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PREFACE

Thanks to the support the Today’s Technician™ series has received from those who teach
automotive technology, Delmar Cengage Learning, the leader in automotive related textbooks,
is able to live up to its promise to provide new editions of the series every few years. We have
listened and responded to our critics and our fans and present this new updated and revised
fifth edition. By revising this series on a regular basis, we can respond to changes in the
industry, changes in technology, changes in the certification process, and to the ever-changing
needs of those who teach automotive technology.

We also listened to instructors when they said something was missing or incomplete in the
last edition. We responded to those and the results are included in this fifth edition.

The Today’s Technician™ series, by Delmar Cengage, features textbooks that cover all
mechanical and electrical systems of automobiles and light trucks. Principally the individual
titles correspond to the certification areas for 2009 areas of ASE (National Institute for
Automotive Service Excellence) certification.

Additional titles include remedial skills and theories common to all of the certification areas
and advanced or specific subject areas that reflect the latest technological trends.

This new edition, like the last, was designed to give students a chance to develop the same
skills and gain the same knowledge that today’s successful technician has. This edition also
reflects the changes in the guidelines established by the National Automotive Technicians
Education Foundation (NATEF) in 2008.

The purpose of NATEF is to evaluate technician training programs against standards developed
by the automotive industry and recommend qualifying programs for certification (accreditation)
by ASE. Programs can earn ASE certification upon the recommendation of NATEE. NATEF’s
national standards reflect the skills that students must master. ASE certification through NATEF
evaluation ensures that certified training programs meet or exceed industry-recognized,
uniform standards of excellence.

The technician of today and for the future must know the underlying theory of all automotive
systems and be able to service and maintain those systems. Dividing the material into two
volumes, a Classroom Manual and a Shop Manual, provides the reader with the information
needed to begin a successful career as an automotive technician without interrupting the
learning process by mixing cognitive and performance learning objectives into one volume.

The design of Delmar’s Today’s Technician™ series was based on features that are known to
promote improved student learning. The design was further enhanced by a careful study of
survey results, in which the respondents were asked to value particular features. Some of these
features can be found in other textbooks, while others are unique to this series.

Each Classroom Manual contains the principles of operation for each system and subsystem.
The Classroom Manual also contains discussions on design variations of key components
used by the different vehicle manufacturers. It also looks into emerging technologies that

will be standard or optional features in the near future. This volume is organized to build
upon basic facts and theories. The primary objective of this volume is to allow the reader to
gain an understanding of how each system and subsystem operates. This understanding is
necessary to diagnose the complex automobiles of today and tomorrow. Although the basics
contained in the Classroom Manual provide the knowledge needed for diagnostics, diagnostic
procedures appear only in the Shop Manual. An understanding of the underlying theories is
also a requirement for competence in the skill areas covered in the Shop Manual.
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A coil ring—bound Shop Manual covers the “how-to’s” This volume includes step-by-step
instructions for diagnostic and repair procedures. Photo Sequences are used to illustrate
some of the common service procedures. Other common procedures are listed and are
accompanied with fine line drawings and photos that allow the reader to visualize and
conceptualize the finest details of the procedure. This volume also contains the reasons for
performing the procedures, as well as when that particular service is appropriate.

The two volumes are designed to be used together and are arranged in corresponding
chapters. Not only are the chapters in the volumes linked together, the contents of the
chapters are also linked. This linking of content is evidenced by marginal callouts that refer
the reader to the chapter and page that the same topic is addressed in the other volume. This
feature is valuable to instructors. Without this feature, users of other two-volume textbooks
must search the index or table of contents to locate supporting information in the other
volume. This is not only cumbersome, but also creates additional work for an instructor
when planning the presentation of material and when making reading assignments. It is also
valuable to the students, with the page references they also know exactly where to look for
supportive information.

Both volumes contain clear and thoughtfully selected illustrations. Many of which are original
drawings or photos specially prepared for inclusion in this series. This means that the art is a
vital part of each textbook and not merely inserted to increase the numbers of illustrations.

The page layout, used in the series, is designed to include information that would otherwise
break up the flow of information presented to the reader. The main body of the text includes all
of the “need-to-know” information and illustrations. In the wide side margins of each page are
many of the special features of the series. Items that are truly “nice-to-know” information such
as simple examples of concepts just introduced in the text, explanations or definitions of terms
that are not defined in the text, examples of common trade jargon used to describe a part

or operation, and exceptions to the norm are explained in the text. This type of information

is placed in the margin, out of the normal flow of information. Many textbooks attempt to
include this type of information and insert it in the main body of text; this tends to interrupt
the thought process and cannot be pedagogically justified. By placing this information off to
the side of the main text, the reader can select when to refer to it.

HIGHLIGHTS OF THIS EDITION—CLASSROOM MANUAL

Upon opening the covers of the 5th Edition of Today’s Technician Automotive Electricity and
Electronics, you will immediately notice the use of colored photos and illustrations that greatly
enhance the visual quality of the text and the learning experience of the student. The text
layout has also been improved for easier reader comprehension.

Not only does the textbook have a fresh look, the text of the 5th Edition was updated
throughout to include the latest developments. Although chapter 16 covers details associated
with alternate powered vehicles, all pertinent information about hybrid vehicles is included in
the main text that concerns relative topics. For example, the discussion of batteries in Chapter
5 includes coverage of HEV batteries and ultra-capacitors. Chapter 6 now includes AC motor
principles and the operation of the integrated starter/generator. Chapter 7 includes the HEV
charging system including regenerative braking and the DC/DC converter.

The flow of basic electrical to more complex electronic systems has been maintained.
Rearrangement of chapters has been utilized to enhance this flow and reduce redundancy.
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Chapter 1 introduces the student to the automotive electrical and electronic systems with a
general overview. This chapter emphasizes the interconnectivity of systems in today’s vehicles,
and describes the purpose and location of the subsystems, as well as the major components of
the system and subsystems. The goal of this chapter is to establish a basic understanding for
students to base their learning on. All systems and subsystems that are discussed in detail later
in the text are introduced and their primary purpose described. The second chapter covers the
underlying basic theories of electricity and now includes discussion of Kirchoff’s laws. This is
valuable to the student and the instructor because it covers the theories that other textbooks
assume the reader knows. All related basic electrical theories are covered in this chapter.

Chapter 3 applies those theories to the operation of electrical and electronic components,
and Chapter 4 covers wiring and the proper use of wiring diagrams. Emphasis is on using the
diagrams to determine how the system works and how to use the diagram to isolate the problem.

The chapters that follow cover the major components of automotive electrical and electronic
systems, such as batteries, starting systems and motor designs, charging systems, and basic
lighting systems. This is followed by chapters that detail the functions of the body computer,
input components, and vehicle communication networks. From here the student is guided into
specific systems that utilize computer functions.

Current electrical and electronic systems are used as examples throughout the text. Most of
these systems are discussed in detail. This includes computer-controlled interior and exterior
lighting, night vision, adaptive lights, instrumentation, and electrical/electronic accessories.
Coverage includes intelligent wiper, immobilizer, and adaptive cruise control systems to name
a few. Chapter 15 details the passive restraint systems currently used.

Jack Erjavec

HIGHLIGHTS OF THIS EDITION—SHOP MANUAL

Like the Classroom Manual, the Shop Manual has a new layout with color photographs and
illustrations. The Shop Manual was updated to match current trends. Service information
related to the new topics covered in the Classroom Manual is included in this manual. In
addition, several new photo sequences were added. The purpose of these detailed photos is to
show students what to expect when they perform the same procedure. They also help familiarize
students with a system or type of equipment they may not be able to encounter at their school.
Although the main purpose of the textbook is not to prepare someone to successfully pass an
ASE exam, all the information required to do so is included in the textbook.

To stress the importance of safe work habits, Chapter 1 is dedicated to safety, and has been
updated to include general HEV safety. As with the Classroom Manual, HEV system diagnosis
is included within the main text. This provides the student with knowledge of safe system
diagnosing procedures so they know what to expect as they further their training in this area.
Included in this chapter are common shop hazards, safe shop practices, safety equipment, and
the legislation concerning and the safe handling of hazardous materials and wastes.

Chapter 2 covers special tools and procedures. This chapter now includes the use of isolation
meters and expanded coverage of scan tools. In addition, a section on what it entails to be an
electrical systems technician has been added. This section covers relationships, completing the
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work order and ASE certification. Another section was added to emphasize the importance of
proper diagnostic procedures.

Chapter 3 leads the student through basic troubleshooting and service. This includes the use
of various test equipment to locate circuit defects and how to test electrical and electronic
components. Chapter 4 provides experience with wiring repairs along with extended coverage
and exercises on using the wiring diagrams.

The remainder of the chapters has been thoroughly updated. Redundancy between the
Classroom Manual and the Shop Manual has been reduced; the only time theory is discussed
again is if it is necessary to explain the diagnostic results or as an explanation of the symptom.
The Shop Manual is cross-referenced to the Classroom Manual by the use of marginal notes.
This provides the benefit to the student of being able to quickly reference the theory of the
component or system that they are now working with.

Currently accepted service procedures are used as examples throughout the text. These
procedures also served as the basis for new job sheets that are included in the Shop Manual
chapters.
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Features of this manual include:

COGNITIVE OBJECTIVES

These objectives define the contents of the
chapter and define what the student should

have learned upon completion of the chapter.

Each topic is divided into small units to
promote easier understanding and learning.

CROSS-REFERENCES
TO THE SHOP MANUAL

Reference to the appropriate

page in the Shop Manual is given
whenever necessary. Although the
chapters of the two manuals are
synchronized, material covered in
other chapters of the Shop Manual
may be fundamental to the topic
discussed in the Classroom Manual.

MARGINAL NOTES

Chapter 4

® When single-stranded or maltistranded wire
hould be umed. = Why wiring harnesses ane usod and how they are

= The sse of reststive wires in o ciroult ComALruct

= The comstruction of spari plisg wires. = The purpose of wiring diagrams.

= How wire size is determined by the American Wine = The common electrical symbeols that are used
Gauge (AWG) and metric methods.

= How to determine the carmect wire gauge to be
wsed in a circuit

= How temperatare affects resistance and wire sise
scbection.

UPON COMPLETION AND REVIEW OF THIS CHAPTER, YOU SHOULD BE ABLE
TO UNDERSTAND AND DESCRIBE
= ‘The purpose and wse of printed circuts

= The purpose of the companent locatoe

INTRODUCTION
Tindlay's vehicles huve a vase amssunt of electrical wiring that, if lid end to end, eould streteh
for half & mile or more. Today's technician must be proficient st reading wiring diagrams
no r-jn te mart through this great mazse of wine. lrmll o locate the cause of an electrical
e quite difficudt if you d have & good und ding of wiring systems and
diagrarms.
l|| this chapter. you will lesm how wiring harnesses are made {Figure 4-1) how 1o read
e wiring diagraim, hore b terpees the syreiols used, and bow tevsinals are used. This will
reduce the amount | clrcult. i is
alew imgortant o undersians how o dtermmine the comest trpe snd stz of wire to cury U
anticipated amont uru.mm 1t is possible o casse an lectrical problem by simply using

tance ina lemgth, |h|l|wr_.1n1| et - by
AUTOMOTIVE WIRING
Mm wiring is the d that carry low voltage. The

thin. m-mn‘rvfm! wires msed 4o carry high volage, wrl
Chagter & e 100 an mmn spark plug wires. Seconcary wires have extra-thick insulation.

Most of the primary wiring conductons wsed in the sutomobile sre made of several
wrands of copper wire wound together and covered with a polyvingl chlorsde (PVC) insuls-
tin (Figue 4-2). t. 1wlm low resistance and can be connected to easily by usiig crienping

Otther typ d ‘materials used
include sibver. godd, sluminum, and tin-plated brass.

These notes add “nice-to-
know” information to the
discussion. They may include
examples or exceptions, or
may give the common trade
jargon for a component.

FGURE 4-14 Bimple wiing hamess.

FITE 4-15 Pl aondsl used in maks
wiring hameses.

(Figure 4-14). A complex harnoss serves mory eireuits, The almple harness seevices only o
fow elreults, Some individual eleeult wires may beanch et of 2 eomplex harniss 1o other
areas af the vehicle.

”"”"““::\'M Mot wiring harresses now wse s Oexible condult w provide for galck wire installation
il ';m i (Figary A=15), The coniduit has o seam that can be opened 1o accammedate the installativn or

vermoval al wires fram the harness, The seam will dose eace the wires are instaled, and will
o camygIieg K,
remnaln chosed even If the condult |s bent,

Wiring Protective Devices
Qiben overlooked, but very important to the electrical system, are proper wire protection
devices [Figure #-16), These devices provent damage to the wiring by malntalning proper
wire rauting and retention. Special clipe, retalners, siraps, and supplementary insulatore
provide ndditional pratection to the conductor over what the insubation itself b capable
af praviding. Whenever the technician must remove ane of these devices to perfarm
a repain it i impartant that the device be reinatalled 1o prevent additionsl electrical
problems,

Whenever It s pecessary to install additional electrical sceennries, try tn support the
prienary wire in ot least |-foot ey, I the wire mast be rauted through the fame ar hody,
wne pishbees gramimets to proteet the wire,
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A Bir o
AUTHOR’S NOTES i e
ANTHOR'S NOTE: The folkowhng discussian or hybeid batturies rolers @ o battory | ek Bl bk
- - stavind puianar
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This feature includes simple by e ] Sy o e o et s o 9
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examples Of Complex toplcs calesim e less i han convensiona biieren. N :=m::m
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These are included to
help students understand
difficult concepts.

TERMS TO
KNOW LIST

n {Figeane 5:15). By locatieg the

A list of new terms
appears next to
the Summary.

A BIT OF HISTORY

This feature gives the student
a sense of the evolution of
the automobile. This feature
not only contains nice-to-
know information, but also
should spark some interest
in the subject matter.

SUMMARIES

SUMMARY

= Methads that are beirg used and developed far the eleeirical echitectire of the 42-velt

wystem include o sngle 42-vali sysbemn ar @ chual-vahiage spstem.

' Th il volcagesystemm map s dual genaratir wystem whers one gensratoe operates at

2 voles, while the other cperates at 14 valis.

s et voltages.

L4 output ears be
sequire 32 volts,

Fpdsoide (KOM)

Durieg charging, the eppo

alectruly

A dusl statesr, dual veleage wystem produces dusd voltage from & segle alternaor that hay

w A DG converter bs configure to provide a u\..unpm T thee #2-vek input, The
that da not

ol ennseructian of the MiCad batery 1s the cathade [positive} elecerode s mada
of fiber mesh covered with nickel hydraxide, while the anode [negative) electrode
i fikser sk thal s coverod with cadmiums. The electrolyte Iy agqueous potmssium
Dhurirgg discharge, sann travel o the ancds, through the KO, gnd an b the eathodi
0 cecn.

- I'hr cat hudl electmde af the MMH bullu'y i fiher mesh that contalis nickel hydmside

{ s e af by hing mstal allays. The cathede and anode
wlectrodus are wpuugd by a whoet o finy Eoers mabrated with ar agqueous ard alkaling

- KO
« e o, :nrmldluhnr;ulrdh Ppragen i o the aneie t the cathesd ebee-

trode, o suppurts

éoes not change

& mexdule, wil
warhes b creto the bt voltage,

. Al vl NIME bty s o ||rurMDm|Iuhu nmduuu 1.2 valis vach. The calls
M ciles J

= A service discunsect In the HY battery s wd e dlu\b!u Ilu H\ e If repaira of var-

‘el o pirt of

mately 180 ol euch.

hv HY batsery.

that are ussed bo separate the HY baitery pn.llmu Iw<| gpnnn tumrm with approgl- '
1 negacive sides of

. 'Ilu- cantactati are neerally opsen and nqunu 12-valt suppdy o keap them chased.

. b v a L
wery III|I||||JNIN\ Inetweent the eetrodis

shen be quickly recharged.
w Hybrids that
the 42-volk system will ||neu|lm-u1|m.|lu1 o ot the my]n:
“Ther thres must camman types of batery terminals ore:

=

palarlty,

by posltive and s gative symbals,
3 L terminil Lsed an ety baitefes and socne lparts

® Ulkra-cupacitues ae csed In wany preseen dey hybeid vehickes sl in sume experimencel
Tl el electet vehicles because of their ability w gquickly dsehange high voltages and

1 the topiseast Feture, and
1, Pant or top teriminali Used an mest autaisotive batterses, The posltive pest
will bidasger than the segative pat ta prevent connecting the batery 1 feverse

2 Sude twrminaly Positioeed in the sice o the containes ness the tap, Thse terminils
are trescked and recuine 8 specal bolt w consect the cables, Polarity idenificmion s

and &

Each chapter concludes with
a summary of key points
from the chapter. These are
designed to help the reader
review the chapter contents.

REVIEW QUESTIONS

Short answer essay, fill-in-the-blank, and
multiple-choice questions are found at the
end of each chapter. These questions are
designed to accurately assess the student’s
competence in the stated objectives

at the beginning of the chapter.

\ REVIEW QUEST
Short- Answer Essays

Marting systems.
5

1. What s the purpase of the starting system?
2 List and describe the purpose of the major

components of the starting system. a o
3 Explai the principle of operation of the DC motor
4. Describe the types of magnetic swiiches wsed in

® "The mast commen meshids of " feserve
capacicy, and smpere-hour
SUMMARY
TERMS TO ® In order o start the synchy b asrred-type winds
Know a5 3m induction motos.
tcoatinecd) ® An induction metor ot the florm of 2 seuirrel cage
(continues] try winding theve sepsis colls on the rotor 120 apurt.
= The 15G can also comvert k 0 stestable When

traveling downhill and there bs zerc boad on the engine. the wherls can transfer encrgy
ummuummmnmdmmm«‘ ||uL¢r.nnmummrnmu-
Battery for
- n.el-dl-hmnnnllmnmlwmmuummwwmudu
mounted in the same way.
= The 155 is a three-phase AC metor. At kow vehicle speeds, the 1SG provides pawer and
soeque to the vehicle. Bt abus upports the engine, when the driver demands mors powss.
# Both the KAS and the [5G use the ssme principle o start the engine. Currest fows
through the states windings it geserates i fickds im the rotor. This will cause the
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SHOP MANUAL

To stress the importance of safe work habits, the Shop Manual dedicates one full chapter to safety. Other important

features of this manual include:

PERFORMANCE-
BASED OBJECTIVES

These objectives define the contents of
the chapter and define what the student
should have learned upon completion of the
chapter. These objectives also correspond
with the list of required tasks for ASE
certification. Each ASE task is addressed.
Although this textbook is not designed to
simply prepare someone for the certification
exams, it is organized around the ASE task
list. These tasks are defined generically when
the procedure is commonly followed and
specifically when the procedure is unique

.

Chapter 2

BASIC TOOLS LIST

BASIC TOOLS
s mchankc’s fool bt

UPON COMPLETION AND REVIEW OF THIS CHAPTER, YOU SHOULD BE ARLE TO:

Espibiin the progees tse of jumper wires w Explain the proper use of a digeal womge
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INTRODUCTION
This haptar covars some af the trpieal shop procedures tat the el
This Incliud . i

Each chapter begins with

a list of the basic tools
needed to perform the tasks
included in the chapter.

SPECIAL
TOOLS LIST

for specific vehicle models. Imported- and
domestic-model automobiles and light
trucks are included in the procedures.
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per cperatin, Por examphe
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PHOTO SEQUENCE 4

Many procedures are VOLTAGE DROP TEST T0 LOCATE HiGH CIRCUIT RESISTANCE i aansh
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Photo Sequences. These
detailed photographs
show the students

what to expect when
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they perform particular
procedures. They

also can provide the
student a familiarity
with a system or type of
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Whenever a special tool is
required to complete a task,
it is listed in the margin
next to the procedure.

MARGINAL
NOTES

These notes add “nice-
to-know” information
to the discussion. They
may include examples
or exceptions, or may
give the common trade
jargon for a component.
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given to advise the student of things that
can go wrong if instructions are not followed
or if a nonacceptable part or tool is used.
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JOB SHEET -

Mame Date
USING OHM'S LAW T0 CALCULATE ELECTRICAL
PROPERTIES

CUSTOMER CARE s JOB SHEETS

Exevcine 1—Series Circui

Reefr to the circuit presented below.

This feature highlights those e R i T R e Located at the end of each

little things a technician 2"':;:"37““., chapter, the Job Sheets provide
can do or say t_O enhance [ "““‘“ T a format for students to perform
customer relations. ' procedures covered in the chapter.
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IF the resistance of B, ncreases (o § ohans, what are the new values?
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Refeer 4o the circuit provided below.

ks Ol e e bt thoe Bollowing values, wheen B, = 3 ohiscs aned R, = 6 ohies:
Total - chms
Circwit current = _ amps
Curmsn through B, = nps




CASE STUDIES

Case Studies concentrate on
the ability to properly diagnose
the systems. Beginning with
Chapter 3, each chapter ends
with a case study in which a
vehicle has a problem, and the
logic used by a technician to
solve the problem is explained.

ASE-STYLE REVIEW
QUESTIONS

Each chapter contains ASE-
style review questions that
reflect the performance-
based objectives listed at
the beginning of the chapter.
These questions can be
used to review the chapter
as well as to prepare for the
ASE certification exam.

KNow

TERMS TO
KNOW LIST
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ASE-STYLE REVIEW (QUESTIONS

L Allofthe e id high
voltage system safety is troe EXCEPT:
A. Discoemect the motor generators prior to torming
the ignition off.

B. Disconnect the negative [} terminal of the susil-
iary battery hefore removing the servioe plug.

€. Do not attempt o test or service the system for
five minutes after the high-voltage service phig is
removed.

D, Turn the power switch to the OFF position prior o
performing a resistance check.

2. Techmicim A says HEV batteries can provide over

T

Techmician 8 saps the HEV High-voltage from the MG and

MG 10 th B than 500 volts.

Who is correct?
A Aoy C. BothAandB
B. Bonly B.  Neither A nor B

3. When working on the high-voltage system, which of the
following shoald be done?
A Always place the hish-voltage service plug where
someone will not accidentally reinstall it
B. Before servicing. wse 2 voltmeter sct on 400 VDC
o determine if the high-voltage system w
ak 0 volts.

C. Test the integrity of the insulating gloves prior to
use.

D, All of the showe.

A&, Technicime A s7ys the main system relay should be
removed before disconnecting the service plug.
Tockeici e hids vl

luymmﬁuih;ﬂlsmmglﬁ
Who Is correct?

A Aonly C. BothAand B
B Bonly 0. Neither A nor B

5. Too test the intogrity of the insulating gloves:
A Fill the ghoves with water to see (f there s a leak.
B Eill the ghoves with air and submerge in waler 1
see if air bubbles arise from any leaks.

C. Shine a flashlight into the glove and see if light
escapes.

D. None of the above.

& The high-voltage service plug:

A. Disconnects the inverter/comverter from the motor

generators.

B. Disconnects the ausiliary battery from the HV

battery.

C. Disconnects the HY battery from the system.

D. Provides a connection for the battery charger.

. Techmickn A says once the service phug is disconnected,
there is no high voltage in the vehicle systems.
Techmician B s2ys prior to discoanecting the high voltage
service plug, the wehicle mast be tumed off and the nega

J of the et b
Who is correct?

A. Aonly C. BothAandB
B. Boaly D. Meither Anor B

8 Techmicims A says the high-voltage electromic conerol
unit (HV ECU) can shut down the high-voliage system
ifa fault is detocted
Techmictan f suvs I the suxiiary battery woltage goes low,
the HY ECL will direct regenerative hraking energy to the

asiliary battery.

Whe Is correct?

A Aoaly C. BothAandB
B. Bonly D. Meither Anor B

ASE CHALLENGE QUESTIONS

Terms in this list can be
found in the Glossary at
the end of the manual.

ASE CHALLENGE
QUESTIONS

1. A custarner states that the *Pass Air bag off light comes. &, Passenger-side air bg desctivation is being dewussed.

i whenever they by their beiefase o the fmont pas
senger soat.

Techwician A says the DS is toa sensitive and needs ta
be validated

Techwician B siys this is normal since the weight of the
bricfrase is matchirg the weight of 2 small child,

Who is carnect?

Tevhnicion A says il the vehicle & polequipped with

a factory installed ONOFF switch, disconnect the con-
rectie to the ait hag michue and remave the air bag
warning lma.

Techuicin B sys the vehicde owres must pravide a let-
ter at approval from the NHTSA hefore a deactivation
kit can be installed.

A Aoaly C. BothAand B Who is carrect?

B. Boaly D, Melther 4 noc B A, Avaly C. Both Aand B
2. "The custorner Is concerred shout the *ass Alr Bag OF B. Boaly DO Meither & voe B

light ot illurmisiting whee their eight-peas-okd childsits 5. Sicke-imgract air bags are being discussed

w1 the seat, The vebicle is equipped with o Bladder-sype
system,
Techwician A says this is nucmal aperatica
Tevhnician B saye a OTC will st for this condition.
Who s corvect?
A Aoonly C. Bath Aand B
B. Bualy . Meither A noc B

3. A custamer states thar while driving the wehicle, the air
bag warning lamp illumimates imbermittently,
Techwician A says this can be caused by a loose connec.
thoi o one of the systern’s sensors.
Tocdeician B says this may indicate a defect that will sct
& trauble code,

Who is carmect?
A, Aoaly C. BathAand B
B. Bualy 0. Meither & nuc B

Terhnician A says most syaterns have a control module
ve sensor Incated in the B pillar,
Technicien B says the side air bags ondy deploy when
the Eront air bags deplay.

Who s corvect?
A, Aoty C. Bath Aand B
B. Bualy D, Neither A noc B

Each technical chapter ends
with five ASE challenge
questions. These are not more
review questions; rather, they
test the students’ ability to
apply general knowledge to
the contents of the chapter.



SUPPLEMENTS

INSTRUCTOR RESOURCES

The Instructor Resources DVD is a robust ancillary that contains all preparation tools to meet
any instructor’s classroom needs. It includes chapter outlines in PowerPoint with images,
video clips, and animations that coincide with each chapter’s content coverage, chapter tests
in ExamView with hundreds of test questions, a searchable Image Library with all photos

and illustrations from the text, theory-based Worksheets in Word that provide homework or
in-class assignments, the Job Sheets from the Shop Manual in Word, a NATEF correlation
chart, and an Instructor’s Guide in electronic format.

WEBTUTOR ADVANTAGE

Newly available for this title and to the Today’s Technician™ Series is the WebTutor
Advantage, for Blackboard and Angel online course management systems. The WebTutor
for Today’s Technician: Automotive Electricity & Electronics, Se includes PowerPoint presen-
tations with images and animations, end-of-chapter review questions, pre-tests and post-
tests, worksheets, discussion springboard topics, Job Sheets, and more. The WebTutor is
designed to enhance the classroom and shop experience, engage students, and help them
prepare for ASE certification exams.
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Chapter 1

INTRODUCTION

TO AUTOMOTIVE
ELECTRICAL AND
ELECTRONIC
SYSTEMS

UPON COMPLETION AND REVIEW OF THIS CHAPTER, YOU SHOULD BE ABLE
TO UNDERSTAND AND DESCRIBE:

The importance of learning automotive electrical The role of the computer in today’s vehicles.

systems. ; ot
Y The purpose of vehicle communication networks.

The role of electrical systems in today’s vehicles. The purpose of various electronic accessory

The interaction of the electrical systems. systems.

The purpose of the starting system. The purpose of passive restraint systems.

The purpose of the charging system. The purpose of alternate propulsion systems.
INTRODUCTION

You are probably reading this book for one of two reasons. Either you are preparing your-
self to enter into the field of automotive service or you are expanding your skills to include
automotive electrical systems. In either case, congratulations on selecting one of the most
fast-paced segments of the automotive industry. Working with the electrical systems can be
challenging, yet very rewarding; however, it can also be very frustrating at times.

For many people, learning electrical systems can be a struggle. It is my hope that I am able
to present the material to you in such a manner that you will not only understand electrical
systems but will excel at it. There are many ways the theory of electricity can be explained, and
many metaphors can be used. Some compare electricity to a water flow, while others explain
it in a purely scientific fashion. Everyone learns differently. I am presenting electrical theory in
a manner that I hope will be clear and concise. If you do not fully comprehend a concept, then
it is important to discuss it with your instructor. Your instructor may be able to use a slightly
different method of instruction to help you to completely understand the concept. Electricity
is somewhat abstract; so if you do have questions, be sure to ask your instructor.

WHY BECOME AN ELECTRICAL SYSTEM TECHNICIAN?

In the past it was possible for technicians to work their entire careers and be able to almost
completely avoid the vehicle’s electrical systems. They would specialize in engines, steering/
suspension, or brakes. Today there is not a system on the vehicle that is immune to the role



A BIT OF
HISTORY
Karl Benz of
Mannheim, Germany,
patented the world’s
first automobile on
January 29, 1886.
The vehicle was

a three-wheeled
automobile called the
Benz Motorwagen.
That same year
Gottieb Daimler built a
four-wheeled vehicle.
It was powered by

a 1.5-horsepower
engine that produced
50% more power
than that of the Benz
Motorwagon. The
first automobile to be
produced for sale in
the United States was
the 1896 Duryea.

of electrical circuits. Engine controls, electronic suspension systems, and antilock brakes are
common on today’s vehicles. Even electrical systems that were once thought of as being simple
have evolved to computer controls. Headlights are now pulse-width modulated using high-
side drivers and will automatically brighten and dim based on the light intensity of oncoming
traffic. Today’s vehicles are equipped with twenty or more computers, laser-guided cruise
control, sonar park assist, infrared climate control, fiber optics, and radio frequency tran-
sponders and decoders. Simple systems have become more computer reliant. For example,
the horn circuit on the 2008 Chrysler 300C involves three separate control modules to func-
tion. Even the tires have computers involved, with the addition of tire pressure monitoring
systems!

Today’s technician must possess a full and complete electrical background to be able to
succeed. The future will provide great opportunities for those technicians who have prepared
themselves properly.

THE ROLE OF ELECTRICITY IN THE AUTOMOBILE

In the past, electrical systems were basically stand-alone. For example, the ignition system
was only responsible for supplying the voltage needed to fire the spark plugs. Ignition timing
was controlled by vacuum and mechanical advance systems. Today there are very few electri-
cal systems that are still independent.

Today, most manufactures network their electrical systems together through computers.
This means that information gathered by one system can be used by another. The result may
be that a faulty component may cause several symptoms. Consider the following example.
The wiper system can interact with the headlight system to turn on the headlights whenever
the wipers are turned on. The wipers can interact with the vehicle speed sensor to provide for
speed-sensitive wiper operation. The speed sensor may provide information to the antilock
brake module. The antilock brake module can then share this information with the trans-
mission control module, and the instrument cluster can receive vehicle speed information
to operate the speedometer. If the vehicle speed sensor should fail, this could result in no
antilock brake operation and a warning light turned on in the dash. But it could also result in
the speedometer not functioning, the transmission not shifting, and the wipers not operating

properly.

INTRODUCTION TO THE ELECTRICAL SYSTEMS

The purpose of this section is to acquaint you with the electrical systems that will be covered
in this book. We will define the purpose of these systems.

AUTHOR’S NOTE: The discussion of the systems in this section of the chapter
provides you with an understanding of their main purpose. Some systems have
secondary functions. All of these will be discussed in detail in later chapters.

The Starting System

The starting system is a combination of mechanical and electrical parts that work together
to start the engine. The starting system is designed to change the electrical energy, which
is being supplied by the battery, into mechanical energy. For this conversion to be accom-
plished, a starter or cranking motor is used. The basic starting system includes the following
components (Figure 1-1):

1. Battery.
2. Cable and wires.
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FIGURE 1-1 Major components of the starting system.

Ignition switch.

Starter solenoid or relay.

Starter motor.

Starter drive and flywheel ring gear.
Starting safety switch.

Nk w

The starter motor (Figure 1-2) requires large amounts of current (up to 400 amperes) to
generate the torque needed to turn the engine. The conductors used to carry this amount of
current (battery cables) must be large enough to handle the current with very little voltage
drop. It would be impractical to place a conductor of this size into the wiring harness to the
ignition switch. To provide control of the high current, all starting systems contain some type
of magnetic switch. There are two basic types of magnetic switches used: the solenoid and
the relay.

The ignition switch is the power distribution point for most of the vehicle’s primary
electrical systems. The ignition switch is spring loaded in the start position. This momentary
contact automatically moves the contacts to the RUN position when the driver releases the
key. All other ignition switch positions are detent positions.

Battery Contact e
terminal disc Winding Plunger
Pole shoe Emmm—
with field coll °
o Shift lever
1 ——
e — |
( ) Drive
: ) pinion
( )
( 1 \ _é’
A
| Overrunning 38
Commutator E]
Armature clutch £
Brushes S

FIGURE 1-2 Starter motor.



HISTORY

The Model T was
called the first
“people’s car.” Prior
to its introduction

by the Ford Motor
Company in 1908, the
automobile could only
be purchased by the
wealthy. It was Henry
Ford’s desire to build
a car for the masses.
Although Henry Ford
had no professional
engineering
education, he did
posses a natural
inclination toward
mechanics. To

keep production
costs down, he

used assembly-

line production to
manufacture the
Model T. Henry Ford
also introduced the
moving conveyor
belt into the
assembly process,
further accelerating
production. The Model
T was nicknamed

Tin Lizzie because

its body was made
from lightweight
sheet steel. The
production of the
Model T continued till
1927, with more than
16.5 million vehicles
being produced. The
electrical system
was very simple and
originally consisted of

The neutral safety switch is used on vehicles that are equipped with automatic trans-
missions. It opens the starter control circuit when the transmission shift selector is in any
position except PARK or NEUTRAL. Vehicles that are equipped with automatic transmis-
sions require a means of preventing the engine from starting while the transmission is in
gear. Without this feature, the vehicle would lunge forward or backward once it was started,
causing personal or property damage. The normally open neutral safety switch is connected
in series into the starting system control circuit and is usually operated by the shift lever
(Figure 1-3). When in the PARK or NEUTRAL position, the switch is closed, allowing cur-
rent to flow to the starter circuit. If the transmission is in a gear position, the switch is opened
and current cannot flow to the starter circuit.

Many vehicles that are equipped with manual transmissions use a similar type of safety
switch. The start/clutch interlock switch is usually operated by movement of the clutch pedal
(Figure 1-4).

The Charging System

The automotive storage battery is not capable of supplying the demands of the electrical sys-
tems for an extended period of time. Every vehicle must be equipped with a means of replac-
ing the energy that is being drawn from the battery. A charging system is used to restore
to the battery the electrical power that was used during engine starting. In addition, the

© Delmar/Cengage Learning

FIGURE 1-3 The neutral safety switch is usually
attached to the transmission.

