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PREFACE TO THE
SENSORS TECHNOLOGY SERIES

The creation of the digital world is perhaps the most remarkable engineering event of the late twenti-
eth century and may be compared in impact to the harnessing of steam at the beginning of the nine-
teenth. Obviously, the two cannot otherwise be compared, representing as they do the transition from
the era of power to that of information. Even the term “transition” is misleading because the digital
world depends entirely on the prior existence of sources of electrical energy, currently derived largely
from thermal and nuclear processes, with an ever-increasing reliance on renewable content including
the harnessing of tidal, wind and solar sources. Furthermore, chemical sources of energy should not be
forgotten, including the wide range of “personal” batteries powering everything from laptop comput-
ers to hearing aids and pacemakers, and the currently-developing fuel-cell technology that may yet
make the electric automobile a viable proposition.

The digital world is also dependent upon the provision of sources of information. Such input
information can itself be digital, as when a human being types data directly into a computer or when
nuclear disintegrations are counted by an appropriate sensor. However, other sources of information
rely upon sensors that transduce phenomena derived from mechanical, optical or chemical/biological
phenomena into (usually) electrical signals. Because real-world phenomena are predominantly analog
in nature, these signals are therefore also in analog form. Such signals may then be amplified, condi-
tioned and applied to analog-to-digital (A-D) converters for entry into the digital world—all major
topics in their own right. Actually, there is always a level at which even digital processes take on
analog characteristics. For example, the heat generated within computer chips arises mainly during
the (analog) transitions between the ON and OFF states of the multitude of transistor structures
contained therein.

The present series of volumes is entirely concerned with sensors themselves, and because the
subject matter is so wide-ranging in both scope and maturity, this is reflected within the individual
books. So, whereas care has been taken to include a considerable amount of practical material, the
proportion of such leavening is inevitably variable. Thus, the volume concerning chemical sensors
may be regarded as largely oriented towards research and development, whereas at the other end of
the spectrum, the avionics volume and the present automotive volume are based largely on current
practice. This disparity is in part driven by the safety-oriented conservatism in these latter fields, but
future developments in both have not been ignored.

vii
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Though the gestation period of such a comprehensive series has been long, care has been taken
to include information that is indeed both basic and also contemporary, so providing a platform for
continued updating as progress continues.

The ever-increasing sensor/electronics content of a modern automobile is reflected in the propor-
tion of the ultimate cost of the vehicle related to this content, and this is also true for equally-modern
aircraft. In both cases the sensors currently employed in production models are well-tried, safe and reli-
able, and so command the bulk of the material presented here. The intention of both volumes is to pro-
vide the reader with an authoritative introduction to the theory, installation, and performance of these
sensors prior to discussing future developments. An excessive use of theoretical or mathematical material
has been avoided throughout, and it is hoped that this will lead to a unique “hands-on” approach.

The present volume begins with an overview of the sensor/electronic content of the modern auto-
mobile by the Volume Editor, Prof. John Turner, and each of the topics mentioned is then covered in
greater detail in the succeeding chapters. All the authors are practicing automobile engineers currently
working in industry or academia, and each chapter therefore represents an authoritative viewpoint
gleaned from personal experience.

J. Watson
Editor-in-Chief
February 2009
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CHAPTER 1

SENSORS IN THE VEHICLE

John Turner

1. INTRODUCTION

Modern vehicles can have up to one hundred microcontroller-based electronic control units (ECUs).
These are fitted to enhance safety, performance, and convenience. As the complexity and safety-critical
nature of automotive control systems increases, more and more sensors are needed.

The problems of congestion and environmental effects associated with increasing vehicle owner-
ship and use are well known. Throughout the world, the climate of opinion is turning against unfet-
tered mobility. In most developed countries, government transport policy places increasing emphasis
on the efficient management of existing roads and recognizes the difficulty of satisfying demand by
building new roads. The use of a combination of information technology (IT) and electronic systems
to advise drivers and reduce their workload is being seen as offering at least a partial solution to cur-
rent and projected traffic problems, since it has been shown to smooth the traffic flow [1]. Advanced
sensing and control systems also offer the possibility of safely reducing the gaps between vehicles (the
“headway”), thus increasing the number of vehicles that can use a particular stretch of road.

The combination of IT and vehicle-based and highway-based electronic systems has become
known as automotive telematics. All telematic systems rely heavily on sensors and measurement tech-
niques, and this is especially true of those applications that are safety critical. Many research projects
are currently underway in this area, which is particularly challenging for the sensor designer in the light
of typical automotive cost constraints. (As a rule of thumb, at 2005 prices, a vehicle manufacturer will
normally tolerate a “measurement cost” of only around $10 per measurand, including all the signal
conditioning required). If an automotive sensor costs significantly more than this, the extra cost has
to be justified in terms of additional functionality, perhaps because the measurement can be used for
several purposes.

Highway sensor costs are much higher than those of automotive devices. There are two main rea-
sons for this. First, the volumes are much lower—many highway sensors are almost custom made for a
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particular application, and volume production runs of any particular configuration are rare. Second, the
cost of the associated groundwork has to be taken into consideration. These factors mean that the cost of
installing, for example, a loop detector (explained in section 3.1) is typically several thousand dollars.

To succeed commercially, automotive sensors have to be very robust. They must tolerate an envi-
ronment that includes temperatures from —40 to +140 °C, possible exposure to boiling water, battery
acid, fuel, hydraulic fluid, road salt, and so forth, as well as very high shock and vibration loads, which
can exceed 1000 g on the unsprung side of the vehicle suspension. They may also have to tolerate and
function in the presence of high levels of electromagnetic noise.

