed to retain the option of traction-controlintervention when the cruise-
control system is activated.

II

Throttlebody

Throttlereturnsprng
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Because the linkage spring must be considerably stronger than the throttle-return sprng
it exerts a perceptible effect on the resistance at the accelerator pedal.

Another approach to engine intervention is embodied in a design in which the linkage
spring isintegrated within the throttle body.Yet a further option is toinstall a second throttle
valve which remains open during normal operation;a sepate Bowden cable is installed
betveen this throttle body and the actualor to regulate the valve or active traclion-control
duties. Because the tinkage spring is installed parallel to the throttle-return springthe preload
is substantially lower than that generated by the design described here:there is almost no per-
ceptible feedback at the accelerator pedal. Actuator weight and dimensions are also reduced
substantially.

10.3.2 Fuel-injection for Spark-Ignition Engines

(See Chap.12.)
Electronically controlled fuel injection systems meter fuel with the assistance of electro-

magntic injectors. The injector's opening time determines the discharge of the correct
amount of fuel.

FIGURE 10.28 Injector unit forutipoint fuel
eclonsysiem

On single-point injection units, one injec-
tor unit isinstal ed ata central location
upstream from the throttle valve. Multipoint
injection systems feature aseparate injector
at each cylinder (Fig. 10.28). This type of
injector is located in the manifold tract just
abovethe intake port into which it dis-
charges its fuel.
Operating Requirements, The injectors are
2/2valves with coaxial fuel inlet and lateral
plug. They operate with minimal strokes of
less than Vw mm.

Besides the precise opening and closing,
the reliable sealing and the discharge pattern
which an individual injector provides are all
largely determined by the design of its
metering apparatus, thus exercising a major
effect on starting and response, fuel con-
sumption, and emissions

Electromagnetic injectors have to fulfill
the demand for precise fuel metering,consis-
tent linear response at minimal quantities,
extended dynamic flow range (DFR). good
spray formation and atomization, positive
seat at injector seat, resistance to corrosion,
operating consistency, and low noise

Low-resistance injectors with current-
controlled output stages achieve shorter
switching times. See Table 10.1.

10.3.3 Fuel Injection for Diesel Engines

Distributor-Type Fuel Injection Pumps contain rotary solenoid actuators for injection quan-
tity, and two position valves for enginoperation and shutoff.

The fuel quantity injected by an in-line pump is a function of control-rack position and
pump speed (Fig.10.29).
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TABLE 10.1 Typical Injector Specifications

Multipoint Single-point
Units injection injection

Line pressure max. kPa 200-380 1(0l-300
Static flow at 250 kPa, g/min 1)0-430

at 100 kPa, glmin - 200-520
Opening time ms 1.5 075
Closing time mS O.8 0.65
Variation ratio (DFR) 1:10 1:16
Durabihty >miocycle 1000 1000
Needle/armature weight g 43 2.7
Length mm 77 53

The control rack of an EDC in-line pump is shifted by a linear-motion solenoid with a
conic armature and base for long stroke application (see pages 10.5 and 106). The actuator is
attached directly to the pump.

When no current is applied to the linear-motion solenoid, a spring pushes the control rack
into the stop position and thus interrupts fuel delivery. As current increases, the control-rack
travel and, with it the injection quantity, increase.

Typical operating data of the solenoid actuator are (full load, stationary condition): rack
travel 13 mm, spring force 32 N, ECU current output 6 A, 20 Hz. By pulsation of the ECU-
current, the actuator friction is minimized. Maximum rack travel is about 20 mm,

The electronically controlled unit injector (Fig. 10.30) has been developed to meet the
future emissions regulations by realizing high injection pressures and precise control of start
of injection and injection quantity.

Inductive ring for rack-travel sensor
Return sping Linear solenoid

Control 0
rack E.E i s

FIGURE 10.29 EDC Enear-solenoid actuator.

Pushrod,
driven by
engine High pressure
camshaft solenoid valve

Pump
piston

Cylinder F ue.% retumn
head

Fuel inlet

Nozzle

FIGURE 1030 Unit injector.
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The unit injector combines Injecton pump and injection nozzle into a single unit which is
installed directly into the engine cylinder head and driven by the engine camshaft. High inec-
tion pressures of 1600 ar and more are readily attainable due to low dead volume of com-
pressible fuel.