Clutch start switch

Czt’;ﬁh Clutch

: mounting
switch bracket
return
bracket
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FIGURE 1-4 Most vehicles with a manual transmission
use a clutch start switch.
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FIGURE 1-5 Components of the charging system.

charging system must be able to react quickly to high load demands required of the electrical
system. It is the vehicle’s charging system that generates the current to operate all of the elec-
trical accessories while the engine is running.

The purpose of the charging system is to convert the mechanical energy of the engine
into electrical energy to recharge the battery and run the electrical accessories. When the
engine is first started, the battery supplies all the current required by the starting and ignition
systems.

As illustrated in Figure 1-5, the entire charging system consists of the following
components:

-

Battery.

AC generator or DC generator.
Drive belt.

Voltage regulator.

Charge indicator (lamp or gauge).
Ignition switch.

Cables and wiring harness.
Starter relay (some systems).
Fusible link (some systems).

RN R W

All charging systems use the principle of electromagnetic induction to generate the elec-
trical power. A voltage regulator controls the output voltage of the AC generator, based on
charging system demands, by controlling field current. The battery, and the rest of the electri-
cal system, must be protected from excessive voltages. To prevent early battery and electrical
system failure, regulation of the charging system is very important. Also, the charging system
must supply enough current to run the vehicle’s electrical accessories when the engine is
running.

The Lighting System
The lighting system consists of all of the lights used on the vehicle (Figure 1-6). This includes
headlights, front and rear park lights, front and rear turn signals, side marker lights, daytime
running lights, cornering lights, brake lights, back-up lights, instrument cluster backlighting,
and interior lighting.

The lighting system of today’s vehicles can consist of more than 50 light bulbs and hun-
dreds of feet of wiring. Incorporated within these circuits are circuit protectors, relays,

A BIT OF
HISTORY
(continued)

a flywheel magneto
that produced low-
voltage alternating
current. This AC
voltage was used to
power a trembler coil
that created a high-
voltage current for use
by the ignition system.
The ignition pulse
was passed to the
timer (distributor) and
directed to the proper
cylinder. Ignition
timing was adjusted
manually via the
spark advance lever
that was mounted on
the steering column.
Moving the lever
rotated the timer to
advance or retard the
ignition timing. Since
the magneto may not
produce sufficient
current when starting
the engine with the
hand crank, a battery
could be used to
provide the required
starting current. When
electric headlights
were introduced in
1915, the magneto
was used to supply
power for the lights
and the horn.
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FIGURE 1-6 Automotive lighting system.

switches, lamps, and connectors. In addition, more sophisticated lighting systems use
computers and sensors. Since the lighting circuits are largely regulated by federal laws, the
systems are similar among the various manufacturers. However, there are variations that
exist in these circuits.

With the addition of solid-state circuitry in the automobile, manufacturers have been
able to incorporate several different lighting circuits or modify the existing ones. Some of
the refinements that were made to the lighting system include automatic headlight washers,
automatic headlight dimming, automatic on/off with timed-delay headlights, and illuminated
entry systems. Some of these systems use sophisticated body computer—controlled circuitry
and fiber optics.

Some manufacturers have included such basic circuits as turn signals into their body
computer to provide for pulse-width dimming in place of a flasher unit. The body computer
can also be used to control instrument panel lighting based on inputs that include if the
side marker lights are on or off. By using the body computer to control many of the lighting
circuits, the amount of wiring has been reduced. In addition, the use of computer control of
these systems has provided a means of self-diagnosis in some applications.

Today, high-density discharge (HID) headlamps are becoming an increasingly popular
option on many vehicles. These headlights provide improved lighting over conventional
headlamps.

Vehicle Instrumentation Systems

Vehicle instrumentation systems (Figure 1-7) monitor the various vehicle operating
systems and provide information to the driver about their correct operation. Warning
devices also provide information to the driver; however, they are usually associated
with an audible signal. Some vehicles use a voice module to alert the driver to certain
conditions.

Electrical Accessories

Electrical accessories provide for additional safety and comfort. There are many electrical
accessories that can be installed into today’s vehicles. These include safety accessories such
as the horn, windshield wipers, and windshield washers. Comfort accessories include the
blower motor, electric defoggers, power mirrors, power windows, power seats, and power
door locks.
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FIGURE 1-7 The instrument panel displays various operating conditions.

© Delmar/Cengage Learning

FIGURE 1-8 Automotive horn.

Horns. Ahorn is a device that produces an audible warning signal (Figure 1-8). Automotive
electrical horns operate on an electromagnetic principle that vibrates a diaphragm to pro-
duce a warning signal. This vibration of the diaphragm is repeated several times per second.
As the diaphragm vibrates it causes a column of air that is in the horn to vibrate. The vibra-
tion of the column of air produces the sound.

Windshield Wipers. Windshield wipers are mechanical arms that sweep back and forth
across the windshield to remove water, snow, or dirt (Figure 1-9). The operation of the wiper
arms is through the use of a wiper motor. Most windshield wiper motors use permanent
magnet fields, or electromagnetic field motors.

Electric Defoggers. Electric defoggers heat the rear window to remove ice and/or con-
densation. Some vehicles use the same circuit to heat the outside driver-side mirror. When
electrons are forced to flow through a resistance, heat is generated. Rear window defoggers
use this principle of controlled resistance to heat the glass. The resistance is through a grid
that is baked on the inside of the glass (Figure 1-10). The system may incorporate a timer
circuit that controls the relay.

Power Mirrors. Power mirrors are outside mirrors that are electrically positioned from
the inside of the driver compartment. The electrically controlled mirror allows the driver to
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FIGURE 1-9 Windshield wipers.
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FIGURE 1-10 Rear window defogger grid.

position the outside mirrors by use of a switch. The mirror assembly will use built-in, dual-
drive, reversible permanent magnet (PM) motors.

Power Windows. Power windows are windows that are raised and lowered by use of
electrical motors. Many vehicle manufacturers have replaced the conventional window crank
with electric motors that operate the side windows. The motor used in the power window
system is a reversible PM or two-field winding motor. The power window system usually
consists of the following components:

1. Master control switch.
2. Individual control switches.
3. Individual window drive motors.

Power Door Locks. Electric power door locks use either a solenoid or a permanent mag-
net reversible motor to lock and unlock the door. Many vehicles are equipped with automatic
door locks that are activated when the gear shift lever is placed in the DRIVE position. The
doors unlock when the selector is returned to the PARK position.
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FIGURE 1-11 A control module is used to process data and operate different
automotive systems.

Computers

A computer is an electronic device that stores and processes data and is capable of operating
other devices (Figure 1-11). The use of computers on automobiles has expanded to include
control and operation of several functions, including climate control, lighting circuits, cruise
control, antilock braking, electronic suspension systems, and electronic shift transmissions.
Some of these are functions of what is known as a body control module (BCM). Some body
computer—controlled systems include direction lights, rear window defogger, illuminated
entry, intermittent wipers, and other systems that were once thought of as basic.

A computer processes the physical conditions that represent information (data). The
operation of the computer is divided into four basic functions:

1. Input.

2. Processing.
3. Storage.
4. Output.

Vehicle Communication Networks

Most manufacturers now use a system of vehicle communications called multiplexing
(MUX) to allow control modules to share information (Figure 1-12). Multiplexing provides
the ability to use a single circuit to distribute and share data between several control modules
throughout the vehicle. Because the data is transmitted through a single circuit, bulky wiring
harnesses are eliminated.

Vehicle manufacturers will use multiplexing systems to enable different control modules
to share information. A MUX wiring system uses bus data links that connect each module.
The term bus refers to the transporting of data from one module to another. Each module can
transmit and receive digital codes over the bus data links. The signal sent from a sensor can
go to any one of the modules and can be shared by the other modules.

Electronic Accessory Systems

With the growing use of computers, most systems can be controlled electronically. This
provides for improved monitoring of the systems for proper operation and the ability to
detect if a fault occurs. The systems that are covered in this book include the following:
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FIGURE 1-12 Automotive computers are networked together through multiplexing.

Electronic Cruise Control Systems. Cruise control is a system that allows the vehicle
to maintain a preset speed with the driver’s foot off of the accelerator. Most cruise control
systems are a combination of electrical and mechanical components.

Memory Seats. The memory seat feature allows the driver to program different seat
positions that can be recalled at the push of a button. The memory seat feature is an addi-
tion to the basic power seat system. Most memory seat systems share the same basic
operating principles, the difference being in programming methods and number of posi-
tions that can be programmed. Most systems provide for two seat positions to be stored
in memory.

An easy exit feature may be an additional function of the memory seat that provides for
easier entrance and exit of the vehicle by moving the seat all the way back and down. Some
systems also move the steering wheel up and to full retract.

Electronic Sunroofs. Some manufacturers have introduced electronic control of their
electric sunroofs. These systems incorporate a pair of relay circuits and a timer function into
the control module. Motor rotation is controlled by relays that are activated according to
signals received from the slide, tilt, and limit switches.

Antitheft Systems. The antitheft system is a deterrent system designed to scare off
would-be thieves by sounding alarms and/or disabling the ignition system. Figure 1-13 illus-
trates many of the common components that are used in an antitheft system. These compo-
nents include:

1. An electronic control module.
Door switches at all doors.
Trunk key cylinder switch.
Hood switch.

Starter inhibitor relay.

Horn relay.

Alarm.

NooewN

In addition, many systems incorporate the exterior lights into the system. The lights are
flashed if the system is activated.

Some systems use ultrasonic sensors that will signal the control module if someone
attempts to enter the vehicle through the door or window. The sensors can be placed to sense
the parameter of the vehicle and sound the alarm if someone enters within the protected
parameter distance.
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FIGURE 1-13 Typical components of an antitheft system.

Automatic Door Locks. Automatic door locks (ADL) use a passive system to lock all
doors when the required conditions are met. Many automobile manufacturers are incorpo-
rating automatic door locks as an additional safety and convenience system. Most systems
lock the doors when the gear selector is placed in DRIVE, the ignition switch in RUN, and
all doors are shut. Some systems will lock the doors when the gear shift selector is passed
through the REVERSE position, while others do not lock the doors unless the vehicle is mov-
ing 15 mph or faster.

The system may use the body computer or a separate controller to control the door lock
relays. The controller (or body computer) takes the place of the door lock switches for auto-
matic operation.

Keyless Entry. The keyless entry system allows the driver to unlock the doors or the deck
lid (trunk) from outside of the vehicle without the use of a key. The main components of the
keyless entry system are the control module, a coded-button keypad located on the driver’s
door (Figure 1-14), and the door lock motors.

Some keyless entry systems can be operated remotely. Pressing a button on a hand-held
transmitter will allow operation of the system from distances of 25 to 50 feet (Figure 1-15).

Recently, most manufacturers have made available systems of remote engine starting
and keyless start. These are usually designed into the function of the remote keyless entry
system.

=
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FIGURE 1-14 Keyless entry system keypad. FIGURE 1-15 Remote keyless entry system transponder.




Passive Restraint Systems

Federal regulations have mandated the use of automatic passive restraint systems in all
vehicles sold in the United States after 1990. Passive restraints are ones that operate auto-
matically, with no action required on the part of the driver or occupant.

Air bag systems are on all of today’s vehicles. The need to supplement the existing
restraint system during frontal collisions has led to the development of the supplemental
inflatable restraint (SIR) or air bag systems (Figure 1-16).

A typical air bag system consists of sensors, a diagnostic module, a clock spring, and an
air bag module. Figure 1-17 illustrates the typical location of the common components of the
SIR system.

Alternate Propulsion Systems

Due to the increase in regulations concerning emissions and the public’s desire to become
less dependent on foreign oil, most major automotive manufacturers have developed
alternative fuel or alternate power vehicles. Since the 1990s, most major automobile
manufacturers have developed an electric vehicle (EV). The primary advantage of an
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FIGURE 1-16 Air bag deployment sequence.
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FIGURE 1-17 Typical location of components of the air bag system.



EV is a drastic reduction in noise and emission levels. General Motors introduced the
EV1 electric car to the market in 1996. The original battery pack in this car contained
twenty-six 12-volt batteries that delivered electrical energy to a three-phase 102-kilowatt
(kW) AC electric motor. The electric motor is used to drive the front wheels. The driv-
ing range is about 70 miles (113 km) of city driving or 90 miles (145 km) of highway
driving.

EV battery limitation was a major stumbling block to most consumers. One method
of improving the electric vehicle resulted in the addition of an on-board power genera-
tor that is assisted by an internal combustion engine, resulting in the hybrid electric
vehicle (HEV).

Basically, the hybrid electric vehicle relies on power from the electric motor, the engine,
or both (Figure 1-18). When the vehicle moves from a stop and has a light load, the electric
motor moves the vehicle. Power for the electric motor comes from stored energy in the bat-
tery pack. During normal driving conditions, the engine is the main power source. Engine
power is also used to rotate a generator that recharges the storage batteries. The output from
the generator may also be used to power the electric motor, which is run to provide addi-
tional power to the powertrain. A computer controls the operation of the electric motor,
depending on the power needs of the vehicle. During full throttle or heavy load operation,
additional electricity from the battery is sent to the motor to increase the output of the
powertrain.

Fuel cell-powered vehicles have a very good chance of becoming the drives of the future.
They combine the reach of conventional internal combustion engines with high efficiency,
low fuel consumption, and minimal or no pollutant emission. At the same time, they are
extremely quiet. Because they work with regenerative fuel such as hydrogen, they reduce the
dependence on crude oil and other fossil fuels.

A fuel cell-powered vehicle (Figure 1-19) is basically an electric vehicle. Like the elec-
tric vehicle, it uses an electric motor to supply torque to the drive wheels. The difference
is that the fuel cell produces and supplies electric power to the electric motor instead of
batteries. Most of the vehicle manufacturers and several independent laboratories are
involved in fuel cell research and development programs. A number of prototype fuel
cell vehicles have been produced, with many being placed in fleets in North America
and Europe.
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FIGURE 1-18 HEV power system.
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FIGURE 1-19 Fuel cell vehicle components.

SUMMARY

The starting system is a combination of mechanical and electrical parts that work
together to start the engine.

The charging system replaces the electrical power used by the battery and to provide
current to operate all of the electrical accessories while the engine is running.

The lighting system consists of all of the lights used on the vehicle.

Vehicle instrumentation systems monitor the various vehicle operating systems and
provide information to the driver.

Electrical accessories provide additional safety and comfort.

Many of the basic electrical accessory systems have electronic controls added to them to
provide additional features and enhancement.

Computers are electronic devices that gather, store, and process data.

Most vehicles use a multiplexing system to share information between computer systems.
The memory seat feature allows the driver to program different seat positions that can be
recalled at the push of a button.

Some manufacturers have introduced electronic control of their electric sunroofs. These
systems incorporate a pair of relay circuits and a timer function into the control module.
Antitheft systems are deterrent systems designed to scare off would-be thieves by
sounding alarms and/or disabling the ignition system.

Automatic door locks is a passive system used to lock all doors when the required
conditions are met. Many automobile manufacturers are incorporating the system as an
additional safety and convenience feature.

Passive restraints operate automatically, with no action required on the part of the driver
or occupant.

Electric vehicles powered by an electric motor run off a battery pack.

The hybrid electric vehicle relies on power from the electric motor, the engine, or both.
A fuel cell-powered vehicle is basically an electric vehicle, except that the fuel cell
produces and supplies electric power to the electric motor instead of batteries.



REVIEW QUESTIONS

Short-Answer Essays

1. Describe your level of comfort concerning
automotive electrical systems.

2. Explain why you feel it is important to understand
the operation of the automotive electrical system.

3. Explain how the use of computers has changed the
automotive electrical system.

4. Explain the difference between an electric vehicle
and a fuel-cell vehicle.

5. Explain the basics of HEV operation.
6. What is the purpose of the keyless entry system?

7. What safety benefits can be achieved from the
automatic door lock system?

8. What is the purpose of the starting system?
9. What is the purpose of the charging system?
10. What is the function of the air bag system?

Fill in the Blanks

1. Today, most manufactures their
electrical systems together through computers.

MULTIPLE CHOICE

10.

. Vehicle instrumentation systems the

various operating systems and provide information to
the driver about their correct operation.

LA is an electronic device that

stores and processes data.

. The starting system is designed to change the

energy into mechanical energy.

. The feature

is an additional function of the memory seat that
provides for easier entrance and exit of the vehicle.

. The is the power

distribution point for most of the vehicle’s primary
electrical systems.

. The system is a deterrent system.

. The purpose of the charging system is to convert the

energy of the engine into
energy.

restraints operate automatically
with no action required on the part of the driver.

The
uses an on-board power generator that is assisted by
an internal combustion engine.

1. Electric vehicles power the motor by:
A. A generator.

B. A battery pack.
C. Anengine.
D. None of the above.

2. The charging system:
A. Provides all electrical energy to operate the
electrical system while the engine is running.

B. Restores the energy to the battery after starting
the engine.

C. Uses the principle of magnetic induction to
generate electrical power.

D. All of the above.

. The memory seat system:

A. Operates separately of the power seat system.

B. Requires the vehicle to be moving before the seat
position can be recalled.

C. Allows for the driver to program different seat
positions that can be recalled at the push of a
button.

D. Can only be equipped on vehicles with manual
position seats.

. The following are true about the easy exit feature

EXCEPT:
A. lItis an additional function of the memory seat.

B. The driver’s door is opened automatically.
C. The seat is moved all the way back and down.
D. The system may move the steering wheel up.



5. The following are components of the starting system

EXCEPT:
A. The flywheel ring gear.
B. Neutral safety switch.
C. Harmonic balancer.
D. Battery.
6. Which of the following is the most correct
statement?
A. Automotive electrical systems are interlinked with

B.

C.

D.

each other.

All automotive electrical systems function the
same on every vehicle.

Manufactures are required by Federal legislation
to limit the number of computers used on today’s
vehicles.

All of the above.

7. Automotive horns operate on the principle of:

A.

B.
C.
D.

Induced voltage.
Depletion zone bonding.
Frequency modulation.
Electromagnetism.

8. The purpose of multiplexing is to:

A. Increase circuit loads to a sensor.

B. Prevent electromagnetic interference.

C. Allow computers to share information.

D. Prevent multiple system failures from occurring.

9. The following are true about the air bag system

EXCEPT:
A. Itisan active system.

B. Itisa supplemental system.
C. Itis mandated by the federal government.
D. Deployment is automatic.

10. Alternate propulsion systems include:

A. Electric vehicles.
B. Hybrid vehicles.
C. Fuel cell vehicles.
D. All of the above.



Chapter 2

BASIC THEORIES

UPON COMPLETION AND REVIEW OF THIS CHAPTER, YOU SHOULD BE ABLE TO:

Explain the theories and laws of electricity. Explain the difference between AC and DC

. . . rrents.
Describe the difference between insulators, currents

conductors, and semiconductors. Define and illustrate series, parallel, and series-parallel

Define voltage, current, and resistance circuits and the electrical laws that govern them.

Define and use Oh's law correctly. Explain the theory of electromagnetism.

Explain the basic concepts of capacitance. Explain the principles of induction.

INTRODUCTION

The electrical systems used in today’s vehicles can be very complicated (Figure 2-1). However,
through an understanding of the principles and laws that govern electrical circuits, techni-
cians can simplify their job of diagnosing electrical problems. In this chapter, you will learn
the laws that dictate electrical behavior, how circuits operate, the difference between types of
circuits, and how to apply Ohm’s law to each type of circuit. You will also learn the basic theo-
ries of semiconductor construction. Because magnetism and electricity are closely related, a
study of electromagnetism and induction is included in this chapter.

BASICS OF ELECTRON FLOW

Because electricity is an energy form that cannot be seen, some technicians regard the vehicle’s
electrical system as being more complicated than it is. These technicians approach the vehi-
cle’s electrical system with some reluctance. It is important for today’s technician to understand
that electrical behavior is confined to definite laws that produce predictable results and effects.
To facilitate the understanding of the laws of electricity, a short study of atoms is presented.

Atomic Structure

An atom is the smallest part of a chemical element that still has all the characteristics of
that element. An atom is constructed of a fixed arrangement of electrons in orbit around a
nucleus—much like planets orbiting the sun (Figure 2-2). Electrons are negatively charged
particles. The nucleus contains positively charged particles called protons and particles that
have no charge, which are called neutrons. The protons and neutrons that make up the
nucleus are tightly bound together. The electrons are free to move within their orbits at fixed
distances around the nucleus. The attraction between the negative electrons and the posi-
tive protons causes the electrons to orbit the nucleus. All of the electrons surrounding the
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FIGURE 2-1 The electrical system of today’s vehicle can be complicated.
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FIGURE 2-2 The basic construction of an atom.

© Delmar/Cengage Learning

nucleus are negatively charged, so they repel each other when they get too close. The elec-
trons attempt to stay as far away from each other as possible without leaving their orbits.

Atoms attempt to have the same number of electrons as there are protons in the nucleus.
This makes the atom balanced (Figure 2-3). To remain balanced, an atom will shed an elec-
tron or attract an electron from another atom. A specific number of electrons are in each of
the electron orbit paths. The orbit closest to the nucleus has room for 2 electrons; the second
orbit holds up to 8 electrons; the third holds up to 18; and the fourth and fifth hold up to 32
each. The number of orbits depends on the number of electrons the atom has. For example,
a copper atom contains 29 electrons; 2 in the first orbit, 8 in the second, 18 in the third orbit,
and 1 in the fourth (Figure 2-4). The outer orbit, or shell as it is sometimes called, is referred
to as the valence ring. This is the orbit we care about in our study of electricity.

In studying the laws of electricity, the only concern is with the electrons that are in
the valence ring. Since an atom seeks to be balanced, an atom that is missing electrons in
its valence ring will attempt to gain other electrons from neighboring atoms. Also, if the
atom has an excess amount of electrons in its valence ring, it will try to pass them on to
neighboring atoms.
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FIGURE 2-3 If the number of electrons and protons in an atom are the same, the atom is
balanced.
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FIGURE 2-4 Basic structure of a copper atom.

Conductors and Insulators

To help explain why you need to know about these electrons and their orbits, let’s continue
to look at the atomic structure of copper. Copper is a metal and is the most commonly used
conductor of electricity. A conductor is something that supports the flow of electricity
through it. As stated earlier, the copper atom has 29 electrons and 29 protons, but there
is only 1 electron in the valance ring. For the valence ring to be completely filled, it would
require 32 electrons. Since there is only 1 electron, it is loosely tied to the atom and can be
easily removed, making it a good conductor.

Copper, silver, gold, and other good conductors of electricity have only one or two elec-
trons in their valence ring. These atoms can be made to give up the electrons in their valence
ring with little effort.

Since electricity is the movement of electrons from one atom to another, atoms that have
one to three electrons in their valence ring support electricity. They allow the electron to eas-
ily move from the valence ring of one atom to the valence ring of another atom. Therefore, if
we have a wire made of millions of copper atoms, we have a good conductor of electricity. To
have electricity, we simply need to add one electron to one of the copper atoms. That atom
will shed the electron it had to another atom, which will shed its original electron to another,
and so on. As the electrons move from atom to atom, a force is released. This force is what
we use to light lamps, run motors, and so on. As long as we keep the electrons moving in the
conductor, we have electricity.

Insulators are materials that don't allow electrons to flow through them easily. Insulators
are atoms that have five to eight electrons in their valence ring. The electrons are held tightly
around the atom’s nucleus and they can’t be moved easily. Insulators are used to prevent elec-
tron flow or to contain it within a conductor. Insulating material covers the outside of most
conductors to keep the moving electrons within the conductor.

A BIT OF
HisTory

Electricity was
discovered by the
Greeks over 2,500
years ago. They
noticed that when
amber was rubbed
with other materials
it was charged with
an unknown force
that had the power
to attract objects,
such as dried leaves
and feathers. The
Greeks called amber
“elektron.” The word
electric is derived
from this word and
means “to be like
amber.”
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One volt (V) is the
amount of pressure
required to move
one ampere of
current through one
ohm of resistance.

In summary, the number of electrons in the valence ring determines whether an atom is
a good conductor or insulator. Some atoms are not good insulators or conductors; these are
called semiconductors. In short:

1. Three or fewer electrons—conductor.
2. Five or more electrons—insulator.
3. Four electrons—semiconductor.

ELECTRICITY DEFINED

Electricity is the movement of electrons from atom to atom through a conductor (Figure 2-5).
Electrons are attracted to protons. Since we have excess electrons on the other end of the
conductor, we have many electrons being attracted to the protons. This attraction sort of
pushes the electrons toward the protons. This push is normally called electrical pressure. The
amount of electrical pressure is determined by the number of electrons that are attracted to
protons. The electrical pressure or electromotive force (EMF) attempts to push an electron
out of its orbit and toward the excess protons. If an electron is freed from its orbit, the atom
acquires a positive charge because it now has one more proton than it has electrons. The
unbalanced atom or ion attempts to return to its balanced state so it will attract electrons
from the orbit of other balanced atoms. This starts a chain reaction as one atom captures
an electron and another releases an electron. As this action continues to occur, electrons
will flow through the conductor. A stream of free electrons forms and an electrical current is
started. This does not mean a single electron travels the length of the insulator; it means the
overall effect is electrons moving in one direction. All this happens at the speed of light. The
strength of the electron flow is dependent on the potential difference or voltage.

The three elements of electricity are voltage, current, and resistance. How these three
elements interrelate governs the behavior of electricity. Once the technician comprehends
the laws that govern electricity, understanding the function and operation of the various
automotive electrical systems is an easier task. This knowledge will assist the technician in
diagnosis and repair of automotive electrical systems.

Voltage

Voltage can be defined as an electrical pressure (Figure 2-6) and is the electromotive force
(EMF) that causes the movement of the electrons in a conductor. In Figure 2-5, voltage is
the force of attraction between the positive and negative charges. An electrical pressure dif-
ference is created when there is a mass of electrons at one point in the circuit, and a lack of
electrons at another point in the circuit. In the automobile, the battery or generator is used
to apply the elec trical pressure.

The amount of pressure applied to a circuit is stated in the number of volts. If a voltmeter
is connected across the terminals of an automobile battery, it may indicate 12.6 volts. This
is actually indicating that there is a difference in potential of 12.6 volts. There is 12.6 volts of
electrical pressure between the two battery terminals.

Conductor
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FIGURE 2-5 As electrons flow in one direction from one atom to another, an electrical current is developed.
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FIGURE 2-6 Voltage is the pressure that causes the electrons to move.

Light bulb )
N

— —

B
Switch

© Delmar/Cengage Learning

FIGURE 2-7 A simplified light circuit illustrating voltage potential.

In a circuit that has current flowing, voltage will exist between any two points in that cir-
cuit (Figure 2-7). The only time voltage does not exist is when the potential drops to zero. In
Figure 2-7 the voltage potential between points A and C and between points B and C is 12.6
volts. However, between points A and B the pressure difference is zero and the voltmeter will
indicate O volts.

Current

Current can be defined as the rate (intensity) of electron flow (Figure 2-8) and is measured
in amperes. Current is a measurement of the electrons passing any given point in the circuit
in one second. Because the flow of electrons is at the speed of light, it would be impossible to
physically see electron flow. However, the rate of electron flow can be measured. Current will
increase as pressure or voltage is increased—provided circuit resistance remains constant.

An electrical current will continue to flow through a conductor as long as the electromo-
tive force is acting on the conductor’s atoms and electrons. If a potential exists in the conduc-
tor, with a build up of excess electrons at the end of the conductor farthest from the EMF and
there is a lack of electrons at the EMF side, current will flow. The effect is called electron drift
and accounts for the method in which electrons flow through a conductor.
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One ampere (A)
represents the
movement of

6.25 X 10%
electrons (or one
coulomb) past one
point in a conductor
in one second.
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electrons per second = one ampere

FIGURE 2-8 The rate of electron flow is called current and is measured in amperes.

An electrical current can be formed by the following forces: friction, chemical reaction,
heat, pressure, and magnetic induction. Whenever electrons flow or drift in mass, an electri-
cal current is formed. There are six laws that regulate this electrical behavior:

1. Like charges repel each other.

2. Unlike charges attract each other.

3. A voltage difference is created in the conductor when an EMF is acting on the
conductor.

4. Electrons flow only when a voltage difference exists between the two points in a
conductor.

5. Current tends to flow to ground in an electrical circuit as a return to source.

6. Ground is defined as the baseline when measuring electrical circuits, and is the point
of lowest voltage. Also, it is the return path to the source for an electrical circuit. The
ground circuit used in most automotive systems is through the vehicle chassis and/or
engine block. In addition, ground allows voltage spikes to be directed away from the
circuit by absorbing them.

So far we have described current as the movement of electrons through a conductor. Electrons
move because of a potential difference. This describes one of the common theories about current
flow. The electron theory states that since electrons are negatively charged, current flows from
the most negative to the most positive point within an electrical circuit. In other words, current
flows from negative to positive. This theory is widely accepted by the electronic industry.

Another current flow theory is called the conventional theory. This states that current
flows from positive to negative. The basic idea behind this theory is simply that although
electrons move toward the protons, the energy or force that is released as the electrons move
begins at the point where the first electron moved to the most positive charge. As electrons
continue to move in one direction, the released energy moves in the opposite direction. This
theory is the oldest theory and serves as the basis for most electrical diagrams.

Trying to make sense of it all may seem difficult. It is also difficult for scientists and engi-
neers. In fact, another theory has been developed to explain the mysteries of current flow.
This theory is called the hole-flow theory and is actually based on both electron theory and
the conventional theory.

As a technician, you will find references to all of these theories. Fortunately, it really
doesn’t matter as long as you know what current flow is and what affects it. From this under-
standing, you will be able to figure out how the circuit basically works, how to test it, and how
to repair it. In this text, we will present current flow as moving from positive to negative and
electron flow as moving from negative to positive. Remember that current flow is the result
of the movement of electrons, regardless of the theory.



Resistance

The third component in electricity is resistance. Resistance is the opposition to current flow
and is measured in ohmes. In a circuit, resistance controls the amount of current. The size,
type, length, and temperature of the material used as a conductor will determine its resis-
tance. Devices that use electricity to operate (motors and lights) have a greater amount of
resistance than the conductor.

A complete electrical circuit consists of the following: (1) a power source, (2) a load or
resistance unit, and (3) conductors. Resistance (load) is required to change electrical energy
to light, heat, or movement. There is resistance in any working device of a circuit, such as a
lamp, motor, relay, coil, or other load component.

There are five basic characteristics that determine the amount of resistance in any-
part of a circuit:

1. The atomic structure of the material: The higher the number of electrons in the outer
valence ring, the higher the resistance of the material.

2. The length of the conductor: The longer the conductor, the higher the resistance.

3. The diameter of the conductor: The smaller the cross-sectional area of the conductor, the
higher the resistance.

4. Temperature: Normally an increase of temperature of the conductor causes an increase
in the resistance.

5. Physical condition of the conductor: If the conductor is damaged by nicks or cuts, the
resistance will increase because the conductor’s diameter is decreased by these.

There may be unwanted resistance in a circuit. This could be in the form of a corroded
connection or a broken conductor. In these instances, the resistance may cause the load com-
ponent to operate at reduced efficiency or to not operate at all.

It does not matter if the resistance is from the load component or from unwanted
resistance. There are certain principles that dictate its impact in the circuit:

1. Voltage always drops as current flows through the resistance.
2. An increase in resistance causes a decrease in current.
3. All resistances change the electrical energy into heat energy to some extent.

Voltage Drop Defined

Voltage drop occurs when current flows through a load component or resistance. Voltage
drop is the amount of electrical energy than is converted as it pushes current flow through
a resistance. Electricity is an energy. Energy cannot be created or destroyed but it can be
changed. As electrical energy flows through a resistance, it is converted to some other form
of energy, usually heat energy. The amount of voltage drop over a resistance or load device is
an indication of how much electrical energy was converted to another energy form. After a
resistance, the voltage is lower than it was before the resistance.

Voltage drop can be measured by using a voltmeter (Figure 2-9). With current flow-
ing through a circuit, the voltmeter may be connected in parallel over the resistor, wire,
or component to measure voltage drop. The voltmeter indicates the amount of voltage
potential between two points in the circuit. The voltmeter reading indicates the differ-
ence between the amount of voltage available to the resistor and the amount of voltage
after the resistor.

There must be a voltage present for current to flow through a resistor. Kirchhoft’s law
basically states that the sum of the voltage drops in an electrical circuit will always equal
source voltage. In other words, all of the source’s voltage is used by the circuit.

Shop Manual
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The ohm (Q) is the
unit of measurement
for resistance of a
conductor such that
a constant current
of 1 ampere in it
produces a voltage
of 1 volt between its
ends.

The symbol for
resistance is A.
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FIGURE 2-9 Using a voltmeter to measure voltage drop in different locations of a circuit.

ELECTRICAL LAWS

Electricity is governed by well-defined laws. The most fundamental of these are Ohm’s law
and Watt’s law. Today’s technician must understand these laws in order to completely grasp
electrical theory.

Ohm’s Law

Understanding Ohm’s law is the key to understanding how electrical circuits work. Ohm’s
law defines the relationship between current, voltage, and resistance. The law states that it
takes one volt of electrical pressure to push one ampere of electrical current through one
ohm of electrical resistance. This law can be expressed mathematically as:

1 Volt = 1 Ampere X 1 Ohm

This formula is most often expressed as: E = [ X R. E stands for electromotive force
(electrical pressure or voltage), I stands for intensity (current or ampere), and R represents
resistance. This formula is often used to find the amount of one electrical characteristic when
the other two are known. As an example: if we have 2 amps of current and 6 ohms of resis-
tance in a circuit, we must have 12 volts of electrical pressure.

E=2Amps X60Ohms E=2X6 E=12Volts

If we know the voltage and resistance but not the current of a circuit, we can quickly cal-
culate it by using Ohm’s law. Since E = I X R, I would equal E divided by R. Let’s supply some
numbers to this. If we have a 12-volt circuit with 6 ohms of resistance, we can determine the
amount of current in this way:

12 Volts

_E
I R or 6 Ohms

or [=2Amps

The same logic is used to calculate resistance when voltage and current are known.
R = E/I. One easy way to remember the formulas of Ohm’s law is to draw a circle and divide
it into three parts as shown in Figure 2-10. Simply cover the value you want to calculate. The
formula you need to use is all that shows.

To show how easily this works, consider the 12-volt circuit in Figure 2-11. This circuit
contains a 3-ohm light bulb. To determine the current in the circuit, cover the I in the circle



E=IxR

_Im
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FIGURE 2-10 The mathematical formula for Ohm’s law using a circle to help understand the different formulas
that can be derived from it. To expose the formula to use, cover the unknown value.

to expose the formula I = E/R. Then plug in the numbers, I = 12/3. Therefore, the circuit
current is 4 amperes.