Highway sensors also have to be robust. They too experience the full range of climate condi-
tions, and may also occasionally be exposed to fluids originating from motor vehicles. In general,
however, the shock and vibration environment is less demanding, and the cost constraints are usually
less extreme.

2. ON-VEHICLE SENSORS

A good example of the trend towards increasing complexity is provided by the air bag system. Early
(1980s) systems typically used an accelerometer and a “safing sensor” (to avoid inappropriate firing of
the airbag, for example, when the vehicle is stationary). Current designs may include sensors for child
seat detection, seat position, occupant position, occupant detection, and vehicle speed. Rollover sen-
sors, side impact sensors, weight sensors, tire inflation sensors, and tire temperature sensors may also be
used. Several sensors may be required to monitor different seats or zones within the vehicle.

A similar increase in sensing complexity has taken place in powertrain control systems, vehicle
body controllers (e.g., door locks, windows, sunroofs, and wipers), and chassis control systems. This
has produced significant benefits in system performance, but has also created some real challenges.

A complex electronic/electromechanical system, such as a modern motor vehicle, has to be oper-
ated in intimate varying interaction with its driver and with an outside world of considerable com-
plexity. For any such system to operate satisfactorily, the need for effective, accurate, reliable, and
low-cost sensors is very great. Electronic measurement systems can be applied very widely within a
motor vehicle, as shown in figure 1.1. The complexity can range from the interactive control of engine
and transmission to optimize economy, emissions, and performance to the simple sensing of water
temperature and fuel level.

2.1. POWERTRAIN SENSORS

The complexity of the control task involved in powertrain management is demonstrated by figure 1.2.
Table 1.1 lists typical required specifications for the powertrain sensors. The accuracy and temperature
range over which these devices have to operate should be noted, and it also must be remembered that
they have to be of minimal cost and high reliability. A typical automotive sensor has a design life of up
to 10 years, and should require no initial setting up or maintenance within that time. A fully compre-
hensive powertrain control system would contain most of the devices listed in table 1.1, although the
really critical devices are those which measure engine timing, inlet manifold mass airflow, manifold
vacuum pressure, exhaust gas oxygen content, transmission control valve position, transmission input
and output speed, and throttle and accelerator position.
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Figure 1.1. Automotive measurement systems

2.1.1. Ignition Control

The ignition timing sensors available at present normally use Hall effect [2] or other electromagnetic
transducers to detect the movement of a magnet or metallic projection attached to the flywheel. The
major inaccuracies in ignition timing arise from mechanical vibration and torsion in the geared drive
to the distributor from the engine crankshaft. This problem is likely to be partially overcome in future
vehicles, where the timing is taken directly from the crankshaft, although this then requires an addi-
tional sensor on the camshaft to determine the correct timing for each cylinder in the four-stroke cycle.
Crankshaft sensing itself may suffer from windup errors due to the main engine torque and the influ-
ence of differing operating conditions in each cylinder.

The measurement of inlet manifold vacuum pressure was the first sensing requirement in early
ignition control systems [3], and it continues to be a very important parameter. It provides a relatively
good measurement of engine torque, since as the engine slows down under load the inlet manifold
vacuum pressure moves closer to atmospheric pressure. This effect is accentuated by the driver (who is
part of the control loop) pressing the accelerator and opening the throttle further.

It would be much better to measure the engine torque directly, if a reliable low-cost way to do this
could be found. The search for a low-cost, noncontact method of torque measurement is currently the
subject of a great deal of automotive research, as discussed in chapter 6.

The inferred measurement of load by sensing manifold vacuum has been used for controlling
ignition advance from a very early stage in the development of the internal combustion engine. For
many years the preferred approach was mechanical. The load-related control was achieved through the
use of an aneroid vacuum capsule connected to the manifold. The varying vacuum altered the aneroid
capsule shape, producing a force that physically rotated the distributor to alter the ignition advance
angle. At the same time, a centrifugal weight system further controlled ignition advance angle accord-
ing to the rotational speed of the engine.

In an ignition system with electronic control, these functions are taken over by a pressure trans-
ducer connected to the manifold, and a measurement of the engine rotational speed is obtained from a
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sensor connected to the crankshaft. The pressure and speed signals provide inputs to a microprocessor,
which is programmed to look up the optimum advance angle from a three-dimensional table relating
speed, load, and advance angle stored in the microprocessor’s memory (see figure 1.3 for an example).
By this means significant improvements in engine operation and economy can be obtained. A num-
ber of designs of manifold pressure sensor have been used for this system, including devices based on
capacitive, inductive, and potentiometric techniques. The most widely used approach is to employ a
silicon diaphragm with integral silicon strain gauges, or to use a capacitive deflection sensing method
[4]. In both of these sensors, a disk of silicon is etched to form a thin diaphragm (see figure 1.4) to
which the pressure is applied. The strain gauges are integrated onto the disk, or a second capacitive
plate is added. This technique produces a reliable low-cost device with a good resistance to the high-
temperature, high-vibration conditions under which it has to operate.

2.1.2. Knock Sensing

When an ignition system with electronic advance control is optimized for best performance and econ-
omy, it can, under some conditions, be set sufficiently far advanced to cause a condition known as
“knocking.” Under these conditions premature high-rate combustion (“detonation”) takes place, which,
because of the rapid pressure increase, can quickly cause physical damage to vulnerable structures within

Figure 1.3. Ignition timing map