In order to control start and end of inectioneach unit injector contains a time-controlled
high-speed solenoid valve When the valve is open, the unit injector plunger delivers fuel to
the low-pressure fuel supply circuit without any injection into the engine cylinder. When the
solenoid valve is closed, fuel is delivered to the nozzle for injection into the engine cylinder
Thus,the fuel injction quantity is determined by the time intervalbetween closing and open-
ing of the valve.

Typical switching times for a medium duty/heavy duty truck application are:closing period
at rated power 1000 ps; opening period at rated power.600 ys. The whole injection process
must be completed within a period of about I to 2 ms. Consequently. the solenoid-valve
motion must occur with an accuracy of less than 10 ps in order to ensure compliance with the
usual tolerances for fuel injection quantity and start of injection.

10.3.4 Actuators for Passenger Safety

(See Chap. 24.) Pyrotechnical actuators are used for passenger-restraint systems such as the
air bag and the automatic seat belt tensioner. When an accident occurs, the actuators inflate
the air bag (or tension the seat belt) at precisely the right instant. Specifications call for the
belts to be fully tensioned - 10 ms after ignition, while - 30 ms are allowed between the igni-
tion point and total inflation for the air bag.

Air bagactuators are available in various sizes,according to vehicle type and application
(driver or passenger side), and they are dimensionedto generate gas volumes of between 30
and 200 dm3.The gases and gas mixtures used for these devices are nontoxic. The section fol-
lowing describes the operating principles for various actuator types,

Pvrotechnicat Air Bag Inflator (Gas Generator). Figure 10.31 is an example of a driver-
type inflator. When sufficient current is sent through the initiator,or squib, a thin metal fila-
ment covered by a sensitive pyrotechnic charge heats up and ignites this charge (Fig10.31a).
The ignition of the squib provides enough energy to light a booster charge, whose combustion

0 80 .140 mm

Exit ports Baffes Booster charge

cb

-40mm

Filter Squib Solid propellant

FIGURE 10,31 Gas generator,
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builds up adequate pressure and heat to start the chemical reaction, converting the solid pro-
pellant, or gas generant, into gas (Fig. 10,314. The resulting nontoxic hot gas flows over a
series of screens, filters, and baffles, cooling down prior to leaving the inflator through exit
ports located inside the airbag(Fig.1031c).The durationof this processis lessthan one-tenth
of a second.

Hybrid (Compressed Gas and Pyrotechnic) Air Bag Inflator Figure 10.32 is an example of
a passenger-type tubular inflator. When sufficient current is sent through the initiator, or
quia thin metalflament covered by a sensitive pyrotechnic charge heals up andignites this

charge (Fig. 032a).The ignition of the squib provides nough energy to propel a projectile
through a rupture disk, allowing the escapeof stored nontuxic compressed gas (Fig. 10.32b)
The projectile also strikes two primerslighting a solid pyrotechnic mass, which in turn heats
the remaining stored gas (Fig. 10.32c). The expanding heated gas flows out of the inflator
through exit ports located inside the air bag (Fig. 10.32d). The duration of this event is less
than one-tenth of a second.

103.5 Actuators for Electronic Transmission Control

Continuous operation actuators are used to modulate pressure, while switching actuators
function as supply and discharge valves for shift-point control

In automatic transmissions.response limes of 2 ms must be ensured in circuits with flow
diameters of up to 2.4 mm. carrying up to 4 dm per minute at a differential pressure of 200
kPa,all within a temperature range extending from-40 to 150'Cpressure can increase up to
2000 kPa.

On/OffSolenoids. Various versions of the on/offsolenoid valve are in use (two-port. three-
port, open base state, closedbase state) These valves are normally employed for shifting
gears, ut can also serve in special applications such as control of converter lockup mecha-
nisms or reverse lockouts. Substantial weight savings can be obtained from the use of plastics.
On/off valves are controlled through basic switching output stages. Peak-and-hold control
strategiescanprovidew'ight and size savings

Variable-Pressure Solenoids (Pressure Regulaors). Pressure regulation must remain pre-
cise during switching operations and when holding line pressure. Here, analog valves have

Squib Projectle Primer Compressed gas

d½

ES

Exit ports Rupture disk Solid pyrotechnic mass

FIGURE1032 Hybrid air bag inflator.
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