To further explore how Ohm’s law works, refer to Figure 2-12 of a simple circuit. If the
battery voltage is 12 volts and the amperage is 24 amperes, the resistance of the lamp can
be determined using R = E/L In this instance, the resistance is .5 (). For another example,
if the resistance of the bulb is 2 () and the amperage is 12, then voltage can be found using
E =1 X R. In this instance, voltage would equal 24 volts. Now, if the circuit had 12 volts and
the resistance of the bulb was 2 Q, then amperage could be determined by I = E/R. In this
case, amperage would be 6 amperes.
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FIGURE 2-11 Simplified light circuit with FIGURE 2-12 Simple lamp circuit to help
3 ohms of resistance in the lamp. use Ohm’s law.
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FIGURE 2-13 The light circuit in Figure 2-11 shown with normal circuit values and with added resistance in series.

Ohm'’s law is the basic law of electricity. It states that the amount of current in an elec-
tric circuit is inversely proportional to the resistance of the circuit and it is directly propor-
tional to the voltage in the circuit. For example, if the resistance decreases and the voltage
remains constant, the amperage will increase. If the resistance stays the same and the voltage
increases, the amperage will also increase.

For example, refer to Figure 2-13; on the left side is a 12-volt circuit with a 3-ohm light
bulb. This circuit will have 4 amps of current flowing through it. If a 1-ohm resistor is added to
the same circuit (as shown to the right in Figure 2-13), total resistance is now 4 ohms. Because
of the increased resistance, current dropped to 3 amps. The light bulb will be powered by less
current and will be less bright than it was before the additional resistance was added.

Another point to consider is voltage drop. Before adding the 1-ohm resistor, the source
voltage (12 volts) was dropped by the light bulb. With the additional resistance, the voltage drop
of the light bulb decreased to 9 volts. The remaining 3 volts were dropped by the 1-ohm resistor.
This can be proven by using Ohm'’s law. When the circuit current was 4 amps, the light bulb had
3 ohms of resistance. To find the voltage drop, we multiply the current by the resistance.

E=IXR or E=4X3 or E=12

When the extra resistor was added to the circuit, the light bulb still had 3 ohms of resis-
tance, but the current in the circuit decreased to 3 amps. Again voltage drop can be deter-
mined by multiplying the current by the resistance.

E=IXR or E=3X3 or E=9

The voltage drop of the additional resistor is calculated in the same way: E = 1 X R or
E X 3 volts. The total voltage drop of the circuit is the same for both circuits. However, the
voltage drop at the light bulb changed. This also would cause the light bulb to be dimmer.
Ohm’s law and its application will be discussed in greater detail later.

Watt’s Law

Power (P) is the rate of doing electrical work. Power is expressed in watts. A watt is equal
to 1 volt multiplied by 1 ampere. There is another mathematical formula that expresses
the relationship between voltage, current, and power. It is simply: P = E X I (Figure 2-14).
Power measurements are measurements of the rate at which electricity is doing work.



FIGURE 2-14 The mathematical
formula for Watt’s law.
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The best examples of power are light bulbs. Household light bulbs are sold by wattage.
A 100-watt bulb is brighter and uses more electricity than a 60-watt bulb.

Referring back to Figure 2-13, the light bulb in the circuit on the left had a 12-volt drop at
4 amps of current. We can calculate the power the bulb uses by multiplying the voltage and
the current.

P=EXI or P=12X4 or P =48

The power output of the bulb is 48 watts. When the resistor was added to the circuit, the
bulb dropped 9 volts at 3 amps of current. The power of the bulb is calculated in the same
way as before.

P=EXI or P=9X3 or P=27

This bulb produced 27 watts of power, a little more than half of the original. It would be
almost half as bright. The key to understanding what happened is to remember the light bulb
didn’t change; the circuit changed.

Another example of using Watt’s law is to determine the amperage if an additional
accessory is added to the vehicle’s electrical system. If the accessory is rated at 75 watts, the
amperage draw would be:

[ =P/E =75/12 = 6.25 amps
This tells the technician that this circuit will probably require a 10-amp rated fuse.

TYPES OF CURRENT

There are two classifications of electrical current flow: direct current (DC) and alternating
current (AC). The type of current flow is determined by the direction it flows and by the type
of voltage that drives it.

Direct Current

Direct current (DC) can only be produced by a chemical reaction (such as in a battery)
and has a current that is the same throughout the circuit and flows in the same direction
(Figure 2-15). Voltage and current are constant if the switch is turned on or off. Most of the
electrically controlled units in the automobile require direct current.
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FIGURE 2-15 Direct current flow is in the same direction
and remains constant on or off.




The unrectified
current produced
within a generator is
the most common
example of alternating
current found in the
automobile. Generator
circuits convert AC
current to DC current.

The portion of the
circuit from the
positive side of the
source to the load
component is called
the insulated side
or “hot” side of the
circuit. The portion
of the circuit that

is from the load
component to the
negative side of the
source is called the
ground side of the
circuit.

The electrical term
closed circuit
means that there
are no breaks in the
path and current will
flow. Open circuit
is used to mean
that current flow is
stopped. By opening
the circuit, the path
for electron flow is
broken.
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FIGURE 2-16 Alternating current does not remain constant.

Alternating Current

Alternating current (AC) is produced anytime a conductor moves through a magnetic field.
In an alternating current circuit, voltage and current do not remain constant. Alternating
current changes directions from positive to negative. The voltage in an AC circuit starts at
zero and rises to a positive value. Then it falls back to zero and goes to a negative value. Finally
it returns to zero (Figure 2-16). The AC voltage, shown in Figure 2-16, is called a sine wave.
Figure 2-16 shows one cycle.

ELECTRICAL CIRCUITS

The electrical term continuity refers to the circuit being continuous. For current to flow, the
electrons must have a continuous path from the source voltage to the load component and
back to the source. A simple automotive circuit is made up of three parts:

1. Battery (power source).
2. Wires (conductors).
3. Load (light, motor, etc.).

The basic circuit shown (Figure 2-17) includes a switch to turn the circuit on and off, a pro-
tection device (fuse), and a load. When the switch is turned to the ON position, the circuit is
referred to as a closed circuit. When the switch is in the OFF position, the circuit is referred
to as an open circuit. In this instance, with the switch closed, current flows from the positive
terminal of the battery through the light and returns to the negative terminal of the battery.
To have a complete circuit, the switch must be closed or turned on. The effect of opening and
closing the switch to control electrical flow would be the same if the switch was installed on
the ground side of the light.

There are three different types of electrical circuits: (1) the series circuit, (2) the parallel
circuit, and (3) the series-parallel circuit.
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FIGURE 2-17 A basic electrical circuit including
(A) a switch, (B) a fuse, and (C) a lamp.



Series Circuit

A series circuit consists of one or more resistors (or loads) with only one path for current
to flow. If any of the components in the circuit fails, the entire circuit will not function. All of
the current that comes from the positive side of the battery must pass through each resistor,
then back to the negative side of the battery.

The total resistance of a series circuit is calculated by simply adding the resistances
together. As an example, refer to Figure 2-18. Here is a series circuit with three light bulbs;
one bulb has 2 ohms of resistance and the other two have 1 ohm each. The total resistance of
this circuitis 2 + 1 + 1 or 4 ohms.

The characteristics of a series circuit are:

1. The total resistance is the sum of all resistances.

2. The current is the same at all points of the circuit (Figure 2-19).

3. The voltage drop across each resistance will be different if the resistance values are
different (Figure 2-20).

4. The sum of all voltage drops equals the source voltage.
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FIGURE 2-18 The total resistance in a series FIGURE 2-19 Regardless of where it is measured,
circuit is the sum of all resistances in the circuit. amperage is the same at all points in a series circuit.
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FIGURE 2-20 The voltage drop across each resistor in series will be different if the
resistance values of each are different.
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FIGURE 2-21 Circuit resistance controls,
or determines, the amount of current flow.
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To illustrate the laws of the series circuit, refer to Figure 2-21. The illustration labeled (A)
is a simple 12-volt series circuit with a 2 Q) resistor. Using Ohm’s law, it can be determined
that the current is 6 amperes (A = V/R). Since the 2 Q) resistor is the only one in the circuit,
all 12 volts are dropped across this resistor (V = A X R).

In Figure 2-21(B), an additional 4 Q resistor is added in series to the existing 2 Q resistor.
Battery voltage is still 12 volts. Since this is a series circuit, total resistance is the sum of all of
the resistance. In this case, total resistance is 6 QO (4 Q + 2 Q). Using Ohm’s law, total current
through this circuit is 2 amperes (A = V/R = 12/6 = 2). In a series circuit, current is the same
at all points of the circuit. No matter where current was measured in this example, the meter
would read 2 amperes. This means that 2 amperes of current is flowing through each of the
resistors. By comparing the amperage flow of the two circuits in Figure 2-21, you can see that
circuit resistance controls (or determines) the amount of current flow. Understanding this
concept is critical to performing diagnostics. Since this is a series circuit, adding resistance
will decrease amperage draw.

Using Ohm'’s law, voltage drop over each resistor in the circuit can be determined. In this
instance, V is the unknown value. Using V = A X R will determine the voltage drop over a resis-
tance. Remember that amperage is the same throughout the circuit (2 amperes). The resistance
value is the resistance of the resistor we are determining voltage drop for. For the 2 Q) resistor,
the voltage drop would be A X R = 2 X 2 = 4 volts. Since the battery provides 12 volts and 4
volts are dropped over the 2 Q) resistor, 8 volts are left to be dropped by the 4 Q2 resistor. To con-
firm this, V.= A X R = 2 X 4 = 8. The sum of the voltage drops must equal the source voltage.
Source voltage is 12 volts and the sum of the voltage drops is 4 volts + 8 volts = 12 volts.

These calculations work for all series circuits, regardless of the number of resistances
in the circuit. Refer to Figure 2-22 for an example of a series circuit with four resistors.

NOUNELY

= 12V 4 ®

P —— \/
®1 N .
2 A\JBPIVAN-
1A 1 5 \o; 3
X 9
vav ¢
3®45v é

FIGURE 2-22 A series circuit used to demonstrate
Ohm’s law and voltage drop.



Total resistance is 12 Q (1 Q + 4 Q + 2 Q + 5 Q). Total amperage is 1 amp (A = V/R = 12
volts/12 QO = 1 amp). Voltage drop over each resistor would be calculated as follows:

1. Voltage drop over the 1 Q resistor = A X R =1 X 1 = 1volt
2. Voltage drop over the 4 Q) resistor = A X R =1 X 4 = 4 volts
3. Voltage drop over the 2 Q) resistor = A X R =1 X 2 = 2 volts
4. Voltage drop over the 5 Q resistor = A X R =1 X 5 = 5 volts
Total voltage drop = 12 volts

Parallel Circuit

In a parallel circuit, each path of current flow has separate resistances that operate either
independently or in conjunction with each other (depending on circuit design). In a parallel
circuit, current can flow through more than one parallel leg at a time (Figure 2-23). In this
type of circuit, failure of a component in one parallel leg does not affect the components in
other legs of the circuit.

The characteristics of a parallel circuit are:

1. The voltage applied to each parallel leg is the same.

2. The voltage dropped across each parallel leg will be the same; however, if the leg contains
more than one resistor, the voltage drop across each of them will depend on the resistance
of each resistor in that leg.

The total resistance of a parallel circuit will always be less than the resistance of any of its legs.
The current flow through the legs will be different if the resistance is different.

5. The sum of the current in each leg equals the total current of the parallel circuit.

Ll

Figuring total resistance is a bit more complicated for a parallel circuit than a series
circuit. Total resistance in a parallel circuit is always less than the lowest individual resis-
tance because current has more than one path to follow. The method used to calculate total
resistance depends on how many parallel branches are in the circuit, the resistance value of
each branch, and personal preferences. Several methods of calculating total resistance are
discussed. Choose the ones that work best for you.

If all resistances in the parallel circuit are equal, use the following formula to determine
total resistance:

_ __ Value of one resistor
T Total number of branches

For example, if the parallel circuit, shown in Figure 2-23, had a 120 Q resistor for R, and
R, total circuit resistance would be:

R, =120 Q/2 branches = 60 Q
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FIGURE 2-23 In a parallel circuit, there are multiple
paths for current flow.

The legs of a
parallel circuit are
also called parallel
branches or shunt
circuits.



Note that total resistance is less than any of the resistances of the branches. If a
third branch was added in parallel that also had 120 Q resistance, total circuit resistance
would be:

R, =120Q/3 branches = 40 Q)

Note what has happened when the third parallel branch was added. If more parallel resis-
tors are added, more circuits are added, and the total resistance will decrease. With a decrease
of total resistance, total amperage draw increases. The total resistance of a parallel circuit
with two legs or two paths for current flow can be calculated by using this formula:

— Rl X RZ
&_&+&

If the value of R, in Figure 2-23 was 3 ohms and R, had a value of 6 ohms, the total
resistance can be found.

_ R XR _3X6 _ 18 _
R=g7r, o RK=33¢ o R=35 R=2

Based on this calculation, we can determine that the total circuit current is 6 amps
(12 volts divided by 2 ohms). Using basic Ohm’s law and a basic understanding of electricity,
we can quickly determine other things about this circuit.

Each leg of the circuit has 12 volts applied to it; therefore, each leg must drop 12 volts. So
the voltage drop across R is 12 volts, and the voltage drop across R, is also 12 volts. Using the
voltage drops, we can quickly find the current that flows through each leg. Since R, has 3 ohms
and drops 12 volts, the current through it must be 4 amps. R  has 6 ohms and drops 12 volts and
its current is 2 amps (I = E/R). The total current flow through the circuit is 4 + 2 or 6 amps. To
calculate current in a parallel circuit, each shunt branch is treated as an individual circuit. To
determine the branch current, simply divide the source voltage by the shunt branch resistance:

I=E+R

Referring to Figure 2-24, the total resistance of a circuit with more than two legs can be
calculated with the following formula:

_ 1
RT_L+L+L 1

R R R, " R

1 2 3 n

Using Figure 2-24 and its resistance values, total resistance would be calculated by:

_ 1
Ry = 1/4 +1/6 +1/8

This means total resistance is equal to the reciprocal of the sum of 1/4 + 1/6 + 1/8.
The next step is to add 1/4 + 1/6 + 1/8. To do this, the least common denominator
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FIGURE 2-24 A parallel circuit with different
resistances in each branch.



must be found. In this case, the least common denominator is 24 so the formula now
looks like this:

1
6/24 + 4/24 + 3/24

Now the fractions can be added together (remember to add only the numerator):

1
13/24

Since we are working with reciprocals, the formula now looks like this:

1><%=1.85Q

Often it is much easier to calculate total resistance of a parallel circuit by using total
current. Begin by finding the current through each leg of the parallel circuit; then add them
together to find total current. Use basic Ohm’s law to calculate the total resistance.

First, using the circuit illustrated in Figure 2-24, calculate the current through each branch:

1. Current through R = E/R = 12/4 = 3 amperes
2. Current through R, = E/R = 12/6 = 2 amperes
3. Current through R, = E/R = 12/8 = 1.5 amperes

Add all of the current flow through the branches together to get the total current flow:
Total amperage = 3 + 2 + 1.5 = 6.5 amperes
Since this is a 12-volt system and total current is 6.5 amperes, total resistance is:

R = 12 volts/6.5 amps = 1.85 Q.

Series-Parallel Circuits

The series-parallel circuit has some loads that are in series with each other and some that
are in parallel (Figure 2-25). To calculate the total resistance in this type of circuit, calculate
the equivalent series loads of the parallel branches first. Next, calculate the series resistance
and add it to the equivalent series load. For example, if the parallel portion of the circuit has
two branches with 4 Q) resistance each and the series portion has a single load of 10 Q, use
the following method to calculate the equivalent resistance of the parallel circuit:

_ R XR, 4 X 4 16

=_1 2 r r = r 2ohm
R TR o 0 0 ohms

4+ 4 8

Then add this equivalent resistance to the actual series resistance to find the total resis-
tance of the circuit.

2 ohms + 10 ohms = 12 ohms
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FIGURE 2-25 A series-parallel circuit with
known resistance values.
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in series with the
voltage source.



With the total resistance now known, total circuit current can be calculated. Because the
source voltage is 12 volts, 12 is divided by 12 ohms.

I=E/R or [1=12/12 or I=1amp

The current flow through each parallel leg is calculated by using the resistance of each leg
and voltage drop across that leg. To do this, you must first find the voltage drops. Since all 12
volts are dropped by the circuit, we know that some are dropped by the parallel circuit and
the rest by the resistor in series. We also know that the circuit current is 1 amp, the equivalent
resistance value of the parallel circuit is 2 ohms, and the resistance of the series resistor is 10.
Using Ohm’s law we can calculate the voltage drop of the parallel circuit:

E=IXR or E=1X2 or E=2

Two volts are dropped by the parallel circuit. This means 2 volts are dropped by each of
the 4-ohm resistors. Using our voltage drop, we can calculate our current flow through each
parallel leg.

I=E/R or I=2/4 or I=0.5amps

Since the resistance on each leg is the same, each leg has 0.5 amps through it. If we did this
right, the sum of the amperages will equal the current of the circuit. It does: 0.5 + 0.5 = 1.

A slightly different series-parallel circuit is illustrated in Figure 2-26. In this circuit, a 2 Q resis-
tor is in series to a parallel circuit containing a 6 2 and a 3 Q resistor. To calculate total resistance,
first find the resistance of the parallel portion of the circuit using (6 X 3)/(6 + 3) = 18/9 = 2 ohms
of resistance. Add this amount to the series resistance; 2 + 2 = 4 ohms of total circuit resistance.
Now total current can be calculated by I = E/R = 12/4 = 3 amperes. This means that 3 amperes
is flowing through the series portion of the circuit. To figure how much amperage is in each of
the parallel branches, the amount of applied voltage to each branch must be calculated. Since the
series circuit has 3 amperes going through a 2 Q resistor, the voltage drop over this resistor can
be figured using E = I X R = 3 X 2 = 6 volts. Since the source voltage is 12 volts, this means that
6 volts are applied to each of the resistors in parallel (12 — 6 = 6 volts) and that 6 volts are dropped
over each of these resistors. Current through each branch can now be calculated:

Current through the 6 Q branch isI = E/R = 6/6 = 1 ampere
Current through the 3 Q branch is I = E/R = 6/3 = 2 amperes

The sum of the current flow through the parallel branches should equal total current flow
(1 + 2 = 3 amperes).

Based on what was just covered, the characteristics of a series-parallel circuit can be sum-
marized as follows:

1. Total resistance is the sum of the resistance value of the parallel portion and the series
resistance.

2. Voltage drop over the parallel branch resistance is determined by the resistance value of
the series resistor.

2 <« 3A
12v—[ T %6 T 3 ;
+ 1A 2A g
Q
3A— g

FIGURE 2-26 In a series-parallel circuit, the sum of the
currents through the legs will equal the current through
the series portion of the circuit.



3. Total amperage is the sum of the current flow through each parallel branch.
4. The amperage through each parallel branch is determined by the resistance in the branch.

It is important to realize that the actual or measured values of current, voltage, and resis-
tance may be somewhat different than the calculated values. The change is caused by the effects
of heat on the resistances. As the voltage pushes current through a resistor, the resistor heats
up. The resistor changes the electrical energy into heat energy. This heat may cause the resis-
tance to increase or decrease depending on the material it is made of. The best example of a
resistance changing electrical energy into heat energy is a light bulb. A light bulb gives off light
because the conductor inside the bulb heats up and glows when current flows through it.

Applying Ohm’s Law

The primary importance of being able to apply Ohm’s law is to predict what will happen if
something else happens. Technicians use electrical meters to measure current, voltage, and
resistance. When a measured value is not within specifications, you should be able to deter-
mine why. Ohm’s law is used to do that.

Most automotive electrical systems are wired in parallel. Actually, the system is made up
of a number of series circuits wired in parallel. This allows each electrical component to work
independently of the others. When one component is turned on or off, the operation of the
other components should not be affected.

Figure 2-27 illustrates a 12-volt circuit with one 3-ohm light bulb. The switch controls the
operation of the light bulb. When the switch is closed, current flows and the bulb is lit. Four
amps will flow through the circuit and the bulb.

I=E/R or I=12/3 or I=4amps

Figure 2-28 illustrates the same circuit with a 6-ohm light bulb added in parallel to the
3-ohm light bulb. With the switch for the new bulb closed, 2 amps will flow through that bulb.
The 3-ohm bulb is still receiving 12 volts and has 4 amps flowing through it. It will operate in
the same way and with the same brightness as it did before we added the 6-ohm light bulb.
The only thing that changed was circuit current, which is now 6 (4 + 2) amps.

Leg#l I=E/R or 1=12/3 or I=4amps
Leg#2 I1=E/R or [1=12/6 or 1=2amps

If the switch to the 3-ohm bulb is opened (Figure 2-29), the 6-ohm bulb works in the same
way and with the same brightness as it did before we opened the switch. In this case, two things
happened: the 3-ohm bulb no longer is lit and the total circuit current dropped to 2 amps.
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FIGURE 2-27 A simple light circuit. FIGURE 2-28 Two light bulbs wired in parallel.
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FIGURE 2-30 Three light bulbs wired in parallel.

Figure 2-30 is the same circuit as Figure 2-29 except a 1-ohm light bulb and switch was
added in parallel to the circuit. With the switch for the new bulb closed, 12 amps will flow
through that circuit. The other bulbs are working in the same way and with the same bright-
ness as before. Again, total circuit resistance decreases so the total circuit current increases.
Total current is now 18 amps:

Leg#1 I=E/R or 1=12/3 or I=4amps
Leg#2 I=E/R or 1=12/6 or I=2amps
Leg#3 I=E/R or I1=12/1 or [I=12amps

Total current = 4 + 2 + 12 or 18 amps

When the switch for any of these bulbs is opened or closed, the only things that happen
are the bulbs either turn off or on and the total current through the circuit changes. Notice as
we add more parallel legs, total circuit current goes up. There is a commonly used statement,
“Current always takes the path of least resistance to ground” This statement is not totally cor-
rect. If this were a true statement, then parallel circuits would not work. However, as illustrated
in the previous circuits, current flows to all of the bulbs regardless of the bulb’s resistance. The
resistances with lower values will draw higher currents, but all of the resistances will receive
the current they allow. The statement should be, “Larger amounts of current will flow through
lower resistances”” This is very important to remember when diagnosing electrical problems.

From Ohm’s law, we know that when resistance decreases, current increases. If we put a
0.6-ohm light bulb in place of the 3-ohm bulb (Figure 2-31), the other bulbs will work in the
same way and with the same intensity as they did before. However, 20 amps of current will
flow through the 0.6-ohm bulb. This will raise total circuit current to 34 amps. Lowering
the resistance on the one leg of the parallel circuit greatly increases the current through the
circuit. This high current may damage the circuit or components. It is possible that high
current can cause wires to burn. In this case, the wires that would burn are the wires that
would carry the 34 amps or the 20 amps to the bulb, not the wires to the other bulbs.

Leg#1 I=E/R or 1=12/0.6 or 1=20amps
Leg#2 1=E/R or [1=12/6 or I=2amps
Leg#3 I1=E/R or [I=12/1 or I=12amps

Total current = 20 + 2 + 12 or 34 amps
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FIGURE 2-31 Parallel light circuit.

Let’s see what happens when we add resistance to one of the parallel legs. An increase
in resistance should cause a decrease in current. In Figure 2-32, a 1-ohm resistor was added
after the 1-ohm light bulb. This resistor is in series with the light bulb and the total resistance
of that leg is now 2 ohms. The current through that leg is now 6 amps. Again, the other bulbs
were not affected by the change. The only change to the whole circuit was in total circuit
current, which now drops to 12 amps. The added resistance lowered total circuit current and
changed the way the 1-ohm bulb works. This bulb will now drop only 6 volts. The remain-
ing 6 volts will be dropped by the added resistor. The 1-ohm bulb will be much dimmer than
before; its power rating dropped from 144 watts to 36 watts. Additional resistance causes the
bulb to be dimmer. The bulb itself wasn't changed, only the resistance of that leg changed. The
dimness is caused by the circuit, not the bulb.
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FIGURE 2-32 A parallel light circuit with one leg having a series

resistance added.
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KIRCHHOFF’S LAWS

Ohm’s law is stated as it takes one volt to push one ampere through one ohm of resistance.
Ohm’s law is the principle law of electricity and is used to determine electrical values.
However, there are times when Ohm’s law would be difficult to use in determining electrical
values. This is true in circuits that do not have clearly defined series or parallel connections.
Also, Ohm’s law can be difficult to use if the circuit has more than one power source. In these
instances, Kirchhoff’s laws is used.

Kirchhoff stated two laws that described voltage and current relationships in an electric
circuit. The first law, know as Kirchhoff’s voltage law, states that the algebraic sum of the volt-
age sources and voltage drops in a closed circuit must equal zero. This law is actually the rule
that states that the sum of the voltage drops in a series circuit must equal the source voltage.

The second law, known as Kirchhoff’s current law, states that the algebraic sum of
the currents entering and leaving a point must equal zero. This is the rule that states that
total current flow in a parallel circuit will be the sum of the currents through all the circuit
branches.

Kirchhoff’s Current Law

The concept of Kirchhoff’s current law is the fact that if more current entered a particular
point than left that point, a charge would have to develop at that point. In the parallel circuit
illustrated (Figure 2-34), if four amperes of current flow through R, to the junction at point
A, and 6 amperes of current flow through R, to point A, then the sum of the two currents
is 10 amperes leaving point A. Since Kirchhoff’s current law states that the algebraic sum of
the currents must equal zero, to use this law the current entering a point is considered to be
positive and the current leaving a point is considered to be negative. Since the current flow-
ing through R and R, are entering point A, they are considered positive. The current leaving
point A is considered negative. In this example then:

+4A+6A—-10A=0A

AUTHOR’S NOTE: The figures used in the following explanation will have a source
voltage of 120 volts. This amount is used so the example will be easier to understand
and to keep the values high enough to prevent having to use fractions.

Figure 2-35 illustrates a more complex series-parallel circuit. Ohm’s law tells us that this
circuit will have a total of 2 amperes flowing through it since there is a total of 60 ohms of
resistance. Since 2 amperes are flowing through R, 32 volts will be dropped and the applied
voltage at point B will be 88 volts. With 2 amperes flowing through R,, the voltage drop over
this resistor will be 40 volts. With 88 volts applied to point B and R3 dropping 40 volts that
leaves 48 volts to be dropped over R, and the parallel circuit of R, through R . This means that
points B to E will have a current of 0.8 amperes and the parallel branch will have 1.2 amperes.

4amps —>

vV

v\

A 10 amps

o

6 amps —>

FIGURE 2-34 The sum of the currents entering and
leaving a point in the circuit must equal zero.
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FIGURE 2-35 lllustration of use of Krichhoff’s laws.

Notice what occurs in the current at point B. Two amperes is flowing into point B from
R,. At this point, the current splits with part flowing to R, and part to the circuit containing
resistors R, through R,. The current entering point B is considered positive, and the two cur-
rents leaving point B are considered negative. The equation would look like:

+2A—-08A—-12A=0A

At point E, there is 0.8 ampere of current entering from the circuit with resistor R, and
1.2 amperes of current entering from the circuit with resistors R, through R . Two amperes of
current leaves point E and flows through R,.

+08A+12A—-2A=0A

Kirchhoft’s Voltage Law

Kirchhoft’s voltage law states that the algebraic sum of the voltages around any closed loop
must equal zero. To be able to calculate the sum, first it must be established which end of the
resistive element is positive and which is negative. Referring back to Figure 2-35, we will use
the conventional current flow of positive to negative. Therefore, the point at which current
enters a resistor is marked positive, and the point where current leaves the resistor is marked
negative.

AUTHOR’S NOTE: It does not matter if you use the conventional theory of current
flow or the electron theory; you only need to be consistent. The sum of voltage drops
will be the same regardless which current flow assumption you use.

The circuit illustrated in Figure 2-35 has three separate closed loops. Closed loop ACDF
contains the voltage drops VD, VD,, VD,, VD, VD,, and E.E, is the source and must be
included in the equation. The voltage drops for this loop are as follows:

+VD, + VD, + VD, + VD_+ VD, — E. =0
+32V+18V+24V+6V+40V—120V=0V

The positive or negative sign for each number is determined by the assumed direction of
current flow. In this example, it is assumed that current leaves point A and returns to point
A. Current leaving point A enters R at the positive side. Therefore, the voltage is considered
to be positive (+32 V). The same is true for R o Ry R, and R,. However, the current enters the
voltage source at the negative side so E_ is assumed to be negative.



Closed loop ABEF contains voltage drops VD, VD,, VD,, and E,. Current will leave point
A and return to point A through R, R, R,, and the voltage source. The voltage drops are as
follows:

+VD, + VD, + VD, — VD, = 0
+32V+48V+40V - 120V =0V

Closed loop BCDE contains voltage drops VD » VD, VD, and VD,. Current leaves point
B and returns to point B, flowing through R,R,R, and R,.
+VD, + VD, + VD, - VD, =0
+18V +24V+6V—-48V =0V

CAPACITANCE

Some automotive electrical systems will use a capacitor or condenser to store electrical

charges (Figure 2-36). A capacitor uses the theory of capacitance to temporarily store elec- The insulator in a

trical energy. Capacitance (C) is the ability of two conducting surfaces to store voltage. The capacitor is called

two surfaces must be separated by an insulator. 3igllgt’|;r(i:(t;r::(;n-rt')]:
A capacitor does not consume any power however, it will store and release electrical

energy. All of the voltage stored in the capacitor is returned to the circuit when the capaci- m:l?lzgrsnggtgrial
tor discharges. Because the capacitor stores voltage, it will also absorb voltage changes in the such as ceramic,
circuit. By providing for this storage of voltage, damaging voltage spikes can be controlled. glass, paper, plastic,
They are also used to reduce radio noise. or even the air

A capacitor is made by wrapping two conductor strips around an insulating strip. The between the two
insulating strip, or dielectric, prevents the plates from coming in contact while keeping them plates.

very close to each other. The dielectric can be made of insulator material such as ceramic,
glass, paper, plastic, or even the air between the two plates. A capacitor blocks direct current.
A small amount of current enters the capacitor and charges it.

Most capacitors are connected in parallel across the circuit (Figure 2-37). Capacitors
operate on the principle that opposite charges attract each other and that there is a potential
voltage between any two oppositely charged points. When the switch is closed, the protons
at the positive battery terminal will attract some of the electrons on one plate of the capacitor
away from the area near the dielectric material. As a result, the atoms of the positive plate
are unbalanced because there are more protons than electrons in the atom. This plate now to the positive
has a positive charge because of the shortage of electrons (Figure 2-38). The positive charge battery terminal is
of this plate will attract electrons on the other plate. The dielectric keeps the electrons on the the positive plate.
negative plate from crossing over to the positive plate, resulting in a storage of electrons on

The plate connected
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l c it Circuit
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FIGURE 2-36 Capacitors that can be used in automotive ©
electrical circuits. FIGURE 2-37 A capacitor connected to a circuit.
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FIGURE 2-38 The positive plate sheds its electrons.

An atom that has
fewer electrons
than protons is said
to be a positive ion.

The field that is
between the two
oppositely charged
plates is called the
electrostatic field.

Static electricity is
electricity that is not
in motion.

Switch

the negative plate (Figure 2-39). The movement of electrons to the negative plate and away
from the positive plate is an electrical current.

Current will flow “through” the capacitor until the voltage charges across the capacitor
and across the battery are equalized. Current flow through a capacitor is only the effect of
the electron movement onto the negative plate and away from the positive plate. Electrons
do not actually pass through the capacitor from one plate to another. The charges on the
plates do not move through the electrostatic field. They are stored on the plates as static
electricity.

When the charges across the capacitor and battery are equalized, there is no potential
difference and no more current will flow “through” the capacitor (Figure 2-40). Current will
now flow through the load components in the circuit (Figure 2-41).

When the switch is opened, current flow from the battery through the resistor is
stopped. However, the capacitor has a storage of electrons on its negative plate. Because
the negative plate of the capacitor is connected to the positive plate through the resistor,
the capacitor acts as the source. The capacitor will discharge the electrons through the
resistor until the atoms of the positive plate and negative plate return to a balanced state
(Figure 2-42).

In the event that a high-voltage spike occurs in the circuit, the capacitor will absorb the
additional voltage before it is able to damage the circuit components. A capacitor can also be
used to stop current flow quickly when a circuit is opened (such as in the ignition system).
It can also store a high-voltage charge and then discharge it when a circuit needs the voltage
(such as in some air bag systems).
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FIGURE 2-41 Current flow with a fully charged

FIGURE 2-40 A capacitor when it is fully charged. capacitor.

© Delmar/Cengage Learning



Switch

+++++ | +++++ ©OOO

©
00000060

Electron flow

© Delmar/Cengage Learning

Battery

FIGURE 2-42 Current flow with the switch open and the capacitor
discharging.

Capacitors are rated in units called farads. A one-farad capacitor connected to a one-
volt source will store 6.28 X 10 electrons. A farad is a large unit and most commonly used
capacitors are rated in picofarad (a trillionth of a farad) or microfarads (a millionth of a farad).
In addition, the capacitor has a voltage rating that is determined by how much voltage can be
applied to it without the dielectric breaking down. The maximum voltage rating and capaci-
tance determine the amount of energy a capacitor holds. The voltage rating is related to the
strength and thickness of the dielectric. The voltage rating increases with increasing dielec-
tric strength and the thickness of the dielectric. The capacitance increases with the area of the
plates and decreases with the thickness of the dielectric.

MAGNETISM PRINCIPLES

Magnetism is a force that is used to produce most of the electrical power in the world. It is
also the force used to create the electricity to recharge a vehicle’s battery, make a starter work,
and produce signals for various operating systems. A magnet is a material that attracts iron,
steel, and a few other materials. Because magnetism is closely related to electricity, many of
the laws that govern electricity also govern magnetism.

There are two types of magnets used on automobiles, permanent magnets and electro-
magnets. Permanent magnets are magnets that do not require any force or power to keep
their magnetic field. Electromagnets depend on electrical current flow to produce and, in
most cases, keep their magnetic field.

Magnets

All magnets have polarity. A magnet that is allowed to hang free will align itself north and
south. The end facing north is called the north-seeking pole and the end facing south is called
the south-seeking pole. Like poles will repel each other and unlike poles will attract each
other. These principles are shown in Figure 2-43. The magnetic attraction is the strongest at
the poles.

Magnetic flux density is a concentration of the lines of force (Figure 2-44). A strong
magnet produces many lines of force and a weak magnet produces fewer lines of force.
Invisible lines of force leave the magnet at the north pole and enter again at the south pole.
While inside the magnet, the lines of force travel from the south pole to the north pole
(Figure 2-45).

The field of force (or magnetic field) is all the space, outside the magnet, that contains
lines of magnetic force. Magnetic lines of force penetrate all substances; there is no known
insulation against magnetic lines of force. The lines of force may be deflected only by other
magnetic materials or by another magnetic field.

HisTorY

The force of a magnet
was first discovered
over 2,000 years

ago by the Greeks.
They noticed that a
type of stone, now
called magnetite,
was attracted to iron.
During the Dark Ages,
people believed evil
spirits caused the
strange powers of
magnetite.
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FIGURE 2-43 Magnetic principles: (A) All magnets have poles, (B) unlike poles attract each other, and (C) like poles repel.
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FIGURE 2-44 Iron filings indicate the lines of magnetic flux. FIGURE 2-45 Lines of force through the magnet.

Electromagnetism

Electromagnetism uses the theory that whenever an electrical current flows through a con-
ductor, a magnetic field is formed around the conductor (Figure 2-46). The number of lines
of force and the strength of the magnetic field produced will be in direct proportion to the
amount of current flow.

The direction of the lines of force is determined by the right-hand rule. Using the con-
ventional theory of current flow being from positive to negative, the right hand is used to
grasp the wire, with the thumb pointing in the direction of current flow. The fingers will point
in the direction of the magnetic lines of force (Figure 2-47).

André Marie Ampere noted that current flowing in the same direction through two nearby
wires will cause the wires to attract one another. Also, he observed that if current flow in one
of the wires is reversed, the wires will repel one another. In addition, he found that if a wire is
coiled with current flowing through the wire, the same magnetic field that surrounds a straight
wire combines to form one larger magnetic field. This magnetic field has true north and south
poles (Figure 2-48). Looping the wire doubles the flux density where the wire is running paral-
lel to itself. The illustration (Figure 2-49) shows how these lines of force will join and add to
each other.
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FIGURE 2-46 A magnetic field FIGURE 2-47 Right-hand \/
surrounds a conductor that has rule to determine direction of FIGURE 2-48 Looping the conductor
current flowing through it. magnetic lines of force. increases the magnetic field.
<
> © FIGURE 2-50 Right-hand rule to
FIGURE 2-49 Lines of force join together and attract each other. determine magnetic poles.

The north pole can be determined in the coil by use of the right-hand rule. Grasp the coil
with the fingers pointing in the direction of current flow (+ to —) and the thumb will point
toward the north pole (Figure 2-50).

As more loops are added, the fields from each loop will join and increase the flux density
(Figure 2-51). To make the magnetic field even stronger, an iron core can be placed in the center
of the coil (Figure 2-52). The soft iron core has high permeability and low reluctance, which
provides an excellent conductor for the magnetic field to travel through the center of the wire
coil.

The strength of an electromagnetic coil is affected by the following factors:

1. The amount of current flowing through the wire.
2. The number of windings or turns.

© Delmar/Cengage Learning
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FIGURE 2-51 Adding more loops of wire FIGURE 2-52 The addition of an iron
increases the magnetic flux density. core concentrates the flux density.

Permeability

is the term

used to indicate

the magnetic
conductivity of a
substance compared
with the conductivity
of air. The greater
the permeability, the
greater the magnetic
conductivity and the
easier a substance
can be magnetized
or the more
attracted itisto a
magnet.

Reluctance is

the term used to
indicate a material’s
resistance to

the passage of

flux lines. Highly
reluctant materials
are not attracted to
magnets.
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FIGURE 2-53 Magnetic field strength is
determined by the amount of amperage
and the number of coils.
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3. The size, length, and type of core material.
4. The direction and angle at which the lines of force are cut.

The strength of the magnetic field is measured in ampere-turns:
ampere-turns =amperes x number of turns

The magnetic field strength is measured by multiplying the current flow in amperes through a
coil by the number of complete turns of wire in the coil. For example, in the illustration(Figure 2-53),
a 1,000-turn coil with 1 ampere of current would have a field strength of 1,000 ampere-turns. This
coil would have the same field strength as a coil with 100 turns and 10 amperes of current.

THEORY OF INDUCTION

Electricity can be produced by magnetic induction. Magnetic induction occurs when a conduc-
tor is moved through the magnetic lines of force (Figure 2-54) or when a magnetic field is moved
across a conductor. A difference of potential is set up between the ends of the conductor and a volt-
age is induced. This voltage exists only when the magnetic field or the conductor is in motion.

The induced voltage can be increased by either increasing the speed in which the mag-
netic lines of force cut the conductor or by increasing the number of conductors that are cut.
It is this principle that is behind the operation of all ignition systems, starter motors, and
charging systems.

A common induction device is the ignition coil. As the current increases, the coil will reach
a point of saturation. This is the point at which the magnetic strength eventually levels off and
where current will no longer increase as it passes through the coil. The magnetic lines of force,
which represent stored energy, will collapse when the applied voltage is removed. When the
lines of force collapse, the magnetic energy is returned to the wire as electrical energy.

Mutual induction is used in ignition coils where a rapidly changing magnetic field in the
primary windings creates a voltage in the secondary winding (Figure 2-55).

Conductor movement
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FIGURE 2-54 Moving a conductor through a magnetic
field induces an electrical potential difference.
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FIGURE 2-55 A mutual induction is used to create an electrical
current in coil 2 if the current flow in coil 1 is turned off.

If voltage is induced in the wires of a coil when current is first connected or disconnected, it
is called self-induction. The resulting current is in the opposite direction of the applied current
and tends to reduce the magnetic force. Self-induction is governed by Lenz’s law, which states:

An induced current flows in a direction opposite the magnetic field that produced it.

Self-induction is generally not wanted in automotive circuits. For example, when a
switch is opened, self-induction tends to continue to supply current in the same direction
as the original current because as the magnetic field collapses, it induces voltage in the wire.
According to Lenz’s law, voltage induced in a conductor tends to oppose a change in current
flow. Self- induction can cause an electrical arc to occur across an opened switch. The arcing
may momentarily bypass the switch and allow the circuit that was turned off to operate for a
short period of time. The arcing will also burn the contacts of the switch.

Self-induction is commonly found in electrical components that contain a coil or an elec-
tric motor. To help reduce the arc across contacts, a capacitor or clamping diode may be
connected to the circuit. The capacitor will absorb the high-voltage arcs and prevent arcing
across the contacts. Diodes are semiconductors that allow current flow in only one direction.
A clamping diode can be connected in parallel to the coil and will prevent current flow from
the self-induction coil to the switch.

Magnetic induction is also the basis for a generator and many of the sensors on today’s
vehicles. In a generator, a magnetic field rotates inside a set of conductors. As the magnetic
field crosses the wires, a voltage is induced. The amount of voltage induced by this action
depends on the speed of the rotating field, the strength of the field, and the number of con-
ductors the field cuts through. This principle will be discussed in greater detail in Chapter 7.

Magnetic sensors are used to measure speeds, such as engine, vehicle, and shaft speeds.
These sensors typically use a permanent magnet. Rotational speed is determined by the
passing of blades or teeth in and out of the magnetic field. As a tooth moves in and out
of the magnetic field, the strength of the magnetic field is changed and a voltage signal is
induced. This signal is sent to a control device, where it is interpreted. This principle is dis-
cussed in greater detail in Chapter 12.

EMI SUPPRESSION

Electromagnetic interference (EMI) is an undesirable creation of electromagnetism when-
ever current is switched on and off. As manufacturers began to increase the number of elec-
tronic components and systems in their vehicles, the problem of EMI had to be controlled. The
low-power integrated circuits used on modern vehicles are sensitive to the signals produced

Self-induction is
also referred to as
counter EMF (CEMF)
or as a voltage

spike.
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as a result of EMI. EMI is produced as current in a conductor is turned on and off. EMI is also
caused by static electricity that is created by friction. The friction is a result of tires contacting
the road, or of fan belts contacting the pulleys.

EMI can disrupt the vehicle’s computer systems by inducing false messages to the com-

puter. The computer requires messages to be sent over circuits in order to communicate with
other computers, sensors, and actuators. If any of these signals are disrupted, the engine and/

or

ot

accessories may turn off.
EMI can be suppressed by any one of the following methods:

. Adding a resistance to the conductors. This is usually done to high-voltage systems, such
as the secondary circuit of the ignition system.

Connecting a capacitor in parallel and a choke coil in series with the circuit.

Shielding the conductor or load components with a metal or metal-impregnated
plastic.

Increasing the number of paths to ground by using designated ground circuits. This
provides a clear path to ground that is very low in resistance.

Adding a clamping diode in parallel to the component.

Adding an isolation diode in series to the component.

SUMMARY

An atom is constructed of a complex arrangement of electrons in orbit around a nucleus.
If the number of electrons and protons are equal, the atom is balanced or neutral.

A conductor allows electricity to easily flow through it.

An insulator does not allow electricity to easily flow through it.

Electricity is the movement of electrons from atom to atom. In order for the electrons to
move in the same direction, an electromotive force (EMF) must be applied to the circuit.
The electron theory defines electron flow as motion from negative to positive.

The conventional theory of current flow states that current flows from a positive point to
a less positive point.

Voltage is defined as an electrical pressure and is the difference between the positive and
negative charges.

Current is defined as the rate of electron flow and is measured in amperes. Amperage is
the amount of electrons passing any given point in the circuit in one second.

Resistance is defined as opposition to current flow and is measured in ohms (Q).

Ohm’s law defines the relationship between current, voltage, and resistance. It is the
basiclaw of electricity and states that the amount of current in an electric circuit is
inversely proportional to the resistance of the circuit and is directly proportional to the
voltagein the circuit.

Wattage represents the measure of power (P) used in a circuit. Wattage is measured by
using Watt’s law formula, which defines the relationship between amperage, voltage, and
wattage.

Capacitance is the ability of two conducting surfaces to store voltage.

Direct current results from a constant voltage and a current that flows in one direction.
In an alternating-current circuit, voltage and current do not remain constant. AC current
changes direction from positive to negative and negative to positive.

For current to flow, the electrons must have a complete path from the source voltage to
the load component and back to the source.

The series circuit provides a single path for current flow from the electrical source
through all the circuit’s components and back to the source.



m A parallel circuit provides two or more paths for current to flow.
A series-parallel circuit is a combination of the series and parallel circuits.

m The equivalent series load is the total resistance of a parallel circuit plus the resistance of

the load in series with the voltage source.

m Voltage drop is caused by a resistance in the circuit that reduces the electrical pressure
available after the resistance.

m Kirchhoft’s voltage law states that the algebraic sum of the voltage sources and voltage

drops in a closed circuit must equal zero. This law is actually the rule that states that the

sum of the voltage drops in a series circuit must equal the source voltage.

m Kirchhoff’s current law states that the algebraic sum of the currents entering and leaving

a point must equal zero. This is the rule that states that total flow of current in a parallel
circuit will be the sum of the currents through all the circuit branches.

REVIEW QUESTIONS

TERMS TO
KNOW
(continued)
Right-hand rule
Saturation
Self-induction
Semiconductors
Series circuit
Series-parallel circuit
Shell

Static electricity
Valence ring
Voltage

Watts

Short-Answer Essays 2. A
through it. An

1. List and define the three elements of electricity.

allows electricity to easily flow

does not allow

electricity to easily flow through it.

2. Explain the basic principles of Ohm’s law. 3. For the electrons to move in the same direction,
3. List and describe the three types of circuits. there must be an applied.
4. Explain the principle of electromagnetism. 4. The of current
5. Describe the principle of induction. flow states thgt current flows from a positive point
to a less positive point.
6. Describe the basics of electron flow. , .
5. Resistance is defined as to current
7. Define the two types of electrical current. flow and is measured in
8. Describe the difference between insulators, conduc- 6. is the ability of two conducting
tors, and semiconductors. surfaces to store voltage.
9. Explain the basic concepts of capacitance. 7. Kirchhoff’s voltage law states that the

10. What does the measurement of “watt” represent?

in an electrical

circuit will always

available voltage

at the source.

Fill in the Blanks
) ) 8. The of all the resistors in series is
L are negapyely charged p artl.cles. the total resistance of that series circuit.
The nucleus contains positively charged particles
called and particles that have no 9. is defined as an electrical pressure.
charge called 10. is defined as the rate of electron flow.

MULTIPLE CHOICE

1. Which of the following methods can be used to
form an electrical current?
A. Magnetic induction.

B. Chemical reaction.
C. Heat.

D. All of the above.

E. None of the above.

. In a series circuit:

A. Total resistance is the sum of all of the resistances
in the circuit.

B. Total resistance is less than the lowest resistor.
C. Amperage will increase as more resistance is

added.
D. All of the above.



3.

6.

All of the following concerning voltage drop are true

EXCEPT:

A. All of the voltage from the source must be dropped
before it returns to the source.

B. Corrosion is not a contributor to voltage drop.

C. Voltage drop is the conversion of electrical energy
into another energy form.

D. Voltage drop can be measured with a
voltmeter.

. All of the following concerning voltage are true

EXCEPT:

A. Voltage is the electrical pressure that causes
electrons to move.

B. Voltage will exist between any two points in a
circuit unless the potential drops to zero.

C. Voltageis A X R.

D. Inaseries circuit, voltage is the same at all points
in the circuit.

. Wattage is:

A. A measure of the total electrical work being
performed per unit of time.

Expressed as P = R X A.
Both A and B.
Neither A nor B.

capacitor:
Consumes electrical power.

Induces voltage.
Both A and B.
Neither A nor B.

TAwE> UNW

7. Which statement about electrical currents is correct?

10.

A. Alternating current can be stored in a battery.

B. Alternating current is produced from a voltage and
current that remain constant and flow in the same
direction.

C. Direct current is used for most electrical systems
on the automobile.

D. Direct current changes directions from positive to
negative.

. Induction:

A. Is the magnetic process of producing a current flow
in a wire without any actual contact to the wire.

B. Exists when the magnetic field or the conductor is
in motion.

C. All of the above.

D. None of the above.

. All of the following statements are true EXCEPT:

A. If the resistance increases and the voltage remains
constant, the amperage will increase.

B. Ohm’s law can be stated as A =V + R.

C. Ifvoltage is increased, amperage will increase.

D. An open circuit does not allow current flow.

Which of the following statements is correct?

A. Aninsulator is capable of supporting the flow of
electricity through it.

B. A conductor is not capable of supporting the flow
of electricity.

C. All of the above.

D. None of the above.



Chapter 3

ELECTRICAL AND
FELECTRONIC
COMPONENTS

UPON COMPLETION AND REVIEW OF THIS CHAPTER, YOU SHOULD BE ABLE TO:

Describe the common types of electrical system Explain the purpose of circuit protection devices.
components used and how they affect the electrical Describe the most common types in use.
system.

Define circuit defects, including opens, shorts,
Explain the operation of the electrical controls, grounds, and excessive resistance.

including switches, relays, and variable resistors. Explain the effects that each type of circuit defect has

Describe the basic operating principles of on the operation of the electrical system.
electronic components.

Explain the use of electronic components in the
circuit.

INTRODUCTION

In this chapter you will be introduced to electrical and electronic components. These
components include circuit protection devices, switches, relays, variable resistors,
diodes, and different forms of transistors. Today’s technician must comprehend the oper-
ation of these components and the ways they affect electrical system operation. With this
knowledge, the technician will be able to accurately and quickly diagnose many electrical
failures.

To be able to properly diagnose the components and circuits, the technician must be able
to use the test equipment that is designed for electrical system diagnosis. In this chapter you
will learn about the various types of test equipment used for diagnosing electrical systems.
You will learn the appropriate equipment to use to locate the fault based on the symptoms.
In addition, the various types of defects that cause the system to operate improperly are
discussed.

ELECTRICAL COMPONENTS

Electrical circuits require different components depending on the type of work they do and
how they are to perform it. A light may be wired directly to the battery, but it will remain on
until the battery drains. A switch will provide for control of the light circuit. However, if vari-
able dimming of the light is required, a rheostat is also needed.

There are several electrical components that may be incorporated into a circuit to achieve
the desired results from the system. These components include switches, relays, buzzers, and
various types of resistors.
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The term pole refers
to the number of
input circuits.

The term throw
refers to the number
of output circuits.

Switches

A switch is the most common means of providing control of electrical current flow to an
accessory (Figure 3-1). A switch can control the on/off operation of a circuit or direct the flow
of current through various circuits. The contacts inside the switch assembly carry the current
when they are closed. When they are open, current flow is stopped.

A normally open (NO) switch will not allow current flow when it is in its rest position. The
contacts are open until they are acted on by an outside force that closes them to complete the cir-
cuit. A normally closed (NC) switch will allow current flow when it is in its rest position. The con-
tacts are closed until they are acted on by an outside force that opens them to stop current flow.

The simplest type of switch is the single-pole, single-throw (SPST) switch (Figure 3-2).
This switch controls the on/off operation of a single circuit. The most common type of SPST
switch design is the hinged pawl. The pawl acts as the contact and changes position as directed
to open or close the circuit.

Some SPST switches are designed to be a momentary contact switch. This switch usually
has a spring that holds the contacts open until an outside force is applied and closes them.
The horn button on most vehicles is of this design.

Some electrical systems may require the use of a single-pole, double-throw switch (SPDT).
The dimmer switch used in the headlight system is usually an SPDT switch. This switch has
one input circuit with two output circuits. Depending on the position of the contacts, voltage
is applied to the high-beam circuit or to the low-beam circuit (Figure 3-3).

One of the most complex switches is the ganged switch. This type of switch is commonly
used as an ignition switch. In Figure 3-4, the five wipers are all ganged together and will move

Battery
voltage

+

switch

SPST 0\
o

Load
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FIGURE 3-2 A simplified illustration
of an SPST switch.

FIGURE 3-1 Common types of switches used in the
automotive electrical system.
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FIGURE 3-3 A simplified schematic of a headlight system using an SPDT dimmer switch.
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FIGURE 3-4 lllustration of an ignition switch.

together. Battery voltage is applied to the switch from the starter relay terminal. When the
ignition key is turned to the START position, all wipers move to the “S” position. Wipers D
and E will complete the circuit to ground to test the instrument panel warning lamps. Wiper B
provides battery voltage to the ignition coil. Wiper C supplies battery voltage to the starter relay
and the ignition module. Wiper A has no output.

AUTHOR’S NOTE: The dotted lines used in the switch symbol indicate that the wipers
of the switch move together.

Once the engine starts, the wipers are moved to the RUN position. Wipers D and E are
moved out of contact with any output terminals. Wiper A supplies battery voltage to the
comfort controls and turn signals, wiper B supplies battery voltage to the ignition coil and
other accessories, and wiper C supplies battery voltage to other accessories. The jumper wire
between terminals A and R of wiper C indicate that those accessories listed can be operated
with the ignition switch in the RUN or ACC position.

Mercury switches are used by many vehicle manufacturers to detect motion. This switch
uses a capsule that is partially filled with mercury and has two electrical contacts located
at one end. If the switch is constructed as a normally open switch, the contacts are located
above the mercury level (Figure 3-5). Mercury is an excellent conductor of electricity. If the
capsule is moved so the mercury touches both of the electrical contacts, the circuit is com-
pleted (Figure 3-6). This type of switch is used to illuminate the engine compartment when
the hood is opened. While the hood is shut, the capsule is tilted in a position such that the
mercury is not able to complete the circuit. Once the hood is opened, the capsule tilts with
the hood, the mercury completes the circuit, and the light turns on.
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FIGURE 3-5 A mercury switch in the open position.
The mercury is not covering the points. p—
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FIGURE 3-6 When the mercury switch is tilted, the
mercury covers the points and closes the circuit.

Relays

Some circuits utilize electromagnetic switches called relays (Figure 3-7). The coil in the relay
has a very high resistance, thus it will draw very low current. This low current is used to
produce a magnetic field that will close the contacts. Normally open relays have their points
closed by the electromagnetic field, and normally closed relays have their points opened by
the magnetic field. The contacts are designed to carry the high current required to operate
the load component. When current is applied to the coil, the contacts close and heavy battery
current flows to the load component that is being controlled.

The illustration (Figure 3-8) shows a relay application in a horn circuit. Battery voltage is
applied to the coil. Because the horn button is a normally open—type switch, the current flow
to ground is open. Pushing the horn button will complete the circuit, allowing current flow
through the coil. The coil develops a magnetic field, which closes the contacts. With the con-
tacts closed, battery voltage is applied to the horn (which is grounded). Used in this manner,
the horn relay becomes a control of the high current necessary to blow the horn. The control
circuit may be wired with very thin wire because it will have low current flowing through it.
The control unit may have only 0.25 ampere flowing through it, and the horn may require 24
or more amperes.

Power circuit

From
power
source j |—>—8 To load
Armature
\ /—>l —
Control

—

vV VvV VvV V
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FIGURE 3-7 A relay uses electrical current to create a magnetic
field to draw the contact point closed.
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FIGURE 3-8 A relay can be used in the horn circuit to reduce the required
size of the conductors installed in the steering column.
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FIGURE 3-9 Using a relay as a diverter to control Hi/Lo wiper operation.
The Hi/Lo relay diverts current to the different brushes of the wiper motor.

Relays can also be used as a circuit diverter (Figure 3-9). In this example, the Hi/Lo wiper
relay will direct current flow to either the high-speed brush or low-speed brush of the wiper
motor to control wiper speeds.

ISO Relays. ISO relays confirm to the specifications of the International Standards
Organization (ISO) for common size and terminal patterns (Figure 3-10). The terminals are
identified as 30, 87a, 87, 86, and 85. Terminal 30 is usually connected to battery voltage. This
source voltage can be either switched (on or off by some type of switch) or connected directly
to the battery. Terminal 87a is connected to terminal 30 when the relay is de-energized.
Terminal 87 is connected to terminal 30 when the relay is energized. Terminal 86 is con-
nected to battery voltage (switched or un-switched) to supply current to the electromagnet.
Finally, terminal 85 provides ground for the electromagnet. Once again, the ground can be
switched or unswitched.

Solenoids

A solenoid is an electromagnetic device and operates in the same way as a relay; however, a
solenoid uses a movable iron core. Solenoids can do mechanical work, such as switching elec-
trical, vacuum, and liquid circuits. The iron core inside the coil of the solenoid is spring loaded.
When current flows through the coil, the magnetic field created around the coil attracts the



o

85 86
87a

C ]

87

C 1]

Bottom view of relay

86 30 86 30

85 I87 I87a 85 87 IS?a

De-energized relay Energized relay
FIGURE 3-10 IS0 relay terminal identification.
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core and moves it into the coil. To do work, the core is attached to a mechanical linkage, which
causes something to move. When current flow through the coil stops, the spring pushes the
core back to its original position. Some power door locks use solenoids to work the locking
devices. Solenoids may also switch a circuit on or off, in addition to causing a mechanical
action. Such is the case with some starter solenoids. These devices move the starter gear in
and out of mesh with the flywheel. At the same time, they complete the circuit from the bat-
tery to the ignition circuit. Both of these actions are necessary to start an engine.

Buzzers

A buzzer, or sound generator, is sometimes used to warn the driver of possible safety haz-
ards by emitting an audio signal (such as when the seat belt is not buckled). A buzzer is simi-
lar in construction to a relay except for the internal wiring (Figure 3-11). The coil is supplied
current through the normally closed contact points. When voltage is applied to the buzzer,
current flows through the contact points to the coil. When the coil is energized, the contact

L T —:\ Normally closed

o contact points
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FIGURE 3-11 A buzzer reacts to the current flow to open and close
rapidly, creating a noise.



arm is attracted to the magnetic field. As soon as the contact arm is pulled down, the current
flow to the coil is opened, and the magnetic field is dissipated. The contact arm then closes
again, and the circuit to the coil is closed. This opening and closing action occurs very rapidly.
It is this movement that generates the vibrating signal.

Resistors

All circuits require resistance in order to operate. If the resistance performs a useful function, it
is referred to as the load device. However, resistance can also be used to control current flow
and as sensing devices for computer systems. There are several types of resistors that may be
used within a circuit. These include fixed resistors, stepped resistors, and variable resistors.

Fixed Resistors. Fixedresistors are usually made of carbon or oxidized metal (Figure 3-12).
These resistors have a set resistance value and are used to limit the amount of current flow in
a circuit. The resistance value can be determined by the color bands on the protective shell
(Figure 3-13). Usually there are four or five color bands. When there are four bands, the first
two are the digit bands, the third is the “multiplier;” and the fourth is the tolerance. On a resis-
tor with five bands, the first three are digit bands.

For example, if the resistor has four color bands of yellow, black, brown, and gold, the
resistance value is determined as follows:

The first color band (yellow) gives the first digit value of 4.

The second color band (black) gives the second digit value of 0.

The digit value is now 40. Multiply this by the value of the third band. In this case, brown
has a value of 10 so the resistor should have 400 ohms of resistance (40 X 10 = 400).

The last band gives the tolerance. Gold equals a tolerance range of + 5%.

Band 1 ” Band 2

\ /— Band 3

———
Multiplier —/ \_ Tolerance
Band 3
Band 1 Band 2 (If used)
1st digit 2nd digit 3rd digit
Color _Digit| |Color Digit| |Color Digit
Black 0 Black 0 Black 0
Brown 1 Brown 1 Brown 1
Red 2 Red 2 Red 2
Orange 3 Orange 3 Orange 3
Yellow 4 Yellow 4 Yellow 4
Green 5 Green 5 Green 5
Blue 6 Blue 6 Blue 6
Violet 7 Violet 7 Violet 7
Gray 8 Gray 8 Gray 8
|- White 9 | [white 9 [ |wnhite 9
1/4 watt
Multiplier Resistance
1| - Color Multiplier Tolerance
1/2 watt Black 1 Co_Ior Tolerance
Brown 10 Silver +10%
|=m[D=| o Red 100 Gold + 5:/°
£ Orange 1,000 Brown *+ 1%
1 watt E Yellow 10,000
g Green 100,000
=H — § Blue 1,000,000
£ Silver  0.01
2 watt 8 Gold 0.1
FIGURE 3-12 Fixed resistors. FIGURE 3-13 Resistor color code chart.
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FIGURE 3-14 A stepped resistor is commonly used to control motor speeds. The
total resistance of the switch is 30 Q in the low position, 20 Q in the medium position,
10 Q in the medium-high position, and 0 Q in the high position.

Stepped Resistors. A stepped resistor has two or more fixed resistor values. The stepped
resistor can have an integral switch or have a switch wired in series. A stepped resistor is
commonly used to control electrical motor speeds (Figure 3-14). By changing the position
of the switch, resistance is increased or decreased within the circuit. If the current flows
through a low resistance, then higher current flows to the motor and its speed is increased.
If the switch is placed in the low-speed position, additional resistance is added to the circuit.
Less current flows to the motor, which causes it to operate at a reduced speed.

A stepped resistor is also used to convert digital to analog signals in a computer circuit.
This is accomplished by converting the on/off digital signals into a continuously variable ana-
log signal.

Variable Resistors. Variable resistors provide for an infinite number of resistance val-
ues within a range. The most common types of variable resistors are rheostats and potenti-
ometers. A rheostat is a two-terminal variable resistor used to regulate the strength of an
electrical current. A rheostat has one terminal connected to the fixed end of a resistor and
a second terminal connected to a moveable contact called a wiper (Figure 3-15). By chang-
ing the position of the wiper on the resistor, the amount of resistance can be increased or
decreased. The most common use of the rheostat is in the instrument panel lighting switch.
As the switch knob is turned, the instrument lights dim or brighten depending on the resis-
tance value.

A potentiometer is a three-wire variable resistor that acts as a voltage divider to pro-
duce a continuously variable output signal proportional to a mechanical position. When a
potentiometer is installed into a circuit, one terminal is connected to a power source at one
end of the resistor. The second wire is connected to the opposite end of the resistor and is the
ground return path. The third wire is connected to the wiper contact (Figure 3-16). The wiper
senses a variable voltage drop as it is moved over the resistor. Because the current always
flows through the same amount of resistance, the total voltage drop measured by the poten-
tiometer is very stable. For this reason, the potentiometer is a common type of input sensor
for the vehicle’s onboard computers.



Reference

High ® Low voltage

Headlight
switch

Instrument
panel light

Battery voltage from the wiper.

© Delmar/Cengage Learning

gt

FIGURE 3-15 A rheostat can be used to control the brightness of a lamp.

ELECTRONIC COMPONENTS

Because a semiconductor material can operate as both a conductor and an insulator, it is very
useful as a switching device. How a semiconductor material works depends on the way cur-
rent flows, or tries to flow, through it.

As discussed in Chapter 2, electrical materials are classified as conductors, insulators,
or semiconductors. Semiconductors include diodes, transistors, and silicon-controlled recti-
fiers. These semiconductors are often called solid-state devices because they are constructed
of a solid material. The most common materials used in the construction of semiconductors
are silicon or germanium. Both of these materials are classified as a crystal, since they have
a definite atom structure.

Silicon and germanium have four electrons in their outer orbits. Because of their crystal-
type structure, each atom shares an electron with four other atoms (Figure 3-17). As a result
of this covalent bonding, each atom will have eight electrons in its outer orbit. All the orbits

© Delmar/Cengage Learning

FIGURE 3-17 Crystal structure of germanium.

Signal return

FIGURE 3-16 A potentiometer is used to send a signal

© Delmar/Cengage Learning



Hole

Boron atom

~
T--0
-

Excess electrons

© Delmar/Cengage Learning
© Delmar/Cengage Learning

FIGURE 3-18 Germanium crystal doped with an arsenic FIGURE 3-19 Germanium crystal doped with a boron
atom to produce an N-type material. atom to produce a P-type material.
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are filled and there are no free electrons, thus the material (as a category of matter) falls
somewhere between conductor and insulator.

Perfect crystals are not used for manufacturing semiconductors. They are doped with
impurity atoms. This doping adds a small percentage of another element to the crystal. The
doping element can be arsenic, antimony, phosphorous, boron, aluminum, or gallium.

If the crystal is doped by using arsenic, antimony, or phosphorous, the result is a material
with free electrons (Figure 3-18). Materials such as arsenic have five electrons, which leaves
one electron left over. This doped material becomes negatively charged and is referred to as
an N-type material. Under the influence of an EMF, it will support current flow.

If boron, aluminum, or gallium are added to the crystal, a P-type material is produced.
Materials like boron have three electrons in their outermost orbit. Because there is one fewer
electron, there is an absence of an electron that produces a hole (Figure 3-19) and becomes
positively charged.

By putting N-type and P-type materials together in a certain order, solid-state compo-
nents are built that can be used for switching devices, voltage regulators, electrical control,
and so on.

Diodes

A diode is an electrical one-way check valve that will allow current to flow in one direction
only. A diode is the simplest semiconductor device. It is formed by joining P-type semicon-
ductor material with N-type material. The N (negative) side of a diode is called the cathode
and the P (positive) side, the anode (Figure 3-20). The point where the cathode and anode
join together is called the PN junction. The outer shell of the diode will have a stripe painted
around it. This stripe designates which end of the diode is the cathode.

When a diode is made, the positive holes from the P region and the negative charges
from the N region are drawn toward the junction. Some charges cross over and combine with
opposite charges from the other side. When the charges cross over, the two halves are no lon-
ger balanced and the diode builds up a network of internal charges opposite to the charges at
the PN junction. The internal EMF between the opposite charges limits the further diffusion
of charges across the junction.

When the diode is incorporated within a circuit and a voltage is applied, the internal
characteristics change. If the diode is forward biased, there will be current flow (Figure 3-21).
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FIGURE 3-20 A diode and its symbol.
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FIGURE 3-21 Forward biased voltage causes current flow. FIGURE 3-22 Reverse bias voltage prevents current flow.

In this state, the negative region will push electrons across the barrier as the positive region
pushes holes across. When forward-biased, the diode acts as a conductor.

If the diode is reverse biased, there will be no current flow (Figure 3-22). The nega-
tive region will attract the positive holes away from the junction and the positive region will
attract electrons away. This makes the diode act as an insulator.

When the diode is forward biased, it will have a small voltage drop across it. On stan-
dard silicon diodes, this voltage is usually about 0.6 volts. This is referred to as the turn-on
voltage.

Diode Identification and Ratings. Since there are many types of diodes that can vary in
size from very small to those capable of withstanding 250 amperes, a semiconductor identifi-
cation system was developed to distinguish and rate diodes (Figure 3-23). This system is also
used to identify transistors and many other special semiconductor devices. The identifica-
tion system uses a series of numbers and letters to identify different types of semiconductor
devices.

The first two characters of the system identify the component. The first number indi-
cates the number of junctions in the semiconductor device. Since this number is one less
than the number of active elements, a 1 designates a diode, a 2 designates a transistor, and a
3 designates a tetrode (a four-element transistor). The letter “N” that follows the first number
indicates that the device is a semiconductor.

The last series of characters that follow the “N” is a serialized identification number. This
number may also contain a suffix letter after the third digit. Common suffix letters that are
used include “M” to describe matching pairs of separate semiconductor devices and “R” to
indicate reverse polarity. In addition, suffix letters are used to indicate modified versions of
the device. For example, a semiconductor diode designated as type 1N345A signifies a two-
element diode (1) of semiconductor material (N) that is an improved version (A) of type 345.

Forward-biased
means that a
positive voltage

is applied to the
P-type material and
negative voltage to
the N-type material.

Reverse-biased
means that positive
voltage is applied to
the N-type material
and negative
voltage is applied to
the P-type material.
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A BIT OF
HISTORY

The first diodes

were vacuum tube
devices (also known
as thermionic valves).
Arrangements of
electrodes were sur-
rounded by a vacuum
within a glass enve-
lope that appeared
similar to light bulbs.
This arrangement of
a filament and plate
to create a diode was
invented by John
Ambrose Fleming in
1904. Current flow
through the filament

XNYYY

XN YYY
COMPONENT IDENTIFICATION
NUMBER

X - NUMBER OF SEMICONDUCTOR JUNCTIONS

N - A SEMICONDUCTOR

YYY - IDENTIFICATION NUMBER (ORDER OR REGISTRATION NUMBER)
ALSO INCLUDES SUFFIX LETTER (IF APPLICABLE) TO INDICATE

1. MATCHING DEVICES
2. REVERSE POLARITY
3. MODIFICATION

EXAMPLE - 1N345A (AN IMPROVED VERSION OF THE
SEMICONDUCTOR DIODE TYPE 345)
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FIGURE 3-23 Standard semiconductor identification markings.

To distinguish the anode from the cathode side of the diode, manufacturers generally
code the cathode end of the diode. The identification can be a colored band or a dot, a “k;
“+. “cath,” or by an unusual shape such as raised edge or taper. Some manufactures will use
standard color code bands on the cathode side to not only identify the cathode end of the
diode but to identify the diode by number.

Zener Diodes

As stated, if a diode is reverse biased it will not conduct current. However, if the reverse volt-
age is increased, a voltage level will be reached at which the diode will conduct in the reverse
direction. This voltage level is referred to as zener voltage. Reverse current can destroy a simple
PN-type diode. But the diode can be doped with materials that will withstand reverse current.

A zener diode is designed to operate in reverse bias at the breakdown region. At the
point that breakdown voltage is reached, a large current flows in reverse bias. This prevents
the voltage from climbing any higher. This makes the zener diode an excellent component for
regulating voltage. If the zener diode is rated at 15 volts, it will not conduct in reverse bias
when the voltage is below 15 volts. At 15 volts it will conduct and the voltage will not increase
over 15 volts.

The illustration (Figure 3-24) shows a simplified circuit that has a zener diode in it to
provide a constant voltage level to the instrument gauge. In this example, the zener diode is
connected in series with the resistor and in parallel to the gauge. If the voltage to the gauge
must be limited to 7 volts, the zener diode used would be rated at 7 volts. The zener diode

Battery
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FIGURE 3-24 Simplified instrument gauge circuit that uses a zener
diode to maintain a constant voltage to the gauge. Note the symbol
used for a zener diode.



maintains a constant voltage drop, and the total voltage drop in a series circuit must equal the
amount of source voltage, thus voltage that is greater than the zener voltage must be dropped
over the resistor. Even though source voltage may vary (as a normal result of the charging
system), causing different currents to flow through the resistor and zener diode, the voltage
that the zener diode drops remains the same.

The zener breaks down when system voltage reaches 7 volts. At this point, the zener
diode conducts reverse current, causing an additional voltage drop across the resistor. The
amount of voltage to the instrument gauge will remain at 7 volts because the zener diode
“makes” the resistor drop the additional voltage to maintain this limit.

Here we see the difference between the standard diode and the zener diode. When the
zener diode is reverse biased, the zener holds the available voltage to a specific value.

Avalanche Diodes

Avalanche diodes are diodes that conduct in the reverse direction when the reverse-bias
voltage exceeds the breakdown voltage, similar to zener diodes in operation. However, break-
down is done by the avalanche effect. This occurs when the reverse electric field moves across
the PN junction and causes a wave of ionization (like an avalanche), leading to a large current.
Avalanche diodes are designed to break down at a well-defined reverse voltage without being
destroyed. The reverse breakdown voltage is about 6.2 volts or higher. Avalanche diodes are
commonly used in automobile AC generators (alternators).

Light-Emitting Diodes
A light-emitting diode (LED) is similar in operation to the diode, except the LED emits
light when it is forward biased. An LED has a small lens built into it so that light can be seen
when current flows through it (Figure 3-25). When the LED is forward biased, the holes and
electrons combine and current is allowed to flow through it. The energy generated is released
in the form of light. The light from an LED is not heat energy as is the case with other lights.
It is electrical energy. Because of this, LEDs last longer than light bulbs. It is the material used
to make the LED that will determine the color of the light emitted, and the turn-on voltage.
Similar to standard silicon diodes, the LED has a constant turn-on voltage. However, this
turn-on voltage is usually higher than standard diodes. The turn-on voltage defines the color
of the light; 1.2 volts corresponds to red, 2.4 volts to yellow.

Photo Diodes

A photo diode also allows current to flow in one direction only. However, the direction of cur-
rent flow is opposite a standard diode. Reverse current flow only occurs when the diode receives a
specific amount of light. These types of diodes can be used in automatic headlight systems.

Clamping Diodes
Whenever the current flow through a coil (such as used in a relay or solenoid) is discon-

tinued, a voltage surge or spike is produced. This surge results from the collapsing of the
magnetic field around the coil. The movement of the field across the windings induces a very

Lens ~a r/-\ Cathode

&
LED
I'|]_[|'I Anode

(A) (B)

FIGURE 3-25 (A) A light-emitting diode uses a lens to
emit the generated light. (B) Symbol for LED.
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(Continued)

results in generation
of heat. When heated,
electrons are emitted
into the vacuum.
These electrons

are electrostatically
drawn to a positively
charged outer metal
plate (anode). Since
the plate is not
heated, the electrons
will not return to the
filament, even if the
charge on the plate is
made negative.
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A clamping diode
is nothing more than
a standard diode;
the term clamping
refers to its function.
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FIGURE 3-26 A clamping diode in parallel to a coil
prevents voltage spikes when the switch is opened.

high voltage spike, which can damage electronic components as it flows through the system.
In some circuits, a capacitor can be used as a shock absorber to prevent component damage
from this surge. In today’s complex electronic systems, a clamping diode is commonly used
to prevent the voltage spike. By installing a clamping diode in parallel with the coil, a bypass
is provided for the electrons during the time that the circuit is open (Figure 3-26).

An example of the use of clamping diodes is on some air conditioning compressor clutches.
Because the clutch operates by electromagnetism, opening the clutch coil circuit produces a
voltage spike. If this voltage spike was left unchecked, it could damage the vehicle’s onboard
computers. The installation of the clamping diode prevents the voltage spike from reaching
the computers. The clamping diode must be connected to the circuit in reverse bias.

Relays may also be equipped with a clamping diode. However, some use a resistor to dis-
sipate the voltage spike. The two types of relays are not interchangeable.

Transistors

A transistor is a three-layer semiconductor. It is used as a very fast switching device. The
word transistor is a combination of two words, transfer and resist. The transistor is used
to control current flow in the circuit (Figure 3-27). It can be used to allow a predetermined
amount of current flow or to resist this flow.

Transistors are made by combining P-type and N-type materials in groups of three. The
two possible combinations are NPN (Figure 3-28) and PNP (Figure 3-29).

The three layers of the transistor are designated as emitter, collector, and base. The emitter
is the outside layer of the forward-biased diode that has the same polarity as the circuit side to
which it is applied. The arrow on the transistor symbol refers to the emitter lead and points in
the direction of positive current flow and to the N material. The collector is the outside layer of
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FIGURE 3-27 Transistors that are used in
automotive applications.
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FIGURE 3-28 An NPN transistor and its symbol. FIGURE 3-29 A PNP transistor and its symbol.

the reverse-biased diode. The base is the shared middle layer. Each of these different layers has
its own lead for connecting to different parts of the circuit. In effect, a transistor is two diodes
that share a common center layer. When a transistor is connected to the circuit, the emitter-base
junction will be forward biased and the collector-base junction will be reverse biased.

In the NPN transistor, the emitter conducts current flow to the collector when the base
is forward biased. The transistor cannot conduct unless the voltage applied to the base leg
exceeds the emitter voltage by approximately 0.7 volt. This means both the base and collec-
tor must be positive with respect to the emitter. With less than 0.7 volt applied to the base
leg (compared to the voltage at the emitter), the transistor acts as an opened switch. When
the voltage difference is greater than 0.7 volt at the base, compared to the emitter voltage, the
transistor acts as a closed switch (Figure 3-30).

When an NPN transistor is used in a circuit, it normally has a reverse bias appliedto
the base-collector junction. If the emitter-base junction is also reverse biased, no current
will flow through the transistor (Figure 3-31). If the emitter-base junction is forward biased
(Figure 3-32), current flows from the emitter to the base. Because the base is a thin layer and
a positive voltage is applied to the collector, electrons flow from the emitter to the collector.

In the PNP transistor, current will flow from the emitter to the collector when the base leg
is forward biased with a voltage that is more negative than that at the emitter (Figure 3-33).
For current to flow through the emitter to the collector, both the base and the collector must
be negative in respect to the emitter.
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Collector
+
Base %) —poPpo————Pp §
Switch %
closed 5
<
+0.7V £
Emitter o

FIGURE 3-30 NPN transistor action.
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FIGURE 3-33 PNP transistor action.

AUTHOR’S NOTE: Current flow through transistors is always based on hole and/or
electron flow.

Current can be controlled through a transistor. Thus transistors can be used as a very fast
electrical switch. It is also possible to control the amount of current flow through the collector.
This is because the output current is proportional to the amount of current through the base leg.

A transistor has three operating conditions:

1. Cutoff: When reverse-biased voltage is applied to the base leg of the transistor. In this
condition the transistor is not conducting and no current will flow.

2. Conduction: Bias voltage difference between the base and the emitter has increased to
the point that the transistor is switched on. In this condition the transistor is conducting.
Output current is proportional to that of the current through the base.

3. Saturation: This occurs when the collector to emitter voltage is reduced to near zero by
a voltage drop across the collector’s resistor.

These types of transistors are called bipolar because they have three layers of silicon; two
of these layers are the same. Another type of transistor is the field-effect transistor (FET).
The FET’s leads are listed as source, drain, and gate. The source supplies the electrons and is
similar to the emitter in the bipolar transistor. The drain collects the current and is similar to
the collector. The gate creates the electrostatic field that allows electron flow from the source
to the drain. It is similar to the base.



Gate +2V Drain

Source

Insulating
— layer

Channel -7
P+
substrate

© Delmar/Cengage Learning

FIGURE 3-34 An FET uses a positive voltage to the gate terminal to create a capacitive
field to allow electron flow.

The FET transistor does not require a constant bias voltage. A voltage needs to be applied
to the gate terminal to get electron flow from the source to the drain. The source and drain are
constructed of the same type of doped material. They can be either N-type or P-type mate-
rials. The source and drain are separated by a thin layer of either N-type or P-type material
opposite the gate and drain.

Using the illustration (Figure 3-34), if the source voltage is held at 0 volts and 6 volts are
applied to the drain, no current will flow between the two. However, if a lower positive volt-
age is applied to the gate, the gate forms a capacitive field between the channel and itself.
The voltage of the capacitive field attracts electrons from the source, and current will flow
through the channel to the higher positive voltage of the drain.

This type of FET is called an enhancement-type FET because the field effect improves
current flow from the source to the drain. This operation is similar to that of a normally open
switch. A depletion-type FET is like a normally closed switch, whereas the field effect cuts
off current flow from the source to the drain.

Transistor Amplifiers

A transistor can be used in an amplifier circuit to amplify the voltage. This is useful when
using a very small voltage for sensing computer inputs but needing to boost that voltage to
operate an accessory (Figure 3-35). The waveform showing the small signal voltage that is
applied to the base leg of a transistor may look like that shown (Figure 3-36A). The waveform
showing the corresponding signal through the collector will be inverted (Figure 3-36B). Three
things happen in an amplified circuit:

1. The amplified voltage at the collector is greater than that of the base voltage.
2. The input current increases.
3. The pattern has been inverted.

Some amplifier circuits use a Darlington pair, which is two transistors that are con-
nected together. The first transistor in a Darlington pair is used as a preamplifier to produce a

Transistor
amplifier

Input Output
signal signal
voltage voltage

FIGURE 3-35 A simplified amplifier circuit.
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While electrons are
flowing from the
source to the drain
(electron theory),
positive charges

are flowing from

the drain to the
source (conventional
theory).

A BIT OF
HISTORY

The transistor was
developed by a team
of three American
physicists: Walter
Houser Brattain, John
Bardeen, and William
Bradford Shockley.
They announced their
achievement in 1948.
These physicists

won the Nobel Prize
in physics for this
development in 1956.
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(A) FIGURE 3-37 A Darlington pair used to amplify current.
T1 acts as a preamplifier that creates a larger base
current for T2, which is the final amplifier that creates
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FIGURE 3-36 The voltage applied to the base (A) is amplified
and inverted through the collector (B).
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large current to operate the second transistor (Figure 3-37). The second transistor is isolated
from the control circuit and is the final amplifier. The second transistor boosts the current to
the amount required to operate the load component. The Darlington pair is utilized by most
control modules used in electronic ignition systems.

Phototransistors

A phototransistor is a transistor that is sensitive to light. In a phototransistor, a small lens is
used to focus incoming light onto the sensitive portion of the transistor (Figure 3-38). When
light strikes the transistor, holes and free electrons are formed. These increase current flow
through the transistor according to the amount of light. The stronger the light intensity, the
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FIGURE 3-38 Phototransistor.
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FIGURE 3-39 A forward direction SCR.

more current that will flow. This type of phototransistor is often used in automatic headlight
dimming circuits.

Thyristors

A thyristor is a semiconductor switching device composed of alternating N and P layers. It
can be used to rectify current from AC to DC, and to control power to light dimmers, motor
speed controls, solid-state relays, and other applications where power control is needed.

The most common type of thyristor used in automotive applications is the silicon-
controlled rectifier (SCR). Like the transistor, the SCR has three legs. However, it consists of
four regions arranged PNPN (Figure 3-39). The three legs of the SCR are called the anode (or
P-terminal), the cathode (or N-terminal), and the gate (one of the center regions).

The SCR requires only a trigger pulse (not a continuous current) applied to the gate to
become conductive. Current will continue to flow through the anode and cathode as long as
the voltage remains high enough, or until gate voltage is reversed.

The SCR can be connected into a circuit in either the forward or reverse direction. Using
Figure 3-39 of a forward-direction connection, the P-type anode is connected to the positive
side of the circuit and the N-type cathode is connected to the negative side. The center PN
junction blocks current flow through the anode and cathode.

Once a positive voltage pulse is applied to the gate, the SCR turns on. Even if the posi-
tive voltage pulse is removed, the SCR will continue to conduct. If a negative voltage pulse is
applied to the gate, the SCR will no longer conduct.

The SCR will also block any reverse current from flowing from the cathode to the anode.
Because current can flow in only one direction through the SCR, it can rectify AC current to
DC current.

Integrated Circuits

An integrated circuit (IC) is a complex circuit of thousands of transistors, diodes, resis-
tors, capacitors, and other electronic devices that are formed onto a tiny silicon chip
(Figure 3-40). As many as 30,000 transistors can be placed on a chip that is 1/4 inch
(6.35 mm) square.

Integrated circuits are constructed by photographically reproducing circuit patterns onto
a silicon wafer. The process begins with a large-scale drawing of the circuit. This drawing can
be room size. Photographs of the circuit drawing are reduced until they are the actual size
of the circuit. The reduced photographs are used as a mask. Conductive P-type and N-type
materials, along with insulating materials, are deposited onto the silicon wafer. The mask is
placed over the wafer and selectively exposes the portion of material to be etched away or the
portions requiring selective deposition. The entire process of creating an integrated circuit
chip takes over 100 separate steps. Out of a single wafer 4 inches (101.6 mm) in diameter,
thousands of integrated circuits can be produced.

The small size of the integrated chip has made it possible for the vehicle manufacturers to
add several computer-controlled systems to the vehicle without taking up much space. Also,
a single computer is capable of performing several functions.
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FIGURE 3-40 An enlarged illustration of an integrated circuit with thousands of transistors, diodes, resistors,
and capacitors. Actual size can be less than %z inch (6.35 mm) square.
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CIRCUIT PROTECTION DEVICES

Most automotive electrical circuits are protected from high current flow that would exceed
the capacity of the circuit’s conductors and/or loads. Excessive current results from a decrease
in the circuit’s resistance. Circuit resistance will decrease when too many components are
connected in parallel or when a component or wire becomes shorted. A short is an undesir-
able, low-resistance path for current flow. When the circuit’s current reaches a predeter-
mined level, most circuit protection devices open and stop current flow in the circuit. This
action prevents damage to the wires and the circuit’s components.

Fuses

The most commonly used circuit protection device is the fuse (Figure 3-41). A fuse is a
replaceable element that contains a metal strip that will melt when the current flowing
through it exceeds its rating. The thickness of the metal strip determines the rating of the

(©)
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FIGURE 3-41 Common fuses (A) glass cartage, (B) ceramic, (C) blade (Auto-fuse),
(D) mini, (E) maxi, and (F) “F” type.



fuse. When the metal strip melts, excessive current is indicated. The cause of the overload
must be found and repaired; then a new fuse of the same rating should be installed. The most
commonly used automotive fuses are rated from 3 to 30 amps.

There are three basic types of fuses: glass or ceramic fuses, blade-type fuses, and bullet
or cartridge fuses. Glass and ceramic fuses are found mostly on older vehicles. Sometimes,
however, you can find them in a special holder connected in series with a circuit. Glass fuses
are small glass cylinders with metal caps. The metal strip connects the two caps. The rating
of the fuse is normally marked on one of the caps.

Blade-type fuses are flat plastic units and are available in three different physical sizes:
mini, standard, and maxi (Figure 3-42). The plastic housing is formed around two male
blade-type connectors. The metal strip connects these connectors inside the plastic hous-
ing. The rating of these fuses is on top of the plastic housing and the plastic is color coded
(Figure 3-43).

Cartridge-type fuses are used in many European vehicles. These fuses are made of plastic
or ceramic material. They have pointed ends and the metal strip rounds from end to end. This
type of fuse is much like a glass fuse except the metal strip is not enclosed.

Fuses are typically located in a central fuse block or power distribution box. However,
fuses may also be found in relay boxes and electrical junction boxes. Power distribution boxes
are normally located in the engine compartment and house fuses and relays. A common
location for a fuse box is under the instrumental panel (Figure 3-44). The fuse box may also
be located behind kick panels, in the glove box, in the engine compartment, or in a variety of
other places on the vehicle. Fuse ratings and the circuits they protect are normally marked on
the cover of the fuse or power distribution box. Of course, this information can also be found
in the vehicle’s owner’s manual and the service information.

A fuse is connected in series with the circuit. Normally the fuse is located before all of
the loads of the circuit (Figure 3-46). However, it may be placed before an individual load
(Figure 3-47).

When adding accessories to the vehicle, the correct fuse rating must be selected. Use
the power formula to determine the correct fuse rating (watts + volts = amperes). The fuse
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FIGURE 3-42 Types of blade fuses. An auto-fuse is a standard blade-type fuse.

Excess current flow
in a circuit is called
an overload.

A “blown” fuse
is identified by a
burned-through
metal wire in
the capsule
(Figure 3-45).



FIGURE 3-44 Fuse boxes are normally located under
the dash or in the engine compartment.

FIGURE 3-45 Blown fuses.
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FIGURE 3-46 One fuse to protect FIGURE 3-47 Fuses used to protect
the entire parallel circuit. each branch of a parallel circuit.

selected should be rated slightly higher than the actual current draw to allow for current
surges (5% to 10%).

Fusible Links

Fusible links are made of meltable conductor material with a special heat-resistant insu-
lation. When there is an overload in the circuit, the conductor link melts and opens the
circuit. To properly test a fusible link, use an ohmmeter or continuity tester. A vehicle may
have one or several fusible links to provide protection for the main power wires before they
are divided into smaller circuits at the fuse box. The fusible links are usually located at a
main connection near the battery or starter solenoid (Figure 3-48). The current capacity of
a fusible link is determined by its size. A fusible link is usually four wire sizes smaller (four
numbers larger) than the circuit it protects. The smaller the wire, the larger its number.
A circuit that uses 14-gauge wire would require an 18-gauge fusible link for protection.

AUTHOR’S NOTE: Some GM vehicles have the fusible link located at the main
connection near the starter motor.
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FIGURE 3-48 Fusible links located near the battery.

AUTHOR’S NOTE: A “blown” fusible link is usually identified by bubbling of the
insulator material around the link.

Maxi-Fuses

In place of fusible links, many manufacturers use a maxi-fuse. A maxi-fuse looks similar to
a blade-type fuse except it is larger and has a higher current capacity. It is also referred to as
a cartridge fuse. By using maxi-fuses, manufacturers are able to break down the electrical
system into smaller circuits. If a fusible link burns out, many of the vehicle’s electrical systems
may be affected. By breaking down the electrical system into smaller circuits and installing
maxi-fuses, the consequence of a circuit defect will not be as severe as it would have been
with a fusible link. In place of a single fusible link, there may be many maxi-fuses, depending
on how the circuits are divided. This makes the technician’s job of diagnosing a faulty circuit
much easier.

Maxi-fuses are used because they are less likely to cause an underhood fire when there is
an overload in the circuit. If the fusible link is burned in two, it is possible that the “hot” side
of the fuse can come into contact with the vehicle frame and the wire can catch on fire.

Today many manufacturers are replacing maxi-fuses with “F’-type fuses. These are
smaller versions of the maxi-fuses.

Circuit Breakers

A circuit that is susceptible to an overload on a routine basis is usually protected by a
circuit breaker. A circuit breaker uses a bimetallic strip that reacts to excessive current
(Figure 3-49). When an overload or circuit defect occurs that causes an excessive amount of
current draw, the current flowing through the bimetallic strip causes it to heat. As the strip
heats, it bends and opens the contacts. Once the contacts are opened, current can no longer
flow. With no current flowing, the strip cools and closes again. If the excessive current cause
is still in the circuit, the breaker will open again. The circuit breaker will continue to open
and close as long as the overload is in the circuit. This type of circuit breaker is self-resetting
or “cycled” Some circuit breakers require manual resetting by pressing a button, while others
must be removed from the power to reset (Figure 3-50).

A bimetallic strip
consists of two
different types of
metals. One strip
will react more
quickly to heat than
the other, which
causes the strip to
flex in proportion

to the amount of

current flow.
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FIGURE 3-49 The circuit breaker uses a bimetallic strip that opens if current
draw is excessive.
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FIGURE 3-50 Non-cycling circuit breakers. (A) can be reset by pressing
the button, while (B) requires being removed from the power to reset.

An example of the use of a circuit breaker is in the power window circuit. Because the
window is susceptible to jams due to ice buildup on the window, a current overload is possible.
If this should occur, the circuit breaker will heat up and open the circuit before the window
motor is damaged. If the operator continues to attempt to operate the power window, the
circuit breaker will open and close until the cause of the jam is removed.

PTCs as Circuit Protection Devices

Automotive engineers are faced with conflicting needs to provide reliable circuit protec-
tion against shorts to ground or other overload conditions yet at the same time to reduce
vehicle weight and cost. Traditionally, fuses are used to protect multiple circuits. However,
this results in large, heavy, and complex wiring assemblies. The use of polymer, positive
temperature coefficient (PTC) resistors provides a means of meeting these needs. A PTC
resistor increases in resistance as temperature increases. Because of its design, a PTC resistor
has the ability to trip (increase resistance to the point it becomes the load device in the circuit)
during an over-current condition and reset after the fault is no longer present (Figure 3-51).

Conductive polymers consist of specially formulated plastics and various conductive
materials. At normal temperatures, the plastic materials form a crystalline structure. The
structure provides a low-resistance conductive chain. The resistance is so low that it does
not affect the operation of the circuit. However, if the current flow increases above the trip
threshold, the additional heat causes the crystalline structure to change to an amorphous
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FIGURE 3-51 PTC operation.

state. In this condition, the conductive paths separate, causing a rapid increase in the resis-
tance of the PTC. The increased resistance reduces the current flow to a safe level.

CIRCUIT DEFECTS

All electrical problems can be classified as being one of three types of problems: an open,
short, or high resistance. Each one of these will cause a component to operate incorrectly or
not at all. Understanding what each of these problems will do to a circuit is the key to proper
diagnosis of any electrical problem.

Open
An open is simply a break in the circuit (Figure 3-52). An open is caused by turning a switch
off, a break in a wire, a burned-out light bulb, a disconnected wire or connector, or anything
that opens the circuit. When a circuit is open, current does not flow and the component
doesn't work. Because there is no current flow, there are no voltage drops in the circuit.
Source voltage is available everywhere in the circuit up to the point at which it is open. Source
voltage is even available after a load, if the open is after that point.

Opens caused by a blown fuse will still cause the circuit not to operate, but the cause of
the problem is the excessive current that blew the fuse. Nearly all other opens are caused by a
break in the continuity of the circuit. These breaks can occur anywhere in the circuit.

Shorts

A short results from an unwanted path for current. Shorted circuits cause an increase in
current flow by bypassing part of the normal circuit path. This increased current flow can
burn wires or components.

Open

Battery

g
|
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FIGURE 3-52 An open circuit stops all
current flow.
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An example of a shorted circuit could be found in a faulty coil. The windings within a coil
are insulated from each other; however, if this insulation breaks down, a copper-to-copper
contact is made between the turns. Since part of the windings will be bypassed, this reduces
the number of windings in the coil through which current will flow. This results in the effec-
tiveness of the coil being reduced. Also, since the current bypasses a portion of the normal
circuit resistance, current flow is increased and excess heat can be generated.

Another example of a shorted circuit is if the insulation of two adjacent wires breaks
down and allows a copper-to-copper contact (Figure 3-53). If the short is between points A
and B, light 1 would be on all the time. If the short is between points B and C, both lights
would illuminate when either switch is closed.

Another example is shown in Figure 3-54. With the two wires shorted together, the horn
will sound every time the brake pedal is depressed. Also, if the horn button is pressed, the
brake lights will come on.

Another type of electrical defect is a short to ground. A short to ground allows current to
flow an unintentional path to ground (Figure 3-55). To see what happens in a circuit that has
a short to ground, refer to Figure 3-56. If normal resistance of the two bulbs is 3 ohms and
6 ohms, since they are in parallel, the total circuit resistance is 2 ohms. The short makes a
path from the power side of one bulb to the return path, and to the battery. The short creates
a low- resistance path. If the low-resistance path has a resistance value of 0.001 ohms, it is
possible to calculate what would happen to the current in this circuit.

The short becomes another leg in the parallel circuit. Since the total resistance of a paral-
lel circuit is always lower than the lowest resistance, we know the total resistance of the cir-
cuit is now less than 0.001 ohms. Using Ohm’s law we can calculate the current flow through
the circuit.

A =V/R or A =12/.001 or A =12,000 Amps

———= Hormn
relay

1

Horn
button Short a Horn

[ —@

FIGURE 3-53 A short circuit can be a copper-to-copper

Brake
light
switch

lights
e 9 N
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contact between two adjacent wires. FIGURE 3-54 A wire-to-wire short.
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FIGURE 3-55 A grounded circuit.
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FIGURE 3-56 Ohm’s law applied to Figure 3-55.

Needless to say, it would take a large wire to carry that kind of amperage. Our 10-amp fuse
would melt quickly when the short occurred. This would protect the wires and light bulbs.

High Resistance

High-resistance problems occur when there is unwanted resistance in the circuit. The high
resistance can come from a loose connection, corroded connection, corrosion in the wire,
wrong size wire, and so on. Since the resistance becomes an additional load in the circuit, the
effect is that the load component, with reduced voltage and current applied, operates with
reduced efficiency. An example would be a taillight circuit with a load component (light bulb)
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FIGURE 3-57 A simple light circuit with unwanted resistance.

that is rated at 50 watts. To be fully effective, this bulb must draw 4.2 amperes at 12 volts
(A =P + V). This means a full 12 volts should be applied to the bulb. If resistance is present at
other points in the circuit, some of the 12 volts will be dropped. With less voltage (and cur-
rent) being available to the light bulb, the bulb will illuminate with less intensity.

Figure 3-57 illustrates a light circuit with unwanted resistance at the power feed for the
bulb and at the negative battery terminal. When the circuit is operating properly, the 2-ohm
light bulb will have 6 amps of current flowing through it and drop 12 volts. With the added
resistance, the current is reduced to 3 amps and the bulb drops only 6 volts. As a result, the
bulb’s illumination is very dim.

SUMMARY

® A switch can control the on/off operation of a circuit or direct the flow of current
through various circuits.

= A normally open switch will not allow current flow when it is in its rest position.
A normally closed switch will allow current flow when it is in its rest position.

® A relay is a device that uses low current to control a high-current circuit.

® A buzzer is sometimes used to warn the driver of possible safety hazards by emitting an
audio signal (such as when the seat belt is not buckled).

m A stepped resistor has two or more fixed resistor values. It is commonly used to control
electrical motor speeds.

m A variable resistor provides for an infinite number of resistance values within a range.
A rheostat is a two-terminal variable resistor used to regulate the strength of an elec-
trical current. A potentiometer is a three-wire variable resistor that acts as a voltage



divider to produce a continuously variable output signal proportional to a mechanical
position.

A diode is an electrical one-way check valve that will allow current to flow in one
direction only.

Forward bias means that a positive voltage is applied to the P-type material and
negative voltage to the N-type material. Reverse bias means that positive voltage is
applied tothe N-type material and negative voltage is applied to the P-type
material.

A transistor is a three-layer semiconductor that is commonly used as a very fast switching
device.

An integrated circuit is a complex circuit of thousands of transistors, diodes, resis-
tors, capacitors, and other electronic devices that are formed onto a tiny silicon
chip.

The protection device is designed to “turn oft” the system it protects. This is done by
creating an open (like turning off a switch) to prevent a complete circuit.

Fuses are rated by amperage. Never install a larger rated fuse into a circuit than the
one that was designed by the manufacturer. Doing so may damage or destroy the
circuit.

An open circuit is a circuit in which there is a break in continuity.

A shorted circuit is a circuit that allows current to bypass part of the normal path.

A short to ground is a condition that allows current to return to ground before it has
reached the intended load component.

REVIEW QUESTIONS
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Relays
Reverse-biased
Rheostat

Short

Short circuits
Solenoid

Sound generator
Stepped resistor
Throw

Thyristor
Transistor
Turn-on voltage
Variable resistors
Wiper

Zener diode
Zener voltage

into

can control the on/off operation
of a circuit or direct the flow of current through

Short-Answer Essays Fill in the Blanks
1. Describe the use of three types of semiconductors. 1. Never install a larger rated
2. What types of mechanical variable resistors are used a circuit than the one that was designed by the
on automobiles? manufacturer.
3. Define what is meant by opens, shorts, grounds, and 2. A
excessive resistance. . o
various circuits.
4. Explain the effects that each type of circuit defect

5. Explain the purpose of a circuit protection device.

10.

. Describe the most common types of circuit protec-

. Describe the common types of electrical system

. Describe the difference between a rheostat and a 5. When a

. Explain the difference between normally open (NO)

3. A normally

will have on the operation of the electrical system.

switch will not allow

current flow when it is in its rest position. A

normally

tion devices. 4. An

switch will allow current
flow when it is in its rest position.

is a complex

(non-electric) components used and how they affect
the electrical system.

potentiometer. P-material of a diode and

circuit of many transistors, diodes, resistors,
capacitors, and other electronic devices that are
formed onto a tiny silicon chip.

voltage is applied to the

voltage

biased. When a

is applied to the N-material, the diode is reverse
voltage is applied

and normally closed (NC) switches.

Explain the differences between forward biasing and
reverse biasing a diode.

to the N-material of a diode and
voltage is applied to the P-material, the diode is
forward biased.




6. A is used in electronic circuits as a
very fast switching device.

7. A is an electrical one-way check valve
that will allow current to flow in one direction only.

8. A is an electromechanical device
that uses low current to control a high-current
circuit.

MULTIPLE CHOICE

9.

10.

A is a three-wire variable resistor
that acts as a voltage divider. A isa
two-terminal variable resistor used to regulate the
strength of an electrical current.

The requires only a trigger pulse
applied to the gate to become conductive.

1. All of the following are true concerning electrical
shorts, EXCEPT:
A. A short can add a parallel leg to the circuit, which
lowers the entire circuit’s resistance.

B. A short can result in a blown fuse.
C. A short decreases amperage in the circuit.
D. A short bypasses the circuit’s intended path.

2. Which statement is true concerning circuit
protection devices?
A. A fuse automatically resets after the cause of the
overload is repaired.

B. Circuit protection devices create an open when an
overload occurs.

C. An open circuit can cause a blown fuse.
D. Fuses are rated according to the voltage limits.

3. All of the statements concerning circuit components
are true, EXCEPT:
A. A switch can control the on/off operation of a circuit.

B. A switch can direct the flow of current through
various circuits.

C. A relay can be an SPDT-type switch.

D. A potentiometer changes voltage drop due to the
function of temperature.

4. Which of the following statements is/are correct?
A. A zener diode is an excellent component for regu-

lating voltage.

B. A reverse-biased diode lasts longer than a forward-
biased diode.

C. The switches of a transistor last longer than those
of a relay.

D. Bothaandc.

8.

. The light-emitting diode (LED):

A. Emits light when it is reverse biased.
B. Has a variable turn-on voltage.

C. Hasalight color that is defined by the materials
used to construct the diode.

D. Has a turn-on voltage that is usually less than stan-
dard diodes.

. Which of the following is the correct statement?

A. An open means that there is continuity in the
circuit.

B. A short bypasses a portion of the circuit.
C. High amperage draw indicates an open

circuit.
D. High resistance in a circuit increases current
flow.
. Transistors:

A. Can be used to control the switching on/off of
a circuit.

B. Can be used to amplify voltage.

C. Control high current with low current.
D. All of the above.
A
A

II of the following are true, EXCEPT:
Voltage drop can cause a lamp in a parallel circuit
to burn brighter than normal.

B. Excessive voltage drop may appear on either
the insulated or grounded return side of a
circuit.

C. Increased resistance in a circuit decreases
current.

D. A diode is used as an electrical one-way check
valve.



9. Which statement is correct concerning diodes?

A.

B.

Diodes are aligned to allow current flow in one
direction only.

Diodes can be used to rectify DC voltages into AC
voltages.

The stripe is on the anode side of the diode.

Normal turn-on voltage of a standard diode is
1.5 volts.

10. A “blown” fusible link is identified by:

A.
B.

C.
D.

A burned-through metal wire in the capsule.

A bubbling of the insulator material around
the link.

All of the above.
None of the above.



Chapter 4

WIRING AND
CIRCUIT DIAGRAMS

UPON COMPLETION AND REVIEW OF THIS CHAPTER, YOU SHOULD BE ABLE
TO UNDERSTAND AND DESCRIBE:

When single-stranded or multistranded wire The purpose and use of printed circuits.

should be used. Why wiring harnesses are used and how they are
The use of resistive wires in a circuit. constructed.

The construction of spark plug wires. The purpose of wiring diagrams.

How wire size is determined by the American Wire The common electrical symbols that are used.

Gauge (AWG) and metric methods.

The purpose of the component locator.

How to determine the correct wire gauge to be

used in a circuit.

How temperature affects resistance and wire size

selection.
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INTRODUCTION

Today’s vehicles have a vast amount of electrical wiring that, if laid end to end, could stretch
for half a mile or more. Today’s technician must be proficient at reading wiring diagrams
in order to sort through this great maze of wires. Trying to locate the cause of an electrical
problem can be quite difficult if you do not have a good understanding of wiring systems and
diagrams.

In this chapter, you will learn how wiring harnesses are made (Figure 4-1), how to read
the wiring diagram, how to interpret the symbols used, and how terminals are used. This will
reduce the amount of confusion you may experience when repairing an electrical circuit. It is
also important to understand how to determine the correct type and size of wire to carry the
anticipated amount of current. It is possible to cause an electrical problem by simply using
the wrong gauge size of wire. A technician must understand the three factors that cause resis-
tance in a wire—length, diameter, and temperature—to perform repairs correctly.

AUTOMOTIVE WIRING

Primary wiring is the term used for conductors that carry low voltage. The insulation of pri-
mary wires is usually thin. Secondary wiring refers to wires used to carry high voltage, such
as ignition spark plug wires. Secondary wires have extra-thick insulation.

Most of the primary wiring conductors used in the automobile are made of several
strands of copper wire wound together and covered with a polyvinyl chloride (PVC) insula-
tion (Figure 4-2). Copper has low resistance and can be connected to easily by using crimping
connectors or soldered connections. Other types of conductor materials used in automobiles
include silver, gold, aluminum, and tin-plated brass.
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FIGURE 4-1 Vehicle wiring harness.
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FIGURE 4-2 Comparison between solid and stranded primary wire.

AUTHOR’S NOTE: Copper is used mainly because of its low cost and availability.

Stranded wire means the conductor is made of several individual wires that are wrapped
together. Stranded wire is used because it is very flexible and has less resistance than solid
wire. This is because electrons tend to flow on the outside surface of conductors. Since there
is more surface area exposed in a stranded wire (each strand has its own surface), there is less
resistance in the stranded wire than in the solid wire (Figure 4-3). The PVC insulation is used
because it can withstand temperature extremes and corrosion. PVC insulation is also capable
of withstanding battery acid, antifreeze, and gasoline. The insulation protects the wire from
shorting to ground and from corrosion.

AUTHOR’S NOTE: General Motors has used single-stranded aluminum wire in lim-
ited applications where no flexing of the wire is expected. For example, it is used in
the taillight circuits.

Wire Sizes

Consideration must be given for some margin of safety when selecting wire size. There are
three major factors that determine the proper size of wire to be used:
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FIGURE 4-3 Stranded wire provides flexibility and more surface area for electron flow than a
single-strand solid wire.

1. The wire must have a large enough diameter, for the length required, to carry the neces-
sary current for the load components in the circuit to operate properly.

The wire must be able to withstand the anticipated vibration.

3. The wire must be able to withstand the anticipated amount of heat exposure.

L

Wire size is based on the diameter of the conductor. The larger the diameter, the less the
resistance. There are two common size standards used to designate wire size: American Wire
Gauge (AWG) and metric.

The AWG standard assigns a gauge number to the wire based on its diameter. The higher
the number, the smaller the wire diameter. For example, 20-gauge wire is smaller in diameter
than 10-gauge wire (Table 4-1). Most electrical systems in the automobile use 14-, 16-, or
18-gauge wire. Some high-current circuits will also use 10- or 12-gauge wire. Most battery
cables are 2-, 4-, or 6-gauge cable.

Both wire diameter and wire length affect resistance. Sixteen-gauge wire is capable of
conducting 20 amperes for 10 feet with minimal voltage drop. However, if the current is to
be carried for 15 feet, 14-gauge wire would be required. If 20 amperes were required to be
carried for 20 feet, then 12-gauge wire would be required. The additional wire size is needed
to prevent voltage drops in the wire. The illustration (Table 4-2) lists the wire size required to
carry a given amount of current for different lengths.

TABLE 4-1 GAUGE AND WIRE SIZE CHART




TABLE 4-2 THE DISTANCE THE CURRENT MUST BE CARRIED IS A FACTOR
IN DETERMINING THE CORRECT WIRE GAUGE TO USE

Another factor to wire resistance is temperature. An increase in temperature creates a
similar increase in resistance. A wire may have a known resistance of 0.03 ohms per 10 feet
at 70°F. When exposed to temperatures of 170°F, the resistance may increase to 0.04 ohms
per 10 feet. Wires that are to be installed in areas that experience high temperatures, as in the
engine compartment, must be of a size such that the increased resistance will not affect the
operation of the load component. Also, the insulation of the wire must be capable of with-
standing the high temperatures.

In the metric system, wire size is determined by the cross-sectional area of the wire.
Metric wire size is expressed in square millimeters (mm?). In this system the smaller the
number, the smaller the wire conductor. The approximate equivalent wire size of metric to
AWG is shown in Table 4-3.

Ground Straps

Usually there is not a direct metal to metal connection between the powertrain components
and the vehicle chassis. The engine, transmission, and axle assemblies are supported by rub-
ber mounts or bushings. The rubber acts as an insulator so any electrical components such
as actuators or sensors that are mounted to the powertrain components will not have a com-
pleted circuit back to the vehicle’s battery. This is especially true if the negative battery cable
is attached to the vehicle’s chassis instead of the engine block. Ground straps between the
powertrain components and the vehicle’s chassis are used to complete the return path to the
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TABLE 4-3 APPROXIMATE AWG TO METRIC EQUIVALENTS

Metric Size (mm?) AWG (Gauge) Size Ampere Capacity
0.5 20 4
0.8 18 6
1.0 16 8
2.0 14 15
3.0 12 20
5.0 10 30
8.0 8 40
13.0 6 50
19.0 4 60
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FIGURE 4-4 Ground straps are used to provide a return part for components
that are insulated from the chassis.

battery (Figure 4-4). In addition, ground straps suppress electromagnetic induction (EMI)
and radiation by providing a low-resistance circuit ground path.

AUTHOR’S NOTE: Ground straps are also referred to as bonding straps.

Ground straps can be installed in various locations. Some of the most common loca-
tions are:

Engine to bulkhead or fender.

Across the engine mounts.

Radio chassis to instrument panel frame.
Air-conditioning evaporator valve to the bulkhead.

The ground strap can be a large gauge insulated-type cable or a braided strap. Even on
vehicles with the battery negative cable attached to the engine block, ground straps are used
to connect between the engine block and the vehicle chassis. The additional ground cable
ensures a good, low-resistance ground path between the engine and the chassis.

Ground straps are also used to connect sheet metal parts such as the hood, fender pan-
els, and the exhaust system even though there is no electrical circuit involved. In these cases,
the strap is used to suppress EMI since the sheet metal could behave as a large capacitor.
The air space between the sheet metal forms an electrostatic field and can interfere with any
computer-controlled circuits that are routed near the sheet metal.



Terminals and Connectors

To perform the function of connecting the wires from the voltage source to the load com-
ponent reliably, terminal connections are used. Today’s vehicles can have as many as 500
separate circuit connections. The terminals used to make these connections must be able to
perform with very low voltage drop. Terminals are constructed of either brass or steel. Steel
terminals usually have a tin or lead coating. A loose or corroded connection can cause an
unwanted voltage drop that results in poor operation of the load component. For example, a
connector used in a light circuit that has as little as 10% voltage drop (1.2 V) may result in a
30% loss of lighting efficiency.

Terminals can be either crimped or soldered to the conductor. The terminal makes the
electrical connection, and it must be capable of withstanding the stress of normal vibration.
The illustration (Figure 4-5) shows several different types of terminals used in the automotive
electrical system. In addition, the following connectors are used on the automobile:

1. Molded connector: These connectors usually have one to four wires that are molded
into a one-piece component (Figure 4-6). Although the connector halves separate, the
connector itself cannot be taken apart.

Ring terminal
Three-way “Y” connector

Spade terminal

Snap plug terminal

Hook terminal

E Butt splice S Quick disconnect terminal

é
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FIGURE 4-5 Examples of primary wire terminals and connectors used in automotive applications.
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FIGURE 4-6 Molded connectors cannot be disassembled to replace
damaged terminals or to test.
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FIGURE 4-7 Multiple-wire hard-shell connectors.
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2. Multiple-wire, hard-shell connector: These connectors usually have a hard, plastic
shell that holds the connecting terminals of separate wires (Figure 4-7). The wire termi- Shop Manual
nals can be removed from the shell to be repaired.

3. Bulkhead connectors: These connectors are used when several wires must pass through
the bulkhead (Figure 4-8).

4. Weather-Pack Connectors: These connectors have rubber seals on the terminal ends
and on the covers of the connector half (Figure 4-9). They are used on computer circuits
to protect the circuit from corrosion, which may result in a voltage drop.

5. Metri-Pack Connectors: These are like the weather-pack connectors but do not have
the seal on the cover half (Figure 4-10).

6. Heat Shrink Covered Butt Connectors: Recommended for air bag applications by
some manufacturers. Other manufacturers allow NO repairs to the circuitry, while still
others require silver-soldered connections.

Chapter 4, page 150
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To reduce the number of connectors in the electrical system, a common connection

can be used (Figure 4-11). Common connections are used to share a source of power or a
common ground and are often called a splice. If there are several electrical components that
are physically close to each other, a single common connection (splice) eliminates using a
separate connector for each wire.

© Delmar/Cengage Learning

FIGURE 4-8 Bulkhead connector.
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FIGURE 4-9 Weather-pack connector is
used to prevent connector corrosion. FIGURE 4-10 Metri-pack connector.
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FIGURE 4-11 Common connections (splices) are used to reduce the amount of wire and connectors.
Printed Circuits
Printed circuit boards are used to simplify the wiring of the circuits they operate. Other
uses of printed circuit boards include the inside of radios, computers, and some voltage
regulators. Most instrument panels use printed circuit boards as circuit conductors. A
printed circuit is made of a thin phenolic or fiberglass board that copper (or some other
conductive material) has been deposited on. Portions of the conductive metal are then
etched or eaten away by acid. The remaining strips of conductors provide the circuit path
for the instrument panel illumination lights, warning lights, indicator lights, and gauges of
the instrument panel (Figure 4-12). The printed circuit board is attached to the back of the
instrument panel housing. An edge connector joins the printed circuit board to the vehicle
wiring harness.
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FIGURE 4-12 Printed circuits eliminate bulky wires behind the instrument panel.
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Whenever it is necessary to perform repairs on or around the printed circuit board, it is
important to follow these precautions:

1. When replacing light bulbs, be careful not to cut or tear the surface of the printed circuit
board.

2. Do not touch the surface of the printed circuit with your fingers. The acid present in
normal body oils can damage the surface.

3. If the printed circuit board needs to be cleaned, use a commercial cleaning solution
designed for electrical use. If this solution is not available, it is possible to clean the board
by lightly rubbing the surface with an eraser.

Wiring Harness

Most manufacturers use wiring harnesses to reduce the number of loose wires hanging
under the hood or dash of an automobile. The wiring harness provides for a safe path for the
wires of the vehicle’s lighting, engine, and accessory components. The wiring harness is made
by grouping insulated wires and wrapping them together. The wires are bundled into separate
harness assemblies that are joined together by connector plugs. The multiple-pin connector
plug may have more than 60 individual wire terminals.

There are several complex wiring harnesses in a vehicle, in addition to the simple
harnesses. The engine compartment harness and the under-dash harness are examples
of complex harnesses (Figure 4-13). Lighting circuits usually use a more simple harness

Stereo wiring

Ash tray

A lamp Printer circuit
\\ board connectors
\ \ <7/

- T o>
i 7 ~ Headlam
To door \“!(Il/ WitCh p

N (S
switch /l )N.'v

To accessory lamps

To A/IC / N
blower\ /
resistor A/ To
J| heater —
= blower Cigarette Lamp
To right front = ¥ lighter
door resistor Rear wiper
To key-in buzzer —\ and washer
To key lamp switch

To wiper switch
To headlamp To turn signal

dimmer switch

I/? & — To stereo

<o speakers

To left door
speaker
Spesd ol To left door
L peead contro courtesy switch
To |gn|rt1|on servo and switches body / y
switc wiring To hatch To rear wiper switch
Tossvtv(i)t‘z:riamp Bulkhead release To heated rear window
disconnect

FIGURE 4-13 Complex wiring harness.
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A BIT OF
HISTORY
The printed circuit
board was developed
in 1947 by the
British scientist J. A.
Sargrove to simplify

the production of
radios.




The conduit is

commonly referred
to as the wire loom
or corrugated loom.
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FIGURE 4-14 Simple wiring harness.
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FIGURE 4-15 Flexible conduit used to make
wiring harnesses.

(Figure 4-14). A complex harness serves many circuits. The simple harness services only a
few circuits. Some individual circuit wires may branch out of a complex harness to other
areas of the vehicle.

Most wiring harnesses now use a flexible conduit to provide for quick wire installation
(Figure 4-15). The conduit has a seam that can be opened to accommodate the installation or
removal of wires from the harness. The seam will close once the wires are installed, and will
remain closed even if the conduit is bent.

Wiring Protective Devices

Often overlooked, but very important to the electrical system, are proper wire protection
devices (Figure 4-16). These devices prevent damage to the wiring by maintaining proper
wire routing and retention. Special clips, retainers, straps, and supplementary insulators
provide additional protection to the conductor over what the insulation itself is capable
of providing. Whenever the technician must remove one of these devices to perform
a repair, it is important that the device be reinstalled to prevent additional electrical
problems.

Whenever it is necessary to install additional electrical accessories, try to support the
primary wire in at least 1-foot intervals. If the wire must be routed through the frame or body,
use rubber grommets to protect the wire.
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Retainer

FIGURE 4-16 Typical wire protection devices.

WIRING DIAGRAMS

One of the most important tools for diagnosing and repairing electrical problems is a
wiring diagram. A wiring diagram is an electrical schematic that shows a representa-
tion of actual electrical or electronic components (by use of symbols) and the wiring of
the vehicle’s electrical systems. These diagrams identify the wires and connectors from
each circuit on a vehicle. They also show where different circuits are interconnected,
where they receive their power, where the ground is located, and the colors of the dif-
ferent wires. All of this information is critical to proper diagnosis of electrical problems.
Some wiring diagrams also give additional information that helps you understand how a
circuit operates and how to identify certain components (Figure 4-17). Wiring diagrams
do not explain how the circuit works; this is where your knowledge of electricity comes
in handy.

A wiring diagram can show the wiring of the entire vehicle or a single circuit (Figure 4-18).
These single-circuit diagrams are also called block diagrams. Wiring diagrams of the entire
vehicle tend to look more complex and threatening than block diagrams. However, once you
simplify the diagram to only those wires, connectors, and components that belong to an indi-
vidual circuit, they become less complex and more valuable.

Wiring diagrams show the wires, connections to switches and other components, and
the type of connector used throughout the circuit. Total vehicle wiring diagrams are normally
spread out over many pages of a service information. Some are displayed on a single large
sheet of paper that folds out of the manual. A system wiring diagram is actually a portion
of the total vehicle diagram. The system and all related circuitry are shown on a single page.
System diagrams are often easier to use than vehicle diagrams simply because there is less
information to sort through.

Remember that electrical circuits need a complete path in order to work. A wiring dia-
gram shows the insulated side of the circuit and the point of ground. Also, when lines (or
wires) cross on a wiring diagram, this does not mean they connect. If wires are connected,
there will be a connector or a dot at the point where they cross. Most wiring diagrams do not
show the location of the wires, connectors, or components in the vehicle. Some have location
reference numbers displayed by the wires. After studying the wiring diagram, you will know
what you are looking for. Then you move to the car to find it.

In addition to entire vehicle and system-specific wiring diagrams, there are other dia-
grams that may be used to diagnose electricity problems. An electrical schematic shows how

Shop Manual
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FIGURE 4-17 Wiring diagrams provide the technician with necessary information to accurately diagnose
the electrical systems.

the circuit is connected. It does not show the colors of the wires or their routing. Schematics
are what have been used so far in this book. They display a working model of the circuit.
These are especially handy when trying to understand how a circuit works. Schematics are
typically used to show the internal circuitry of a component or to simplify a wiring diagram.
One of the troubleshooting techniques used by good electrical technicians is to simplify a
wiring diagram into a schematic.

Electrical Symbols

Most wiring diagrams do not show an actual drawing of the components. Rather, they
use electrical symbols to represent the components. Often the symbol displays the basic
operation of the component. Many different symbols have been used in wiring diagrams
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FIGURE 4-18 Wiring diagram illustrating only one specific circuit for easier reference. This is also

known as a block diagram.
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through the years. Table 4-4 shows some of the commonly used symbols. You need to be
familiar with all of the symbols; however, you don’t need to memorize all of the variations.
Wiring diagram manuals include a “legend” that helps you interpret the symbols.

Color Codes and Circuit Numbering

Nearly all of the wires in an automobile are covered with colored insulation. These colors
are used to identify wires and electrical circuits. The color of the wires is indicated on a wir-
ing diagram. Some wiring diagrams also include circuit numbers. These numbers, or letters
and numbers, help identify a specific circuit. Both types of coding make it easier to diag-
nose electrical problems. Unfortunately, not all manufacturers use the same method of wire

A BIT OF
HISTORY

The service manuals
for early automobiles
were hand drawn and
labeled. They also had
drawings of the actual
components. As more
and more electrical
components were
added to cars, this
became impractical.
Soon schematic
symbols replaced the
component drawings.




TABLE 4-4 COMMON ELECTRICAL AND ELECTRONIC SYMBOLS USED IN WIRING DIAGRAMS

COMPONENT SYMBOL | ALTERNATE

Ammeter

And Gate

(&
A
Antenna Y Y
:
Z

Attenuator, Fixed

Attenuator, Variable

Battery ﬂ“h
Capacitor, Feedthrough Ai
Capacitor, Fixed, Nonpolarized % } —
Capacitor, Fixed, Polarized % F
Capacitor, Ganged, Variable J{Jf
Capacitor, General { }
Capacitor, Variable, Single %
Capacitor, Variable, Split-Stator 4&1#
Cathode, Cold T
Cathode, Directly Heated Q
Cathode, Indirectly Heated m r
Cavity Resonator —oo-
Cell =l
Choice Bracket —
Circuit Breaker or PTC device =D @
Clockspring @
Coaxial Cable - E—
Coil %
Crystal, Piezoelectric =[]~

Delay Line

Diode

Diode, Gunn

Diode, Photosensitive

&

<>
4”*
%
Diode, Light-Emitting =
-
e

Diode, Photovoltaic




TABLE 4-4 (continued)

Diode, Pin

Diode, Varactor

Diode, Zener

Directional Coupler

Dual Filament Lamp

Exclusive-Or Gate

Female Contact

Ferrite Bead

Fuse

by 0

Fusible link

Gauge

Ground, Chassis

Ground, Earth

Handset

Headphone, Double

Headphone, Single

Heating element

Hot Bar

BATT A0

Inductor, Air-Core

Inductor, Bifilar

Inductor, Iron-Core

Inductor, Tapped

Inductor, Variable

A 1T F R 1] £ Y Y I I P 222 S Y P DY | (] A TR

In-Line Connectors

2L cie3 2

7

—

c123

Integrated Circuit

Inverter

Jack, Coaxial

Jack, Phone, 2-Conductor

Jack, Phone, 2-Conductor

Interrupting

Jack, Phone, 3-Conductor

Jack, Phono

Ll RN




TABLE 4-4 (continued)

Key, Telegraph

Lamp, Neon

Male Contact

Microphone

Motor, One speed

Motor, Reversible

Motor, two Speed

e (o) === d R[] et

Multiple connectors

®

-

-
I
——

c123

Nand Gate

-

Negative Voltage Connection

%

Nor Gate

Operational Amplifier

Or Gate

Outlet, Utility, 117-V

Outlet, Utility, 234-V

Oxygen Sensor

Jelalul¢lv

Page Reference

(BW-30-10)

Piezoelectric Cell

Photocell, Tube

Plug, Phone, 2-Conductor

Plug, Phone, 3-Conductor

Plug, Phono

Plug, Utility, 117-V

Plug, Utility, 234-V

Positive Voltage Connection

Potentiometer

Probe, Radio-Frequency

Rectifier, Semiconductor

Rectifier, Silicon-Controlled

Rectifier, Tube-Type

Relay, DPDT

5 SIEIE PN R 15 1 (KN [N (1) Lot 1




TABLE 4-4 (continued)

=i

Relay, DPST =
Relay, SPDT }WE
Relay, SPST EWL
Resistor
Resonator

Rheostat, Variable Resistor,
Thermistor

Saturable Reactor

Shielding

Signal Generator

Single Filament Lamp

Sliding Door Contact

Solenoid

Solenoid Valve

&

Speaker

Splice, External

—e
— e—
@

8
8
g

Splice, Internal

Splice, Internal (Incompleted)

Switch, Closed

Switch, DPDT

=l
ool 5 N D

Switch, DPST

i
“

Switch, Ganged

o
|
e:‘{ﬁ

Switch, Momentary-Contact

b
Tk

Switch, Open

Switch, Resistive Multiplex

=1
Switch, Rotary o os0
¢} o ¢}
Switch, SPDT 4
Switch, SPST J
Terminals —0
Test Point —o
Thermocouple e




TABLE 4-4 (continued)

Thyristor

s

Tone Generator

=1

Transformer, Air-Core

Transformer, Iron-Core

Transformer, Tapped Primary

Transformer, Tapped Secondary

Transistor, Bipolar, npn

Transistor, Bipolar, pnp

Transistor, Field-Effect, N-Channel

Transistor, Field-Effect, P-Channel

Transistor, Metal-Oxide, Dual-Gate

Transistor, Metal-Oxide,
Single-Gate

Transistor, Photosensitive

Transistor, Unijunction

Tube, Diode

Tube, Pentode

Tube, Photomultiplier

Tube, Tetrode

Tube, Triode

Unspecified Component

Voltmeter

Wattmeter

6 Ol Il vad 1o B3 1 oy (&) Y ) ol ) G [ ) Koo Pl el B

Wire Destination In Another Cell

—_—
-

Wire Origin & Destination
Within Cell

Wires

Wires, Connected, Crossing

Wires, Not Connected, Crossing

+HH 1

|+




TABLE 4-5 COMMON COLOR CODES USED IN AUTOMOTIVE APPLICATIONS

identification. Table 4-5 shows common color codes and their abbreviations. Most wiring
diagrams list the appropriate color coding used by the manufacturer. Make sure you under-
stand what color the code is referring to before looking for a wire.

In most color codes, the first group of letters designates the base color of the insulation.
If a second group of letters is used, it indicates the color of the tracer. For example, a wire
designated as WH/BLK would have a white base color with a black tracer. A tracer is a thin
or dashed line of a different color than the base color of the insulation.

Ford uses four methods of color coding its wires (Figure 4-19):

1. Solid color.

2. Base color with a stripe (tracer).
3. Base color with hash marks.

4. Base color with dots.

Solid color
Striped
Hashmarked

Dotted

Examples

BK Solid black

BR-Y Brown with yellow stripe
BK-YH Black with yellow hashmarks
O-BKD Orange with black dots
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FIGURE 4-19 Four methods that Ford uses to color code their wires.



J 2A 18 BL/Y
Main circuit —-l_ |— Color of wire

(Blue with yellow tracer)

Part of main circuit Gage of wire
(varies depending upon options) (18 gage)

FIGURE 4-20 Chrysler’s wiring code identification.
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Chrysler uses a numbering method to designate the circuits on the wiring diagram
(Figure 4-20). The circuit identification, wire gauge, and color of the wire are included in the
wire number. Chrysler identifies the main circuits by using a main circuit identification code
that corresponds to the first letter in the wire number (Table 4-6).

General Motors uses numbers that include the wire gauge in metric millimeters, the
wire color, the circuit number, splice number, and ground identification (Figure 4-21). In
this example, the circuit is designated as 100, the wire size is 0.8 mm2, the insulation color is
black, the splice is numbered S114, and the ground is designated as G117.

Most manufacturers also number connectors, terminals, splices, and grounds for identi-
fication. The numbers correspond to their general location within the vehicle. The following
is typical identification numbers:

0.8 Blk

100

© Delmar/Cengage Learning

- G117

FIGURE 4-21 GM’s method of circuit
and wire identification.



TABLE 4-6 CHRYSLER’S CIRCUIT IDENTIFICATION CODES
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FIGURE 4-22 A typical installation diagram.

Component Locators

The wiring diagrams in most service informations may not indicate the exact physical loca-
tion of the components of the circuit. In another section of the service information, or in

Component a separate manual, a component locator is provided to help find where a component is
locators are also installed in the vehicle. The component locator may use both drawings and text to lead the
C?"ed installation technician to the desired component (Figure 4-22).

diagrams Many electrical components may be hidden behind kick panels, dashboards, fender wells,

and under seats. The use of a component locator will save the technician time in finding the
suspected defective unit.

SUMMARY

® Most of the primary wiring conductors used in the automobile are made of several
strands of copper wire wound together and covered with a polyvinyl chloride (PVC)
insulation.

= Stranded wire is used because of its flexibility and current flows on the surface of the
conductors. Because there is more surface area exposed in a stranded wire, there is less
resistance in the stranded wire than in the solid wire.

m There are three major factors that determine the proper size of wire to be used: (1) The
wire must be large enough diameter—for the length required—to carry the necessary
current for the load components in the circuit to operate properly, (2) the wire must be
able to with stand the anticipated vibration, and (3) the wire must be able to withstand
the anticipated amount of heat exposure.

m Wire size is based on the diameter of the conductor.



SUMMARY

= Factors that affect the resistance of the wire include the conductor material, wire diam-
eter, wire length, and temperature.

® Ground straps are used to complete the return path to the battery between components
tht are insulated. They are also used to suppress electromagnetic induction (EMI) and
radiation.

® Terminals can be either crimped or soldered to the conductor. The terminal makes
the electrical connection and it must be capable of withstanding the stress of normal
vibration.

® Printed circuit boards are used to simplify the wiring of the circuits they operate. A
printed circuit is made of a thin phenolic or fiberglass board that copper (or some other
conductive material) has been deposited on.

® A wire harness is an assembled group of wires that branch out to the various electrical
components. It is used to reduce the number of loose wires hanging under the hood or
dash. It provides for a safe path for the wires of the vehicle’s lighting, engine, and acces-
sory components.

® The wiring harness is made by grouping insulated wires and wrapping them together. The
wires are bundled into separate harness assemblies that are joined together by connector
plugs.

= A wiring diagram shows a representation of actual electrical or electronic components
and the wiring of the vehicle’s electrical systems.

m The technician’s greatest helpmate in locating electrical problems is the wiring diagram.
Correct use of the wiring diagram will reduce the amount of time a technician needs to
spend tracing the wires in the vehicle.

® In place of actual pictures, a variety of electrical symbols are used to represent the com-
ponents in the wiring diagram.

= Color codes and circuit numbers are used to make tracing wires easier.

= In most color codes, the first group of letters designates the base color of the insulation. If
a second group of letters is used, it indicates the color of the tracer.

m A component locator is used to determine the exact location of several of the electrical
components.

REVIEW QUESTIONS

TERMS TO
KNOW

Common connection
Component locator
DIN

Electrical symbols
Gauge

Ground straps
Installation diagrams
Primary wiring
Printed circuit boards
Schematic
Secondary wiring
Stranded wire
Tracer

Wiring harness
Wiring diagram

Short-Answer Essays

1. Explain the purpose of wiring diagrams.

8. List and describe the different types of terminal con-
nectors used in the automotive electrical system.

9. What is the difference between a complex and a

2. Explain how wire size is determined by the

simple wiring harness?
American Wire Gauge (AWG) and metric methods. P 5

10. Describe the methods the three domestic automobile

3. Explain the purpose and use of printed circuits.

4. Explain the purpose of the component locator.

5. Explain when single-stranded or multistranded wire Fill in the Blanks
should be used. 1. There is

6. Explain how temperature affects resistance and wire wire than in the solid wire.
size selection. 9

manufacturers use for wiring code identification.

resistance in the stranded

7. List the three major factors that determine the

proper size of wire to be used. are insulated.

complete the

return path to the battery between components that



. Wire size is based on the of the
conductor.
. In the AWG standard, the the

number, the smaller the wire

. An increase in temperature creates a similar
in resistance.

. connectors are used when several
wires must pass through the bulkhead.

are used to prevent damage
to the wiring by maintaining proper wire routing
and retention.

MULTIPLE CHOICE

8. A wiring diagram is an electrical schematic
that shows a of actual electrical
or electronic components (by use of symbols) and
the of the vehicle’s electrical
systems.

9. In most color codes, the first group of letters desig-
nates the of the
insulation. The second group of letters indicates the
color of the

10. A is used to

determine the exact location of several of the
electrical components.

1. Automotive wiring is being discussed.

Technician A says most primary wiring is made of
several strands of copper wire wound together and
covered with an insulation.

Technician B says the types of conductor materials used
in automobiles include copper, silver, gold, aluminum,
and tin-plated brass.

Who is correct?
A. Aonly

B. Bonly

C. BothAandB
D. Neither A nor B

. Stranded wire use is being discussed.

Technician A says there is less exposed surface area for
electron flow in a stranded wire.

Technician B says there is more resistance in the
stranded wire than in the same gauge solid wire.

Who is correct?
A. Aonly
B. Bonly

C. BothAandB
D. Neither A nor B

. A Chrysler wiring diagram designation of M2 14
BK/YL identifies the main circuit as being:

A. Climate control

B. Interior lighting

C. Wipers

D. None of the above

. Ground straps are used to:
A. Provide a return path to the battery between
insulated components

Suppress electromagnetic induction
Both A and B
Neither A nor B

Onw

5. The selection of the proper size of wire to be used is
being discussed.
Technician A says the wire must be large enough, for
the length required, to carry the amount of current
necessary for the load components in the circuit to
operate properly.
Technician B says temperature has little effect on resis-
tance and it is not a factor in wire size selection.
Who is correct?
A. Aonly
B. Bonly

C. BothAandB
D. Neither A nor B

6. Terminal connectors are being discussed.

Technician A says good terminal connections will resist
corrosion.

Technician B says the terminals can be either crimped
or soldered to the conductor.

Who is correct?
A. Aonly
B. Bonly

C. BothAandB
D. Neither A nor B

7. Wire routing is being discussed.

Technician A says to install additional electrical
accessories it is necessary to support the primary wire
in at least 10-foot intervals.

Technician B says if the wire must be routed through
the frame or body, use metal clips to protect the wire.

Who is correct?
A. Aonly
B. Bonly

C. BothAandB
D. Neither A nor B



8. Printed circuit boards are being discussed. 10. Wiring diagrams are being discussed.

Technician A says printed circuit boards are used to Technician A says wiring diagrams give the exact loca-
simplify the wiring of the circuits they operate. tion of the electrical components.
Technician B says care must be taken not to touch the Technician B says a wiring diagram will indicate what
board with bare hands. circuits are interconnected, where circuits receive their
Who is correct? voltage source, and what color of wires are used in the
A. Aonly C. Both AandB CHCUIF-
B. Bonly D. Neither A nor B Who is correct?
A. Aonly C. Both AandB
9. Wiring harnesses are being discussed. B. Bonly D. Neither A nor B

Technician A says a wire harness is an assembled group
of wires that branches out to the various electrical
components.

Technician B says most under-hood harnesses are
simple harnesses.

Who is correct?
A. Aonly C. BothAandB
B. Bonly D. Neither A nor B
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Chapter 5

AUTOMOTIVE
BATTERIES

UPON COMPLETION AND REVIEW OF THIS CHAPTER, YOU SHOULD BE ABLE
TO UNDERSTAND AND DESCRIBE:

The purposes of the battery. Describe the different types of battery terminals used.

The construction of conventional, maintenance- Describe the methods used to rate batteries.

free, hybrid, and recombination batteries.

Determine the correct battery to be installed into a

The main elements of the battery. vehicle.

The chemical action that occurs to produce current Explain the effects of temperature on battery

in a battery. performance.

The chemical reaction that occurs in the battery Describe the different loads or demands placed upon
during cycling. a battery during different operating conditions.

The differences, advantages, and disadvantages Explain the major reasons for battery failure.
between battery types Define battery-related terms such as deep cycle,

The function of HEV batteries electrolyte solution, and gassing.

The operation and purpose of ultra-capacitors
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INTRODUCTION

An automotive battery (Figure 5-1) is an electrochemical device capable of storing and pro-
ducing electrical energy. Electrochemical refers to the chemical reaction of two dissimilar
materials in a chemical solution that results in electrical current. When the battery is con-
nected to an external load, such as a starter motor, an energy conversion occurs that results in
an electrical current flowing through the circuit. Electrical energy is produced in the battery
by the chemical reaction that occurs between two dissimilar plates that are immersed in an
electrolyte solution. The automotive battery produces direct current (DC) electricity that
flows in only one direction.

When discharging the battery (current flowing from the battery), the battery changes
chemical energy into electrical energy. It is through this change that the battery releases stored
energy. During charging (current flowing through the battery from the charging system),
electrical energy is converted into chemical energy. As a result, the battery can store energy
until it is needed.

The automotive battery has several important functions, including:

It operates the starting motor, ignition system, electronic fuel injection, and other elec-
trical devices for the engine during cranking and starting.
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FIGURE 5-1 Typical automotive 12-volt battery.

2. It supplies all the electrical power for the vehicle accessories whenever the engine is not
running or when the vehicle’s charging system is not working.

3. It furnishes current for a limited time whenever electrical demands exceed charging
system output.

4. Itacts as a stabilizer of voltage for the entire automotive electrical system.

5. It stores energy for extended periods of time.

AUTHOR’S NOTE: The battery does not store energy in electrical form. The battery
stores energy in chemical form.

The largest demand placed on the battery occurs when it must supply current to oper-
ate the starter motor. The amperage requirements of a starter motor may be over several
hundred amperes. This requirement is also affected by temperatures, engine size, and engine
condition.

After the engine is started, the vehicle’s charging system works to recharge the battery and
to provide the current to run the electrical systems. Most AC generators have a maximum
output of 60 to 150 amperes. This is usually enough to operate all of the vehicle’s electrical
systems and meet the demands of these systems. However, under some conditions (such as
the engine running at idle) generator output is below its maximum rating. If there are enough
electrical accessories turned on during this time (heater, wipers, headlights, and radio) the
demand may exceed the AC generator output. During this time, the battery must supply the
additional current.

Even with the ignition switch turned off, there are electrical demands placed on the
battery. Clocks, memory seats, engine computer memory, body computer memory, and
electronic sound system memory are all examples of key-off loads. The total current draw of
key-off loads is usually less than 50 milliamperes.

In the event that the vehicle’s charging system fails, the battery must supply all of the cur-
rent necessary to run the vehicle. The amount of time a battery can be discharged at a certain

Electrical loads

that are still present
when the ignition
switch is in the

OFF position are
called key-off or
parasitic loads.



The condition of the
battery should be the
first test performed
on a vehicle with an
electrical problem.
Without proper
battery performance,
the entire electrical
system is affected.

The lead peroxide is
composed of small
grains of particles.
This gives the plate
a high degree of
porosity, allowing
the electrolyte to
penetrate the plate.

Lead peroxide is also
called lead dioxide.

Usually, negative
plate groups contain
one more plate than
positive plate groups
to help equalize the
chemical activity.

current rate until the voltage drops below a specified value is referred to as reserve capacity.
Most batteries will supply a reserve capacity of 25 amperes for approximately 120 minutes
before discharging too low to keep the engine running.

The amount of electrical energy that a battery is capable of producing depends on the size,
weight, active area of the plates, and the amount of sulfuric acid in the electrolyte solution.

In this chapter, you will study the design and operation of different types of batteries
currently used in automobiles. These include conventional batteries, maintenance-free
batteries, hybrid batteries, and recombination batteries.

CONVENTIONAL BATTERIES
The conventional battery is constructed of seven basic components:

Positive plates.
Negative plates.
Separators.
Case.

Plate straps.
Electrolyte.
Terminals.
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The difference between “3-year” and “5-year” batteries is the quantity of material
expanders used in the construction of the plates and the number of plates used to build a
cell. Material expanders are fillers that can be used in place of the active materials. They are
used to keep the manufacturing costs low.

A plate, either positive or negative, starts with a grid. Grids are generally made of
lead alloys, usually antimony. About 5% to 6% antimony is added to increase the strength
of the grid. The grid is the frame structure with connector tabs at the top. The grid has
horizontal and vertical grid bars that intersect at right angles (Figure 5-2). An active mate-
rial made from ground lead oxide, acid, and material expanders is pressed into the grid
in paste form. The positive plate is given a “forming charge” that converts the lead oxide
paste into lead peroxide. The negative plate is given a “forming charge” that converts the
paste into sponge lead.

The negative and positive plates are arranged alternately in each cell element (Figure 5-3).
Each cell element can consist of 9 to 13 plates. The positive and negative plates are insulated
from each other by separators made of microporous materials. The construction of the element
is completed when all of the positive plates are connected to each other and all of the negative
plates are connected to each other. The connection of the plates is by plate straps (Figure 5-4).

A typical 12-volt automotive battery is made up of six cells connected in series (Figure 5-5).
This means the positive side of a cell element is connected to the negative side of the next
cell element. This is repeated throughout all six cells. By connecting the cells in series, the
current capacity of the cell and cell voltage remain the same. The six cells produce 2.1 volts
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FIGURE 5-2 Conventional battery grid.
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FIGURE 5-3 A battery cell consists of alternate positive and negative plates.
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Many batteries
FIGURE 5-4 Construction of a battery element. have envelope-type_
separators that retain
active materials near
o ) ) ) ) ) the plates.
each. Wiring the cells in series produces the 12.6 volts required by the automotive electrical
system. The plate straps provide a positive cell connection and a negative cell connection.
The cell connection may be one of three types: through the partition, over the partition, or The most common
external (Figure 5-6). The cell elements are submerged in a cell case filled with electrolyte f[:onnectio? Uf’;fd
0 connect ce

solution. Electrolyte consists of sulfuric acid diluted with water. The electrolyte solution used
in automotive batteries consists of 64% water and 36% sulfuric acid, by weight. Electrolyte is
both conductive and reactive.

elements is through
the partition. It

The battery case is made of polypropylene, hard rubber, and plastic base materials. E;%gﬁiﬂi?g;;eﬁ
The battery case must be capable of withstanding temperature extremes, vibration, and e

acid absorption. The cell elements sit on raised supports in the bottom of the case. By
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FIGURE 5-5 The 12-volt battery consists of six 2-volt cells that are wired in series.
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FIGURE 5-6 The cell elements can be connected using one of three intercell connection methods.

raising the cells, chambers are formed at the bottom of the case that trap the sediment that
flakesoff the plates. If the sediment was not contained in these chambers, it could cause a
conductive connection across the plates and short the cell. The case is fitted with a one-
piece cover.

Because the conventional battery releases hydrogen gas when it is being charged, the
case cover will have vents. The vents are located in the cell caps of a conventional battery
(Figure 5-7).

Lead acid batteries
are also called
flooded batteries.
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FIGURE 5-7 The vents of a conventional battery allow the
release of gases.

Chemical Action

Activation of the battery is through the addition of electrolyte. This solution causes the chem-
ical actions to take place between the lead peroxide of the positive plates and the sponge lead
of the negative plates. The electrolyte is also the carrier that moves electric current between
the positive and negative plates through the separators.

The automotive battery has a fully charged specific gravity of 1.265 corrected to 80°F
(27°C). Therefore, a specific gravity of 1.265 for electrolyte means it is 1.265 times heavier
than an equal volume of water. As the battery discharges, the specific gravity of the electrolyte
decreases because the electrolyte becomes more like water. The specific gravity of a battery
can give you an indication of how charged a battery is.

Fully charged: 1.265 specific gravity

75% charged: 1.225 specific gravity
50% charged: 1.190 specific gravity
25% charged: 1.155 specific gravity
Discharged: 1.120 or lower specific gravity

These specific gravity values may vary slightly according to the design of the battery.
However, regardless of the design, the specific gravity of the electrolyte in all batteries will
decrease as the battery discharges. Temperature of the electrolyte will also affect its specific
gravity. All specific gravity specifications are based on a standard temperature of 80°F
(27°C). When the temperature is above that standard, the specific gravity is lower. When
the temperature is below that standard, the specific gravity increases. Therefore, all specific
gravity measurements must be corrected for temperature. A general rule to follow is to add
0.004 for every 10°F (5.5°C) above 80°F (27°C) and subtract 0.004 for every 10°F (5.5°C) below
80°F (27°C).

In operation, the battery is being partially discharged and then recharged. This represents
an actual reversing of the chemical action that takes place within the battery. The constant
cycling of the charge and discharge modes slowly wears away the active materials on the
cell plates. This action eventually causes the battery plates to sulfate. The battery must be
replaced once the sulfation of the plates has reached the point that there is insufficient active
plate area.

In the charged state, the positive plate material is essentially pure lead peroxide, PbO,.
The active material of the negative plates is spongy lead, Pb. The electrolyte is a solution of
sulfuric acid, H,SO,, and water. The voltage of the cell depends on the chemical difference
between the active materials.
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Specific gravity

is the weight of a
given volume of a
liquid divided by the
weight of an equal
volume of water.
Water has a specific
gravity of 1.000.
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Lead acid batteries
date back to 1859.
Alexander Graham
Bell used a primitive
battery to make his
first local call in 1876.
Once it was learned
how to recharge the
lead acid batteries,
they were installed
into the automobile.
These old-style bat-
teries could not hold a
charge very well and
it was believed that
placing the battery
on a concrete floor
made them discharge
faster. Although this
fable has no truth to
it, the idea has hung
on for years.

The illustration (Figure 5-8) shows what happens to the plates and electrolyte during
discharge. The lead (Pb) from the positive plate combines with sulfate (SO,) from the acid,
forming lead sulfate (PbSO, ). While this is occurring, oxygen (O,) in the active material of
the positive plate joins with the hydrogen (H,) from the electrolyte forming water (H,O). This
water dilutes the acid concentration.

A similar reaction is occurring in the negative plate. Lead (Pb) is combining with sul-
fate (SO, ), forming lead sulfate (PbSO, ). The result of discharging is changing the positive
plate from lead dioxide into lead sulfate and changing the negative plate into lead sulfate.
Discharging a cell makes the positive and negative plates the same. Once they are the same,
the cell is discharged.

The charge cycle is exactly the opposite (Figure 5-9). The lead sulfate (PbSO,) in both
plates is split into its original forms of lead (Pb) and sulfate (SO, ). The water in the electrolyte
splits into hydrogen and oxygen. The hydrogen (H,) combines with the sulfate to become
sulfuric acid again (H,SO, ). The oxygen combines with the positive plate to form the lead
peroxide. This now puts the plates and the electrolyte back in their original form and the cell
is charged.
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FIGURE 5-8 Chemical action that occurs inside of the battery during the discharge cycle.
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FIGURE 5-9 Chemical action inside of the battery during the charge cycle.
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MAINTENANCE-FREE BATTERIES

In a maintenance-free battery there is no provision for the addition of water to the cells.
The battery is sealed. It (Figure 5-10) contains cell plates made of a slightly different com-
pound than what is in a conventional battery. The plate grids contain calcium, cadmium,
or strontium to reduce gassing and self-discharge. Gassing is the conversion of the battery
water into hydrogen and oxygen gas. This process is also called electrolysis. The antimony
used in conventional batteries is not used in maintenance-free batteries because it increases
the breakdown of water into hydrogen and oxygen and because of its low resistance to
overcharging. The use of calcium, cadmium, or strontium reduces the amount of vaporiza-
tion that takes place during normal operation. The grid may be constructed with additional
supports to increase its strength and to provide a shorter path, with less resistance, for the
current to flow to the top tab (Figure 5-11).

Each plate is wrapped and sealed on three sides by an envelope design separator. The
envelope is made from microporous plastic. By enclosing the plate in an envelope, the plate is
insulated and reduces the shedding of the active material from the plate.

The battery is sealed except for a small vent so the electrolyte and vapors cannot escape
(Figure 5-12). An expansion or condensation chamber allows the water to condense and drain
back into the cells. Because the water cannot escape from the battery, it is not necessary to
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FIGURE 5-10 Maintenance-free batteries.
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FIGURE 5-11 Maintenance-free battery grids with support bars give
increased strength and faster electrical delivery.
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FIGURE 5-12 Construction of a maintenance-free battery.
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Grid growth is a
condition where

the grid grows little
metallic fingers that
extend through the
separators and short
out the plates.

Deep cycling is

to discharge the
battery to a very
low state of charge
before recharging it.

add water to the battery on a periodic basis. Containing the vapors also reduces the possibility
of corrosion and discharge through the surface because of electrolyte on the surface of the
battery. Vapors leave the case only when the pressure inside the battery is greater than atmo-
spheric pressure.

AUTHOR’S NOTE: If electrolyte and dirt are allowed to accumulate on the top of the
battery case, it may create a conductive connection between the positive and negative
terminals, resulting in a constant discharge on the battery.

Some maintenance-free batteries have a built-in hydrometer to indicate the state of
charge (Figure 5-13). A hydrometer is a test instrument that is used to check the specific
gravity of the electrolyte to determine the battery’s state of charge. If the dot that is at the
bottom of the hydrometer is green, then the battery is fully charged (more than 65% charged).
If the dot is black, the battery state of charge is low. If the battery does not have a built-in
hydrometer, it cannot be tested with a hydrometer because the battery is sealed.

AUTHOR’S NOTE: It is important to remember that the built-in hydrometer is only
an indication of the state of charge for one of the six cells of the battery and should
not be used for testing purposes.

Many manufacturers have revised the maintenance-free battery to a “low maintenance-
battery,” in that the caps are removable for testing and electrolyte level checks. Also, the grid
construction contains about 3.4% antimony. To decrease the distance and resistance of the
path, that current flows in the grid, and to increase its strength, the horizontal and vertical
grid bars do not intersect at right angles (Figure 5-14).

The advantages of maintenance-free batteries over conventional batteries include:

1. A larger reserve of electrolyte above the plates.

2. Increased resistance to overcharging.

3. Longer shelf life (approximately 18 months).

4. Ability to be shipped with electrolyte installed, reducing the possibility of accidents and
injury to the technician.

5. Higher cold cranking amps rating.

The major disadvantages of the maintenance-free battery include:

1. Grid growth when the battery is exposed to high temperatures.
2. Inability to withstand deep cycling.
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FIGURE 5-13 One cell of a maintenance-free battery has a built-in hydrometer, which gives indication of
overall battery condition.
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FIGURE 5-14 Low-maintenance battery grid with vertical grid
bars intersecting at an angle.

3. Low reserve capacity.
4. Faster discharge by parasitic loads.
5. Shorter life expectancy.

HYBRID BATTERIES

AUTHOR’S NOTE: The following discussion on hybrid batteries refers to a battery
type and not to the batteries that are used in hybrid electric vehicles (HEVs).

The hybrid battery combines the advantages of the low-maintenance and maintenance-free
battery. The hybrid battery can withstand six deep cycles and still retain 100% of its original
reserve capacity. The grid construction of the hybrid battery consists of approximately 2.75%
antimony alloy on the positive plates and a calcium alloy on the negative plates. This allows
the battery to withstand deep cycling while retaining reserve capacity for improved cranking
performance. Also, the use of antimony alloys reduces grid growth and corrosion. The lead
calcium has less gassing than conventional batteries.

Grid construction differs from other batteries in that the plates have a lug located near the
center of the grid. In addition, the vertical and horizontal grid bars are arranged in a radial
pattern (Figure 5-15). By locating the lug near the center of the grid and using the radial grid
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FIGURE 5-15 Hybrid grid and separator construction.
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Buick first introduced
the storage battery as
standard equipment
in 1906.

Radial means
branching out from
a common center.
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FIGURE 5-16 The hybrid battery grid
construction allows for faster current
delivery. Electrical energy at point “A” has
a shorter distance to travel to get to the
tab at point “B.”

design, the current has less resistance and a shorter path to follow to the lug (Figure 5-16).
This means the battery is capable of providing more current at a faster rate.

The separators used are constructed of glass with a resin coating. The glass separators
offer low electrical resistance with high resistance to chemical contamination. This type of
construction provides for increased cranking performance and battery life.

RECOMBINATION BATTERIES

A recent variation of the automobile battery is the recombination battery (Figure 5-17).
The recombination battery is sometimes called a gel-cell battery. It does not use a liquid
electrolyte. Instead, it uses separators that hold a gel-type material. The separators are
placed between the grids and have very low electrical resistance. The spiral design provides
a larger plate surface area than that in conventional batteries (Figure 5-18). In addition, the
close plate spacing results in decreased resistance. Because of this design, output voltage
and current are higher than in conventional batteries. The extra amount of available voltage

Spiral cell
technology
Solid cast
cell connectors
3 8
g S
o Separators £
[=]
FIGURE 5-17 The recombination battery is one of Lead plate )
the most recent advances in the automotive battery. FIGURE 5-18 Construction of the recombination battery cells.



(approximately 0.6 V) assists in cold-weather starting. Also, gassing is virtually eliminated
and the battery can recharge faster.

The following are some other safety features and advantages of the recombination
battery:

1. Contains no liquid electrolyte. If the case is cracked, no electrolyte will spill.
Can be installed in any position, including upside down.

Is corrosion free.

Has very low maintenance because there is no electrolyte loss.

Can last as much as four times longer than conventional batteries.

Can withstand deep cycling without damage.

Can be rated over 800 cold cranking amperes.

AR A I

Recombination batteries recombine the oxygen gas that is normally produced on the
positive plates with the hydrogen given off by the negative plates. This recombination of
oxygen and hydrogen produces water (H,O) and replaces the moisture in the battery. The
electrolyte solution of the recombination battery is absorbed into the separators.

The oxygen produced by the positive plates is trapped in the cell by special pressurized
sealing vents. The oxygen gases then travel to the negative plates through small fissures in
the gelled electrolyte. There are between one and six one-way safety valves in the top of the
battery. The safety valves are necessary for maintaining a positive pressure inside of the bat-
tery case. This positive pressure prevents oxygen from the atmosphere from entering the
battery and causing corrosion. Also, the safety valves must release excessive pressure that
may be produced if the battery is overcharged.

Absorbed Glass Mat Batteries

A variation of the recombination battery is the absorbed glass mat (AGM) battery. Instead
of using a gel, they hold their electrolyte in a moistened fiberglass matting. The matting is
sandwiched between the battery’s lead plates. The plates are made of high-purity lead and are
tightly compressed into six cells. Separation of the plates is done by acid-permeated vitreous
separators that act as sponges to absorb acid. Each cell is enclosed in its own cylinder within
the battery case. This results in a sealed battery.

During normal discharging and charging of the battery, the hydrogen and oxygen sealed
within the battery are captured and recombined to form water within the electrolyte. This pro-
cess of recombining hydrogen and oxygen eliminates the need to add water to the battery.

Typical of recombination batteries, the AGM battery is not easily damaged due to vibra-
tions or impact. AGM batteries also have short recharging times and low internal resistance,
which increases output.

Valve-Regulated Batteries

All recombination batteries are classified as valve regulated batteries since they have one-
way safety valves that control the internal pressure of the battery case. The valve will open
to relieve any excessive pressure within the battery but at all other times the valve is closed
and seals the battery. A Valve-Regulated Lead—Acid (VRLA) battery is another variation
of the recombination battery. As the name implies, these are lead—acid batteries. Within the
VRLA battery, the oxygen produced on the positive plate is absorbed by the negative plate.
This causes a decrease in the amount of hydrogen produced at the negative plate. The small
amount of hydrogen that is produced is combined with the oxygen to produce water that is
returned to the electrolyte.

The VRLA uses a plate construction with a base of lead-tin-calcium alloy. The active
material of one of the plates is porous lead dioxide, while the active material of the other
plate is spongy lead. Sulfuric acid is used as the electrolyte. The sulfuric acid is absorbed into
plate separators made of a glass-fiber fabric.
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In 1955, automobile
manufactures started
to move from 6-volt
electrical systems
to the present
12-volt system. The
change was due

to the demand for
increased power

to accommodate a
greater number of

electrical accessories.

In 1955, the typical
car wiring harness
weighed 8 to 10
pounds and required
approximately 250 to
300 watts. In 1990,
the typical car wiring
harness weighed 15
to 20 pounds and
required over 1,000
watts. In 2000, the
typical car wiring
increased to weigh
between 22 and 28
pounds and required
over 1,800 watts.
The conventional
14-volt generator is
capable of producing
a maximum output of
2,000 watts.

HIGH-VOLTAGE BATTERIES

Automotive manufactures have been investigating the use of high-voltage batteries for over
20 years. The first step was to the use of 42-volt systems. Today, high-voltage batteries are
required by electric-drive vehicles. This section discussed the high-voltage battery system
and its progression.

42-Volt Systems

The first production vehicle that used the 42-volt system was the 2002 Toyota Crown Sedan,
which was only sold in the Japanese market. Although the use of 42-volt systems is very
limited at the current time, the technology learned has been applied to the electric hybrid
systems.

As you have probably come to realize, the increased use of electrical and electronic acces-
sories in today’s vehicles has about tapped the capabilities of the 12-volt/14-volt electrical
system. Electronic content in vehicles has been rising at a rate of about 6% per year. It’s been
estimated that by the end of the decade the electronic content will be about 40% of the total
cost of a high-line vehicle. The electrical demands on the vehicle have risen from about 500
watts in 1970 to about 4,000 watts in 2005. It is estimated that in 10 years the demand may
reach 10,000 watts.

AUTHOR’S NOTE: The reason for using 42 volts is based on the current 12-volt
system. Today’s batteries are rated at 12 volts but actually store about 14 volts. In
addition, the charging system produces about 14 to 15 volts when the engine is run-
ning. With the engine running, the primary source of electrical power is the charg-
ing system. This means that the automobile’s electrical system is actually a 14-volt
system. Forty-two volts represent three 12-volt batteries, but since they actually hold
a 14-volt charge, the system is considered 42 volts (3 times 14 volts equals 42 volts).

An additional benefit that may be derived from the use of a 42-volt system is it allows
manufacturers to electrify most of the inefficient mechanical and hydraulic systems that are
currently used. The new technology will allow electromechanical intake and exhaust valve
control, active suspension, electrical heating of the catalytic converters, electrically operated
coolant and oil pumps, electric air conditioning compressor, brake-by-wire, steer-by-wire,
and so on to be utilized. Studies have indicates that as these mechanical systems are replaced,
fuel economy will increase by about 10% and emissions will decrease.

Additional fuel savings can also be realized due to the more efficient charging system used
for the 42-volt system. Current 14-volt generators have an average efficiency across the engine
speed range band of less than 60%. This translates to about 0.5 gallons (1.9L) of fuel for 65 miles
(104.6 km) of driving to provide a continuous electrical load of 1,000 watts. With a 42-volt gen-
erator, the fuel consumption can be reduced the equivalent of up to 15% in fuel savings.

As simple as it may seem to convert from a 12-volt/14-volt system to a 36-volt/42-volt
system, many challenges need to be overcome. It is not as simple as adding a higher-voltage
output generator and expecting the existing electrical components to work. One of the
biggest hurdles is the light bulb. Current 12-volt lighting filaments can’t handle 42 volts.
The dual voltage systems can be used as a step toward full 42-volt implantation. However,
dual voltage systems are expensive to design. Another aspect of the 42-volt system is ser-
vice technician training to address aspects of arcing, safety, and dual-voltage diagnostics.

Arcing is perhaps the greatest challenge facing the design and use of the 42-volt system.
In fact, some manufacturers have abandoned further research and development of the system
because of the problem with arcing. In the conventional 14-volt system, the power level is
low enough that it is almost impossible to sustain an arc. Since there isn't enough electrical
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FIGURE 5-19 The ISG is usually located between the engine and the transmission in the

bell housing.

energy involved, the arcs collapse quickly and there is less heat build up. Electrical energy in
an arc at 42 volts is significantly greater and is sufficient to maintain a steady arc. The arc from
a 42-volt system can reach a temperature of 6000°F (3,316°C).

One of the newest technologies to emerge from the research and development of the
42-volt system is the integrated starter generator (ISG). Although this technology was not
actually used on a 42-volt system, development was a result of this system. The ISG is one
of the key contributors to the hybrid’s fuel efficiency due to its ability to automatically stop
and restart the engine under different operating conditions. A typical hybrid vehicle uses
an electric induction motor or ISG between the engine and the transmission (Figure 5-19).
The ISG performs many functions such as fast, quiet starting, automatic engine stops/starts
to conserve fuel, recharges the vehicle batteries, smoothes driveline surges, and provide
regenerative braking. These features will be discussed in greater detail in later chapters.

HEYV Batteries

As discussed earlier, lead—acid batteries are the most commonly used batteries in the auto-
motive industry. By connecting the batteries in series to each other, they can provide high
enough voltages to power some electric vehicles (EVs). For example, the first-generation
General Motors’ EV used twenty-six 12-voltlead—acid batteries connected in series to provide
312 volts. The down side of this arrangement is that the battery pack weighed 1,310 pounds
(595 kg). In addition, distance that could be traveled between battery recharges was 55 to
95 miles (88 to 153 km). The next-generation EV used nickel-metal hydride (NiMH) bat-
teries. These provided for a slightly longer traveling range between recharges. Although
production of battery-powered EVs has slowed, the technology learned has provided for the
development of hybrid vehicles. Now the hybrid technology is accelerating battery technol-
ogy to the point that battery-powered EVs may become more common in the future.

The battery pack in a hybrid vehicle is typically made up of several cylindrical
cells (Figure 5-20) or prismatic cells (Figure 5-21). These battery packs are often called
high-voltage (HV) batteries. There are several types of HV batteries being used or in
development.

Regenerative
braking is a method
of capturing the
vehicle’s kinetic
energy while it slows
down. The energy

is used to recharge
the batteries or a
capacitor.
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NiCad batteries are
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NiCd.

Energy density
refers to the amount
of energy that is
available for a given
amount of space.
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FIGURE 5-20 HV battery constructed of cylindrical cells.
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FIGURE 5-21 Battery pack made of several prismatic cells.

Nickel-Cadmium (NiCad) Batteries. NiCad cells may have a future role in hybrid
vehicles because of several advantages that it has. These include being able to withstand many
deep cycles, low cost of production, and long service life. NiCad batteries perform very well
when high energy boosts are required.

The negatives associated with the use of NiCad batteries include the following points:
they use toxic metals, have low energy density, need to be recharged if they have not been
used for a while, and suffer from the memory effect. The memory effect refers to the bat-
tery not being able to be fully recharged because it “remembers” its previous charge level.
This results in a low battery charge due to a battery that is not completely discharged before
it is recharged. For example, if the battery is consistently being recharged after it is only dis-
charged 50%, the battery will eventually only accept and hold a 50% charge and not accept
any higher charge.

The cathode (positive) electrode in a NiCad cell is made of fiber mesh covered with nickel
hydroxide. The anode (negative) electrode is a fiber mesh that is covered with cadmium. The
electrolyte is aqueous potassium hydroxide (KOH). The KOH is a conductor of ions and has
little involvement in the chemical reaction process. During discharge, ions travel from the
anode, through the KOH, and on to the cathode. During charging, the opposite occurs. Each
cell produces 1.2 volts.



Nickel-Metal Hydride (NiMH) Batteries. NiMH batteries are very quickly replacing
nickel-cadmium batteries since they are more environmentally friendly. They also have more
capacity than the NiCad battery since they have a higher energy density. However, they have
a lower current capacity when placed under a heavy load. At this time, the NiMH is the most
common HYV battery used in the hybrid vehicle.

The issue facing HEV manufactures is that the NiMH battery has a relatively short ser-
vice life. Service life suffers as a result of the battery being subjected to several deep cycles of
charging and discharging over its lifetime. In addition, NiMH cells generate heat while being
charged and they require long charge times. Because of the service life issue, most batteries
used in HEVs have an eight-year warranty.

The cathode electrode of the NiMH battery is a fiber mesh that contains nickel hydrox-
ide. The anode electrode is made of hydrogen-absorbing metal alloys. The most commonly
used alloys are compounds containing two to three of the following metals: titanium,
vanadium, zirconium, nickel, cobalt, manganese, and aluminum. The amount of hydrogen
that can be accumulated and stored by the alloy is far greater than the actual volume of
the alloy.

The cathode and anode electrodes are separated by a sheet of fine fibers saturated with
an aqueous and alkaline electrolyte-KOH. The components of the cell are typically placed in
a metal housing and then the unit is sealed. There is a safety vent that allows high pressures
to escape, if needed.

Under load the cell discharges and the hydrogen moves from the anode to the cathode
electrode. Since the electrolyte only supports the ion movement from one electrode to the
other, it has no active role in the chemical reaction. This means that the electrolyte level does
not change because of the chemical reaction. When the cell is recharged, hydrogen moves
from the cathode to the anode electrode.

The cells can be constructed either cylindrical or prismatic. Both designs are currently
being used in today’s hybrid vehicles. The prismatic design requires less storage space but had
less energy density than the cylindrical design.

A 300-volt battery is constructor of 240 cells that produce 1.2 volts each. The cells
are made into a module, with each module having 6 cells. Each module is actually a self-
contained 7.2 volt battery. The modules are connected in series to create the total voltage
(Figure 5-22).

A service disconnect is used to disable the HV system if repairs or service to any part of
the system is required (Figure 5-23). This service connector provides two functions that are
used to separate the HV battery pack into two separate batteries, with approximately 150
volts each. First, when the service disconnect is lifted up, it opens a high-voltage interlock
loop (HVIL), then when the service disconnect is fully removed, it opens the high-voltage
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FIGURE 5-22 Cell module connections.
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FIGURE 5-23 Service disconnect plug.

connector. When the HVIL is open, contactors should open. Contactors are heavy-duty
relays that are connected to the positive and negative sides of the HV battery. The contac-
tors are normally open and require a 12-volt supply to keep them closed. When the service
disconnect is lifted and the HVIL is opened, the voltage supply to the contactors is inter-
rupted and the contactors should open. However, if arcing has occurred that may have
welded the contacts of the contactors together, the circuit will not be opened. This will
result in a DTC being set.

Lithium-Ion (Li-ion) Batteries. Rechargeable lithium-based batteries are very similar
in construction to the nickel-based batteries just discussed. Positives associated with the use
of lithium batteries include high energy density, limited memory effect, and they being envi-
ronmentally friendly. The negatives are lithium is considered an alkali metal and oxidizes very
rapidly in air and water, which makes lithium highly flammable and slightly explosive when
exposed to air and water. Lithium metal is also corrosive.

AUTHOR’S NOTE: Lithium is the lightest metal and provides the highest energy
density of all known metals.

The anode electrode of a Li-ion battery is made of graphite (a form of carbon). The cath-
ode mostly comprises graphite and a lithium alloy oxide. Due to the safety issues associated
with lithium metal, the Li-ion battery uses a variety of lithium compounds. A manganese
li-ion battery has been developed for use in hybrid vehicles that has the potential of lasting
twice as long as a NiMH battery.

The electrolyte is a lithium salt mixed in a liquid. Polyethylene membranes are used to
separate the plates inside the cells and, in effect, separate the ions from the electrons. The
membranes have extremely small pores that allow the ions to move within the cell.

As with most other rechargeable cells, ions move from the anode to the cathode when
the cell is providing electrical energy and during recharging, the ions are moved back from
the cathode to the anode.

Lithium-Polymer (Li-Poly) Batteries. The lithium-polymer battery is nearly iden-
tical to a li-ion battery and share the same electrode construction. The difference is in
the lithium salt electrolyte. The Li-Poly cell holds the electrolyte in a thin solid, polymer
composite (polyacrylonitrile) instead as a liquid. The solid polymer electrolyte is not
flammable.



The dry polymer electrolyte does not conduct electricity. Instead, it allows ions to
move between the anode and cathode. The polymer electrolyte also serves as the separator
between the plates. Since the dry electrode has very high resistance, it is unable to provide
bursts of current for heavy loads. The efficiency can be increased by increasing the cell
temperature above 140°F (60°C). The voltage of a Li-Poly cell is about 4.23 volts when fully
charged.

ULTRA-CAPACITORS

Ultra-capacitors are capacitors constructed to have a large electrode surface area and
a very small distance between the electrodes. Unlike conventional capacitors that use a
dielectric, the ultra-capacitors use an electrolyte (Figure 5-24). It also stores electrical
energy at the boundary between the electrodes and the electrolyte. Although an ultra-
capacitor is an electrochemical device, no chemical reactions are involved in the storing
of electrical energy. This means that the ultra-capacitor remains an electrostatic device.
The design of the ultra-capacitor increases its capacitance capabilities to as much as 5000
farads.

Ultra-capacitors are used in many present-day hybrid vehicles and in some experimental
fuel cell EVs because of there ability to quickly discharge high voltages and then be quickly
recharged. This makes them ideal for increasing boost to electrical motors during times of
acceleration or heavy loads. Ultra-capacitors are also very good at absorbing the energy from
regenerative braking.

BATTERY TERMINALS

Terminals provide a means of connecting the battery plates to the vehicle’s electrical sys-
tem. All automotive batteries have two terminals. One terminal is a positive connection;
the other is a negative connection. The battery terminals extend through the cover or the
side of the battery case. The following are the most common types of battery terminals
(Figure 5-25):
1. Post or top terminals: Used on most automotive batteries. The positive post will be
larger than the negative post to prevent connecting the battery in reverse polarity.

Individual
ultra-capacitor cell

v

Current
collector

+ —_

Electrolyte

Porous
electrode

Il

Ultra-capacitor module
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FIGURE 5-24 Ultra-capacitor cell construction.
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The Toyota Prius
Hybrid was the

first automobile

to use a bank of
ultra-capacitors. The
ultra-capacitors store
energy captured
during deceleration
and braking and
release that energy
to assist the engine
during acceleration.
The energy in the
capacitors is also
used to restart the
engine during the
stop/start sequence.

Shop Manual
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FIGURE 5-25 The most common types of automotive battery terminals.

2. Side terminals: Positioned in the side of the container near the top. These terminals
are threaded and require a special bolt to connect the cables. Polarity identification is by
positive and negative symbols.

3. L terminals: Used on specialty batteries and some imports.

BATTERY RATINGS

Battery capacity ratings are established by the Battery Council International (BCI) in con-
junction with the Society of Automotive Engineers (SAE). Battery cell voltage depends on
the types of materials used in the construction of the battery. Current capacity depends on
several factors:

1. The size of the cell plates. The larger the surface area of the plates, the more chemical
action that can occur. This means a greater current is produced.

2. The weight of the positive and negative plate active materials.

3. The weight of the sulfuric acid in the electrolyte solution.

The battery’s current capacity rating is an indication of its ability to deliver cranking
power to the starter motor and of its ability to provide reserve power to the electrical system.
The commonly used current capacity ratings are explained in the following sections.

Ampere-Hour Rating

The ampere-hour rating is the amount of steady current that a fully charged battery can
supply for 20 hours at 80°F (26.7°C) without the terminal voltage falling below 10.5 volts. For
example, if a battery can be discharged for 20 hours at a rate of 4.0 amperes before its terminal
voltage reads 10.5 volts, it would be rated at 80 ampere-hours. This method of battery rating
is not widely used.

Cold Cranking Rating

Cold cranking

rating is also called Cold cranking rating is the most common method of rating automotive batteries. It is deter-
cold cranking amps mined by the load, in amperes, that a battery is able to deliver for 30 seconds at 0°F (-17.7°C)
(CCA). without terminal voltage falling below 7.2 volts (1.2 volts per cell) for a 12-volt battery. The

cold cranking rating is given in total amperage and is identified as 300 CCA, 400 CCA, 500
CCA, and so on. Some batteries are rated as high as 1,100 CCA.

Cranking Amps

Cranking Amps (CA) is an indication of the battery’s ability to provide a cranking amper-
age at 32°F (0°C). This rating uses the same test procedure as the cold cranking rating or
CCA discussed earlier, except it uses a higher temperature. To convert CA to CCA, divide
the CA by 1.25. For example, a 650-CCA-rated battery is the same as 812 CA. It is impor-
tant that the technician does not misread the rating and think the battery is rated as CCA
instead of CA.



Reserve-Capacity Rating

The reserve-capacity rating is determined by the length of time, in minutes, that a fully
charged battery can be discharged at 25 amperes before battery voltage drops below 10.5
volts. This rating gives an indication of how long the vehicle can be driven, with the head-
lights on, if the charging system should fail.

Battery Size Selection

Some of the aspects that determine the battery rating required for a vehicle include engine size,
engine type, climatic conditions, vehicle options, and so on. The requirement for electrical
energy to crank the engine increases as the temperature decreases. Battery power drops dras-
tically as temperatures drop below freezing (Figure 5-26). The engine also becomes harder to
crank due to the tendency of oils to thicken when cold, which results in increased friction. As
a general rule, it takes 1 ampere of cold cranking power per cubic inch of engine displacement.
Therefore, a 200-cubic-inch displacement (CID) engine should be fitted with a battery of at
least 200 CCA. To convert this into metric, it takes 1 amp of cold cranking power for every
16 cm?® of engine displacement. A 1.6-liter engine should require at least a battery rated at 100
CCA. This rule may not apply to vehicles that have several electrical accessories. The best
method of determining the correct battery is to refer to the manufacturer’s specifications.

The battery that is selected should fit the battery holding fixture and the holddown must
be able to be installed. It is also important that the height of the battery not allow the termi-
nals to short across the vehicle hood when it is shut. BCI group numbers are used to indicate
the physical size and other features of the battery. This group number does not indicate the
current capacity of the battery.

BATTERY CABLES

Battery cables are high-current conductors that connect the battery to the vehicle’s electrical
system. Battery cables must be of a sufficient capacity to carry the current required to meet all
electrical demands (Figure 5-27). Normal 12-volt cable size is usually 4 or 6 gauge. Various forms
of clamps and terminals are used to assure a good electrical connection at each end of the cable.
Connections must be clean and tight to prevent arcing, corrosion, and high-voltage resistance.

Temperature % of Cranking Power

80°F (26.7°C) 100 3
32°F (0°C) 65 5
0°F (—17.8°C) 40 £

©

FIGURE 5-26 The effect temperature has on the cranking power of the battery.
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FIGURE 5-27 The battery cable is designed to carry the high current required
to start the engine and supply the vehicle’s electrical systems.
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The storage battery
on early automobiles
was mounted under
the car. It wasn’t until
1937 that the battery
was located under
the hood for better
accessibility. Today,
with the increased
use of maintenance-
free batteries, some
manufacturers have
“buried” the battery
again. For example,
to access the battery
on some vehicles, you
must remove the left
front wheel and work
through the wheel
well. Also, some
batteries are now
located in the trunk
area.

The positive cable is usually red (but not always), and the negative cable is usually black.
The positive cable will fasten to the starter solenoid or relay. The negative cable fastens to
ground on the engine block or chassis. Some manufacturers use a negative cable with no
insulation. Sometimes the negative battery cable may have a body grounding wire to help
assure that the vehicle body is properly grounded.

AUTHOR’S NOTE: It is important to properly identify the positive and negative
cables when servicing, charging, or jumping the battery. Do not rely on the color of
the cable for this identification; use the markings on the battery case.

AUTHOR’S NOTE: Pinch on battery cable clamps are a temporary repair only!

BATTERY HOLDDOWNS

All batteries must be secured in the vehicle to prevent damage and the possibility of shorting
across the terminals if the battery tips. Normal vibrations cause the plates to shed their active
materials. Holddowns reduce the amount of vibration and help increase the life of the bat-
tery (Figure 5-28).

In addition to holddowns, many vehicles may have a heat shield surrounding the battery
(Figure 5-29). This heat shield is usually made of plastic and prevents under-hood tempera-
tures from damaging the battery.

AUTHOR’S NOTE: It is important that all hold-downs and heat shields be installed
to prevent early battery failure.

Insulation

Airflow
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Battery heat shield

FIGURE 5-29 Some vehicles are
equipped with a heat shield to
protect the battery from excessive
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FIGURE 5-28 Different types of battery hold-downs. heat.



SUMMARY

An automotive battery is an electrochemical device that provides for and stores electrical

energy.

Electrical energy is produced in the battery by the chemical reaction that occurs between

two dissimilar plates that are immersed in an electrolyte solution.

An automotive battery has the following important functions:

1. It operates the starting motor, ignition system, electronic fuel injection, and other
electrical devices for the engine during cranking and starting.

2. It supplies all the electrical power for the vehicle accessories whenever the engine is
not running or at low idle.

3. It furnishes current for a limited time whenever electrical demands exceed charging
system output.

4. It acts as a stabilizer of voltage for the entire automotive electrical system.

5. It stores energy for extended periods of time.

Electrical loads that are still placed on the battery when the ignition switch is in the OFF

position are called key-off or parasitic loads.

The amount of electrical energy that a battery is capable of producing depends on

the size, weight, and active area of the plates and the specific gravity of the electrolyte

solution.

The conventional battery is constructed of seven basic components:

Positive plates.

Negative plates.

Separators.

Case.

Plate straps.

Electrolyte.

Terminals.

Electrolyte solution used in automotive batteries consists of 64% water and 36% sulfuric

acid by weight.

The electrolyte solution causes the chemical actions to take place between the lead diox-

ide of the positive plates and the sponge lead of the negative plates. The electrolyte is also

the carrier that moves electric current between the positive and negative plates through

the separators.

The automotive battery has a fully charged specific gravity of 1.265 corrected to 80°F.

Grid growth is a condition where the grid grows little metallic fingers that extend through

the separators and short out the plates.

Deep cycling is discharging the battery almost completely before recharging it.

In a conventional battery, the positive plate is covered with lead peroxide and the negative

plate is covered with sponge lead.

In maintenance-free batteries, the cell plates contain calcium, cadmium, or strontium to

reduce gassing and self-discharge.

The grid construction of the hybrid battery consists of approximately 2.75% antimony

alloy on the positive plates and a calcium alloy on the negative plates.

The recombination battery uses separators that hold a gel-type material in place of liquid

electrolyte.

Absorbed glass mat (AGM) batteries hold their electrolyte in a moistened fiberglass mat-

ting that is sandwiched between the battery’s high-purity lead plates. Separation of the

plates is done by acid-permeated vitreous separators that act as sponges to absorb acid.

Within a valve-regulated lead-acid (VRLA), the oxygen produced on the positive plates is

absorbed by the negative plate, causing a decrease in the amount of hydrogen produced

at the negative plate and combining it with the oxygen to produce water that is returned

to the electrolyte.

N OO W N e



TERMS TO
KNOwW

Absorbed glass mat
(AGM) battery
Ampere-hour rating
Battery cables

Cell element

Cold cranking rating
Contactors
Cranking amps (CA)
Deep cycling
Electrochemical
Electrolyte

Energy density
Gassing

Grid

Grid growth
Holddowns

Hybrid batteries
Hydrometer
Integrated starter
generator (ISG)
Maintenance-free
battery

Material expanders
Memory effect
Radial

Radial grid

Recombination batteries

Regenerative braking
Reserve capacity

Reserve-capacity rating

Specific gravity
Terminals
Ultra-capacitors

Valve Regulated Lead-

Acid (VRLA) batteries

SUMMARY

Methods that are being used and developed for the electrical architecture of the 42-volt

system include a single 42-volt system or a dual-voltage system.

The dual voltage system may use a dual generator system where one generator operates at

42 volts, while the other operates at 14 volts.

A dual stator, dual voltage system produces dual voltage from a single alternator that has

two output voltages.

A DC/DC converter is configured to provide a 14 V output from the 42-volt input. The

14V output can be used to supply electrical energy to those components that do not

require 42 volts.

Cell construction of the NiCad battery is the cathode (positive) electrode is made

of fiber mesh covered with nickel hydroxide, while the anode (negative) electrode

is a fiber mesh that is covered with cadmium. The electrolyte is aqueous potassium

hydroxide (KOH).

During discharge, ions travel from the anode, through the KOH, and on to the cathode.

During charging, the opposite occurs.

The cathode electrode of the NiMH battery is a fiber mesh that contains nickel hydroxide.

The anode electrode is made of hydrogen-absorbing metal alloys. The cathode and anode

electrodes are separated by a sheet of fine fibers saturated with an aqueous and alkaline

electrolyte-KOH.

Under load, the cell discharges and the hydrogen moves from the anode to the cathode elec-

trode. Since the electrolyte only supports the ion movement from one electrode to the other,

it has no active role in the chemical reaction, and the electrolyte level does not change.

A 300-volt NiMH battery is constructor of 240 cells that produce 1.2 volts each. The cells

are made into a module, with each module having 6 cells. The modules are connected in

series to create the total voltage.

A service disconnect in the HV battery is used to disable the HV system if repairs or ser-

vice to any part of the system is required. This service connector provides two functions

that are used to separate the HV battery pack into two separate batteries, with approxi-
mately 150 volts each.

Contactors are heavy-duty relays that are connected to the positive and negative sides of

the HV battery.

The contactors are normally open and require a 12-volt supply to keep them closed.

Ultra-capacitors are capacitors constructed to have a large electrode surface area and a

very small distance between the electrodes.

Ultra-capacitors are used in many present day hybrid vehicles and in some experimental

fuel cell electric vehicles because of their ability to quickly discharge high voltages and

then be quickly recharged.

Hybrids that use regenerative braking, a starter/generator with the stop/start feature, and

the 42-volt system will use ultra-capacitors to restart the engine.

The three most common types of battery terminals are:

1. Post or top terminals: Used on most automotive batteries. The positive post
will belarger than the negative post to prevent connecting the battery in reverse
polarity.

2. Side terminals: Positioned in the side of the container near the top. These terminals
are threaded and require a special bolt to connect the cables. Polarity identification is
by positive and negative symbols.

3. L terminals: Used on specialty batteries and some imports.

The most common methods of battery rating are cold cranking, cranking amps, reserve

capacity, and ampere-hour.



REVIEW QUESTIONS

Short-Answer Essays

1.
2.

Explain the purposes of the battery.

Describe how a technician can determine the cor-
rect battery to be installed into a vehicle.

3. Describe the methods used to rate batteries.

. Describe the need for a 42-volt system.

5. Explain the effects that temperature has on battery

10

performance.

. Describe the different loads or demands that are

placed on a battery during different operating
conditions.

. List and describe the seven main elements of the

conventional battery.

. What is the purpose of the service disconnect on a

HV battery?

. List at least three safety concerns associated with

working on or near the battery.

. Describe the difference in construction of the hybrid
battery as compared to the conventional battery.

Fill in the Blanks
1. An automotive battery is an device
that provides for and stores energy.

2. When discharging the battery, it changes

energy into energy.

MULTIPLE CHOICE

10.

. The

. The assembly of the positive plates, negative plates,

and separators is called the

. The electrolyte solution used in automotive batteries

% water and
% sulfuric acid.

consists of

. A fully charged automotive battery has a specific

gravity of corrected to 80°F (26.7°C).

is a condition
where the grid grows little metallic fingers that
extend through the separators and short out the
plates.

rating indi-
cates the battery’s ability to deliver a specified
amount of current to start an engine at low ambient
temperatures.

. The electrolyte solution causes the chemical actions

to take place between the lead peroxide of the
plates and the
of the

plates.

. Some of the aspects that determine the battery rating

required for a vehicle include engine ,
engine , conditions,
and vehicle

Electrical loads that are still present when the igni-
tion switch is in the OFF position are called
loads.

1. Technician A says the battery provides electricity by

releasing free electrons.

Technician B says the battery stores energy in
chemical form.

Who is correct?

A. Aonly C. BothAandB
B. Bonly D. Neither A nor B
. Technician A says the largest demand on the battery

is when it must supply current to operate the starter
motor.

Technician B says the current requirements of a
starter motor may be over 100 amperes.

Who is correct?
A. Aonly
B. Bonly

C. BothAandB
D. Neither A nor B

. Which of the following statements about NiMH

cells is NOT true?

A. When a NiMH cell discharges, hydrogen moves
from the anode to the cathode electrode.

B. Nickel-metal hydride batteries have an anode elec-
trode that contains nickel hydroxide.

C. The alkaline electrolyte has no active role in the
chemical reaction.

D. The plates are separated by a sheet of fine fibers
saturated with potassium hydroxide.



4. The current capacity rating of the battery is being

discussed.

Technician A says the amount of electrical energy
that a battery is capable of producing depends on
the size, weight, and active area of the plates.
Technician B says the current capacity rating of the
battery depends on the types of materials used in
the construction of the battery.

Who is correct?

A. Aonly C. BothAandB

B. Bonly D. Neither A nor B

. The construction of the battery is being discussed.
Technician A says the 12-volt battery consists of
positive and negative plates connected in parallel.
Technician B says the 12-volt battery consists of six
cells wired in series.

Who is correct?

A. Aonly C. BothAandB

B. Bonly D. Neither A nor B

. Which of the following statements about battery

ratings is true?

A. The ampere-hour rating is defined as the amount
of steady current that a fully charged battery can
supply for 1 hour at 80°F (26.7°C) without the cell
voltage falling below a predetermined voltage.

B. The cold cranking amps rating represents the
number of amps that a fully charged battery can
deliver at O°F (—17.7°C) for 30 seconds while main-
taining a voltage above 9.6 volts for a 12V battery.

C. The cranking amp rating expresses the number
of amperes a battery can deliver at 32°F (O°C) for
30 seconds and maintain at least 1.2 volts per cell.

D. The reserve capacity rating expresses the number
of amperes a fully charged battery at 80°F can
supply before the battery’s voltage falls below
10.5 volts.

. Battery terminology is being discussed.

Technician A says grid growth is a condition where
the grid grows little metallic fingers that extend
through the separators and short out the plates.

Technician B says deep cycling is discharging the
battery almost completely before recharging it.
Who is correct?
A. Aonly

B. Bonly

C. BothAandB
D. Neither A nor B

8.

10.

Battery rating methods are being discussed.
Technician A says the ampere-hour is determined by
the load in amperes a battery is able to deliver for

30 seconds at 0°F (-17.7°C) without terminal voltage
falling below 7.2 volts for a 12-volt battery.
Technician B says the cold cranking rating is the
amount of steady current that a fully charged bat-
tery can supply for 20 hours at 80°F (26.7°C) without
battery voltage falling below 10.5 volts.

Who is correct?
A. Aonly

B. Bonly

C. BothAandB
D. Neither A nor B

. The hybrid battery is being discussed.

Technician A says the hybrid battery can withstand
six deep cycles and still retain 100% of its original
reserve capacity.

Technician B says the grid construction of the hybrid
battery consists of approximately 2.75% antimony
alloy on the positive plates and a calcium alloy on
the negative plates.

Who is correct?

A. Aonly C. BothAandB

B. Bonly D. Neither A nor B
Technician A says battery polarity must be observed
when connecting the battery cables.

Technician B says the battery must be secured in the
vehicle to prevent internal damage and the possibil-
ity of shorting across the terminals if it tips.

Who is correct?
A. Aonly
B. Bonly

C. BothAandB
D. Neither A nor B



Chapter 6

STARTING
SYSTEMS AND
MOTOR_ DESIGNS

UPON COMPLETION AND REVIEW OF THIS CHAPTER, YOU SHOULD BE ABLE
TO UNDERSTAND AND DESCRIBE:

The purpose of the starting system. The differences between the positive engagement and

The components of the starting system. solenoid shift starter.

The operation and features of the permanent magnet

The principle of operation of the DC motor.
starter.

The purpose and operation of the armature. o )

The principles of operation of the three-phase AC
The purpose and operation of the field coil. motor.
The differences between the types of magnetic

The purpose of the inverter module.
switches used.

Explain the operating principles of integrated starter

The differences between starter drive mechanisms. generator (ISG) systems.

INTRODUCTION
The internal combustion engine must be rotated before it will run under its own power. ShopManual
The starting system is a combination of mechanical and electrical parts that work together Chapter 6, page 229
to start the engine. The starting system is designed to change the electrical energy, which is
being stored in the battery, into mechanical energy. To accomplish this conversion, a starter
or cranking motor is used. The starting system includes the following components:

Battery.

Cable and wires.

Ignition switch.

Starter solenoid or relay.

Starter motor.

Starter drive and flywheel ring gear.

Starter safety switch.

Components in a simplified cranking system circuit are shown (Figure 6-1). This chapter
examines both this circuit and the fundamentals of electric motor operation.
DIRECT-CURRENT MOTOR PRINCIPLES

Shop Manual

DC motors use the interaction of magnetic fields to convert the electrical energy into mechan-
ical energy. Magnetic lines of force flow from the north pole to the south pole of a magnet Chapter 6, page 235
(Figure 6-2). If a current-carrying conductor is placed within the magnetic field, two fields
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FIGURE 6-2 Magnetic lines of force flow from the north
pole to the south pole.

HISTORY

In the early days of
the automobile, the
vehicle did not have

a starter motor. The
operator had to use a
starting crank to turn
the engine by hand.
Charles F. Kettering
invented the first
electric “self-starter,”
which was developed
and built by the

Delco Electrical Plant.
The self-starter first
appeared on the 1912
Cadillac and was
actually a combination
starter and generator.
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FIGURE 6-1 Major components of the starting system. The solid

line represents the starting (cranking) circuit and the dashed line

indicates the starter control circuit.
Magnetic field
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Direction of
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FIGURE 6-3 Interaction of two magnetic fields.
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will be present (Figure 6-3). On the left side of the conductor, the lines of force are in the same
direction. This will concentrate the flux density of the lines of force on the left side. This will
produce a strong magnetic field because the two fields will reinforce each other. The lines of
force oppose each other on the right side of the conductor. This results in a weaker magnetic
field. The conductor will tend to move from the strong field to the weak field (Figure 6-4).
This principle is used to convert electrical energy into mechanical energy in a starter motor
by electromagnetism.

A simple electromagnet-style starter motor is shown (Figure 6-5). The inside wind-
ings are called the armature. The armature is the moveable component of the motor that
consists of a conductor wound around a laminated iron core. It is used to create a magnetic
field. The armature rotates within the stationary outside windings, called the field coils,
which has windings coiled around pole shoes (Figure 6-6). Field coils are heavy copper
wire wrapped around an iron core to form an electromagnet. Pole shoes are made of high—
magnetic permeability material to help concentrate and direct the lines of force in the field
assembly.

When current is applied to the field coils and the armature, both produce magnetic flux
lines (Figure 6-7). The direction of the windings will place the left pole at a south polarity and
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FIGURE 6-6 Field coil wound around a FIGURE 6-7 Rotation of the conductor is in the direction

pole shoe. of the weaker field.

the right side at a north polarity. The lines of force move from north to south in the field. In
the armature, the flux lines circle in one direction on one side of the loop and in the opposite
direction on the other side. Current will now set up a magnetic field around the loop of wire,
which will interact with the north and south fields and put a turning force on the loop. This
force will cause the loop to turn in the direction of the weaker field. However, the armature
is limited in how far it is able to turn. When the armature is halfway between the shoe poles,
the fields balance one another. The point at which the fields are balanced is referred to as the
static neutral point.

For the armature to continue rotating, the current flow in the loop must be reversed. To
accomplish this, a split-ring commutator is in contact with the ends of the armature loops.
The commutator is a series of conducting segments located around one end of the armature.
Current enters and exits the armature through a set of brushes that slide over the commuta-
tor’s sections. Brushes are electrically conductive sliding contacts, usually made of copper
and carbon. As the brushes pass over one section of the commutator to another, the current
flow in the armature is reversed. The position of the magnetic fields are the same. However,
the direction of current flow through the loop has been reversed. This will continue until the
current flow is turned off.
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FIGURE 6-8 Starter armature.
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FIGURE 6-9 Starter and solenoid components.

A single-loop motor would not produce enough torque to rotate an engine. Power can be
increased by the addition of more loops or pole shoes. An armature with its many windings,
with each loop attached to corresponding commutator sections, is shown (Figure 6-8). In a
typical starter motor (Figure 6-9) there are four brushes that make the electrical connections
to the commutator. Two of the brushes are grounded to the starter motor frame and two are
insulated from the frame. Also, the armature is supported by bushings at both ends.

Armature

The armature is constructed with a laminated core made of several thin iron stampings that
are placed next to each other (Figure 6-10). Laminated construction is used because, in a
solid iron core, the magnetic fields would generate eddy currents. These are counter volt-
ages induced in a core. They cause heat to build up in the core and waste energy. By using
laminated construction, eddy currents in the core are minimized.

The slots on the outside diameter of the laminations hold the armature windings. The
windings loop around the core and are connected to the commutator. Each commutator
segment is insulated from the adjacent segments. A typical armature can have more than
30 commutator segments.

A steel shaft is fitted into the center hole of the core laminations. The commutator is
insulated from the shaft.

Two basic winding patterns are used in the armature: lap winding and wave winding.
In the lap winding, the two ends of the winding are connected to adjacent commutator seg-
ments (Figure 6-11). In this pattern, the wires passing under a pole field have their current
flowing in the same direction.
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FIGURE 6-11 Lap winding diagram.

FIGURE 6-10 Lamination construction of a typical motor armature.
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FIGURE 6-12 Wave-wound armature.

In the wave-winding pattern, each end of the winding connects to commutator segments
that are 90 or 180 degrees apart (Figure 6-12). In this pattern design, some windings will have
no current flow at certain positions of armature rotation. This occurs because the segment
ends of the winding loop are in contact with brushes that have the same polarity. The wave-
winding pattern is the most commonly used due to its lower resistance.

Field Coils

The field coils are electromagnets constructed of wire ribbons or coils wound around a pole
shoe. The pole shoes are constructed of heavy iron. The field coils are attached to the inside of
the starter housing (Figure 6-13). Most starter motors use four field coils. The iron pole shoes
and the iron starter housing work together to increase and concentrate the field strength of
the field coils (Figure 6-14).

When current flows through the field coils, strong stationary electromagnetic fields are
created. The fields have a north and south magnetic polarity based on the direction the wind-
ings are wound around the pole shoes. The polarity of the field coils alternate to produce
opposing magnetic fields.
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FIGURE 6-14 Magnetic fields in a 4-pole
starter motor.

FIGURE 6-13 Field coils mounted to the inside of starter
housing.

In any DC motor, there are three methods of connecting the field coils to the armature: in
series, in parallel (shunt), and a compound connection that uses both series and shunt coils.

DC MOTOR FIELD WINDING DESIGNS

The field windings and armature of the DC motor can be wired in various ways. The motor
design is referenced by the method these two components are wired together. In addition,
many motors are using permanent magnet fields. Also, many newer motors are designed to
be brushless.

Series-Wound Motors

Most starter motors are series-wound with current flowing first to the field windings, then
to the brushes, through the commutator and the armature winding contacting the brushes at
that time, then through the grounded brushes back to the battery source (Figure 6-15). This
design permits all of the current that passes through the field coils to also pass through the
armature.
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field coil
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FIGURE 6-15 A series-wound starter motor.
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FIGURE 6-16 Graph illustrating the relationship between
CEMF, starter motor speed, and current draw. As speed
increases so does CEMF, reducing current draw and
torque.

A series-wound motor will develop its maximum torque output at the time of initial start.
As the motor speed increases, the torque output of the motor will decrease. This decrease of
torque output is the result of counter electromotive force (CEMF) caused by self-induction.
Since a starter motor has a wire loop rotating within a magnetic field, it will generate an electri-
cal voltage as it spins. This induced voltage will be opposite the battery voltage that is pushing
the current through the starter motor. The faster the armature spins, the greater the amount of
induced voltage that is generated. This results in less current flow through the starter from the
battery as the armature spins faster. Figure 6-16 shows the relationship between starter motor
speed and CEMEF. Notice that, at 0 (zero) rpm, CEMF is also at 0 (zero). At this time, maximum
current flow from the battery through the starter motor will be possible. As the motor spins
faster, CEMF increases and current decreases. Since current decreases, the amount of rotating
force (torque) also decreases.

Shunt-Wound Motors

Electric motors, or shunt motors, have the field windings wired in parallel across the arma-
ture (Figure 6-17). Shunt means there is more than one path for current to flow. A shunt-
wound field is used to limit the speed that the motor can turn. A shunt motor does not
decrease in its torque output as speeds increase. This is because the CEMF produced in the
armature does not decrease the field coil strength. Due to a shunt motor’s inability to produce
high torque, it is not typically used as a starter motor. However, shunt motors may be found
as wiper motors, power window motors, power seat motors, and so on.

Compound Motors

In a compound motor most of the field coils are connected to the armature in series and one
field coil is connected in parallel with the battery and the armature (Figure 6-18). This con-
figuration allows the compound motor to develop good starting torque and constant operat-
ing speeds. The field coil that is shunt wound is used to limit the speed of the starter motor.
Also, on Ford’s positive engagement starters, the shunt coil is used to engage the starter drive.
This is possible because the shunt coil is energized as soon as battery voltage is sent to the
starter.
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Permanent Magnet Motors

Most newer vehicles have starter motors that use permanent magnets in place of the field coils
(Figure 6-19). These motors are also used in many different applications. When a permanent
magnet is used instead of coils, there is no field circuit in the motor. By eliminating this circuit,
potential electrical problems are also eliminated, such as field-to-housing shorts. Another
advantage to using permanent magnets is weight savings; the weight of a typical starter motor
is reduced by 50%. Most permanent magnet starters are gear-reduction-type starters.

Multiple permanent magnets are positioned in the housing around the armature. These
permanent magnets are an alloy of boron, neodymium, and iron. The field strength of these
magnets is much greater than typical permanent magnets. The operation of these motors is
the same as other electric motors, except there is no field circuit or windings.
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Permanent magnets

FIGURE 6-19 A permanent magnet motor has only
an armature circuit, as the field is created by strong
permanent magnets.

Brushless Motors

The brushless motor uses a permanent magnet rotor and electromagnet field windings
(Figure 6-20). Since the motor design is brushless, the potential for arcing is decreased and
longer service life is expected. In addition, arcing can cause electromagnetic interference
(EMI) that can adversely affect electronic systems. High output brushless DC motors are
used in some HEV-drive vehicles (Figure 6-21).

Control of the stator is by an electronic circuit that switches the current flow as needed
to keep the rotor turning. Power transistors that are wired as “H” gates reverse current flow
according to the position of the rotor. Motor speed can be controlled by PWM of the driver
circuits. Rotor position is usually monitored by the use of Hall-effect sensors. However, rotor
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FIGURE 6-20 Components of a brushless DC motor.
The hall-effect sensor is used to determine rotor
position.

The field windings
of a brushless motor
are also called the
stator.
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FIGURE 6-21 Brushless motor used by Honda in some
of their HEVs.

position can also be determined by monitoring the CEMF that is present in stator windings
that are not energized.

STARTER DRIVES

The starter drive is the part of the starter motor that engages the armature to the engine fly-
Shop Manual wheel ring gear. A starter drive includes a pinion gear set that meshes with the flywheel ring
Chapter 6, page 253 gear on the engine’s crankshaft (Figure 6-22). To prevent damage to the pinion gear or the ring
gear, the pinion gear must mesh with the ring gear before the starter motor rotates. To help
assure smooth engagement, the ends of the pinion gear teeth are tapered (Figure 6-23). Also,
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Drive pinion gear Fly wheel

FIGURE 6-22 Starter drive pinion gear is used to turn the FIGURE 6-23 The pinion gear teeth are tapered to
engine’s flywheel. allow for smooth engagement.
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the action of the armature must always be from the motor to the engine. The engine must
not be allowed to spin the armature. The ratio of the number of teeth on the ring gear and
the starter drive pinion gear is usually between 15:1 and 20:1. This means the starter motor is
rotating 15 to 20 times faster than the engine. The ratio of the starter drive is determined by
dividing the number of teeth on the drive gear (pinion gear) into the number of teeth on the
driven gear (flywheel). Normal cranking speed for the engine is about 200 rpm. If the starter
drive had a ratio of 18:1, the starter would be rotating at a speed of 3,600 rpm. If the engine
started and was accelerated to 2,000 rpm, the starter speed would increase to 36,000 rpm.
This would destroy the starter motor if it was not disengaged from the engine.

The most common type of starter drive is the overrunning clutch. The overrunning
clutch is a roller-type clutch that transmits torque in one direction only and freewheels in the
other direction. This allows the starter motor to transmit torque to the ring gear but prevents
the ring gear from transferring torque to the starter motor.

In a typical overrunning-type clutch (Figure 6-24), the clutch housing is internally
splined to the starter armature shaft. The drive pinion turns freely on the armature shaft
within the clutch housing. When torque is transmitted through the armature to the clutch
housing, the spring-loaded rollers are forced into the small ends of their tapered slots
(Figure 6-25). They are then wedged tightly against the pinion barrel. The pinion barrel and
clutch housing are now locked together; torque is transferred through the starter motor to
the ring gear and engine.
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FIGURE 6-24 Overrunning clutch starter drive.
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FIGURE 6-25 When the armature turns, it locks the rollers into the tapered notch.
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When the engine starts and is running under its own power, the ring gear attempts to
drive the pinion gear faster than the starter motor. This unloads the clutch rollers and releases
the pinion gear to rotate freely around the armature shaft.

CRANKING MOTOR CIRCUITS

The starting system of the vehicle consists of two circuits: the starter control circuit and the
motor feed circuit. These circuits are separate but related. The control circuit consists of the
starting portion of the ignition switch, the starting safety switch (if applicable), and the wire
conductor to connect these components to the relay or solenoid. The motor feed circuit
consists of heavy battery cables from the battery to the relay and the starter or directly to the
solenoid if the starter is so equipped.

STARTER CONTROL CIRCUIT COMPONENTS
Magnetic Switches

The starter motor requires large amounts of current (up to 300 amperes) to generate the
torque needed to turn the engine. The conductors used to carry this amount of current (bat-
tery cables) must be large enough to handle the current with very little voltage drop. It would
be impractical to place a conductor of this size into the wiring harness to the ignition switch.
To provide control of the high current, all starting systems contain some type of magnetic
switch. There are two basic types of magnetic switches used: the solenoid and the relay.

Starter-Mounted Solenoids. As discussed in Chapter 3, a solenoid is an electromag-
netic device that uses the movement of a plunger to exert a pulling or holding force. In the
solenoid-actuated starter system, the solenoid is mounted directly on top of the starter motor
(Figure 6-26). The solenoid switch on a starter motor performs two functions: It closes the
circuit between the battery and the starter motor. Then it shifts the starter motor pinion gear
into mesh with the ring gear. This is accomplished by a linkage between the solenoid plunger
and the shift lever on the starter motor. In the past, the most common method of energiz-
ing the solenoid was directly from the battery through the ignition switch. However, most of
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FIGURE 6-26 Solenoid-operated starter has the solenoid mounted directly
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today’s vehicles use a starter relay in conjunction with a solenoid. The relay is used to reduce
the amount of current flow through the ignition switch and is usually controlled by the pow-
ertrain control module (PCM). This system will be discussed later in this chapter.

When the circuit is closed and current flows to the solenoid, current from the battery
is directed to the pull-in and hold-in windings (Figure 6-27). Because it may require up
to 50 amperes to create a magnetic force large enough to pull the plunger in, both windings
are energized to create a combined magnetic field that pulls the plunger. Once the plunger is
moved, the current required to hold the plunger is reduced. This allows the current that was
used to pull the plunger in to be used to rotate the starter motor.

When the ignition switch is placed in the START position, voltage is applied to the S termi-
nal of the solenoid (Figure 6-28). The hold-in winding has its own ground to the case of the sole-
noid. The pull-in winding’s ground is through the starter motor. Current will flow through both
windings to produce a strong magnetic field. When the plunger is moved into contact with the
main battery and motor terminals, the pull-in winding is de-energized. The pull-in winding is
not energized because the contact places battery voltage on both sides of the coil (Figure 6-29).
The current that was directed through the pull-in winding is now sent to the motor.

Because the contact disc does not close the circuit from the battery to the starter motor
until the plunger has moved the shift lever, the pinion gear is in full mesh with the flywheel
before the armature starts to rotate.
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FIGURE 6-27 The solenoid uses two windings. Both are energized
to draw the plunger, then only the hold-in winding is used to hold
the plunger in position.

The two windings
of the solenoid are
called the pull-in
and the hold-in
windings. Their
names explain their
functions.
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After the engine is started, releasing the key to the RUN position opens the control cir-
cuit. Voltage no longer is supplied to the hold-in windings, and the return spring causes the
plunger to return to its neutral position.

In Figures 6-28 and 6-29, an R terminal is illustrated. This terminal provides current to
the ignition bypass circuit that is used to provide full battery voltage to the ignition coil while
the engine is cranking. This circuit bypasses the ballast resistor. The bypass circuit is not used
on most ignition systems today.

A common problem with the control circuit is that low system voltage or an open in the
hold-in windings will cause an oscillating action to occur. The combination of the pull-in winding
and the hold-in winding is sufficient to move the plunger. However, once the contacts are closed,
there is insufficient magnetic force to hold the plunger in place. This condition is recognizable by
a series of clicks when the ignition switch is turned to the START position. Before replacing the
solenoid, check the battery condition; a low battery charge will cause the same symptom.

AUTHOR’S NOTE: Some manufacturers use a starter relay in conjunction with a
solenoid relay. The relay is used to reduce the amount of current flow through the
ignition switch.

Remote Solenoids. Some manufacturers use a starter solenoid that is mounted near the Many manafacturers
battery on the fender well or radiator support (Figure 6-30). Unlike the starter-mounted call the remote
solenoid, the remote solenoid does not move the pinion gear into mesh with the flywheel solenoid the starter
ring gear. relay.

When the ignition switch is turned to the START position, current is supplied through
the switch to the solenoid windings. The windings produce a magnetic field that pulls the
moveable core into contact with the internal contacts of the battery and starter termi-
nals (Figure 6-31). With the contacts closed, full battery current is supplied to the starter
motor.

A secondary function of the starter relay is to provide for an alternate path for current to
the ignition coil during cranking. This is done by an internal connection that is energized by
the relay core when it completes the circuit between the battery and the starter motor.
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Terminals

FIGURE 6-30 A remote starter solenoid,
often referred to as the starter relay.
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FIGURE 6-31 Current flow when the remote starter solenoid is energized.
Starter Relay Controls

Most modern vehicles will use a starter relay in conjunction with a starter motor—mounted
solenoid to control starter motor operation. The relay can be controlled through the ignition
switch or by the powertrain control module (PCM).

In a system that uses the ignition switch to control the relay, the switch will usually be
installed on the insulated side of the relay control circuit (Figure 6-32). When the ignition
switch is turned to the START position, battery voltage is applied to the coil of the relay. Since
the relay coil is grounded, the coil is energized and pulls the contacts closed. With the con-
tacts closed, battery voltage is applied to the control side of the starter solenoid. The solenoid
operates in the same manner as discussed previously.

In this type of system, a very small wire can be used through the steering column to the
ignition switch. This reduces the size of the wiring harness.

In a PCM-controlled system, the PCM will monitor the ignition switch position to deter-
mine if the starter motor should be energized. System operation differs among manufactur-
ers. However, in most systems, the PCM will control the starter relay coil ground circuit
(Figure 6-33). Control by the PCM allows the manufacturer to install software commands
such as double start override, which prevents the starter motor from being energized if the
engine is already running, and sentry key within the PCM.

Ignition Switch
The ignition switch is the power distribution point for most of the vehicle’s primary electrical
systems (Figure 6-34). Most ignition switches have five positions:

1. ACCESSORIES: Supplies current to the vehicle’s electrical accessory circuits. It will
not supply current to the engine control circuits, starter control circuit, or the ignition
system.
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FIGURE 6-34 Ganged ignition switch.

2. LOCK: Mechanically locks the steering wheel and transmission gear selector. All electri-
cal contacts in the ignition switch are open. Most ignition switches must be in this posi-
tion to insert or remove the key from the cylinder.

3. OFF: All circuits controlled by the ignition switch are opened. The steering wheel and
transmission gear selector are unlocked.

4. ON or RUN: The switch provides current to the ignition, engine controls, and all other
circuits controlled by the switch. Some systems will power a chime or light with the key
in the ignition switch. Other systems power an antitheft system when the key is removed
and turn it off when the key is inserted.

5. START: The switch provides current to the starter control circuit, ignition system, and
engine control circuits.

The ignition switch is spring loaded in the START position. This momentary contact
automatically moves the contacts to the RUN position when the driver releases the key. All
other ignition switch positions are detent positions.

Many manufacturers have moved away from the use of ganged ignition switches with
their numerous wires to a multiplexed switch (Figure 6-35). The multiplex switch reduces the
wires required to determine switch position down to two. The control module then uses a
high-side driver to provide other modules their switched battery voltage on the RUN/START
circuit. Since the ignition switch is used only as an input, there is no high current flow through
the switch and the wire size can be reduced.
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FIGURE 6-35 Multiplex ignition switches require fewer wires than
the ganged switch.

In some instances, the ignition switch is a node on the bus network. In this case, the igni-
tion switch module communicates the switch positions to all other modules that require this
information.

Starting Safety Switch

The neutral safety switch is used on vehicles equipped with automatic transmissions. It opens
the starter control circuit when the transmission shift selector is in any position except PARK
or NEUTRAL. The actual location of the neutral safety switch depends on the kind of trans-
mission and the location of the shift lever. Some manufacturers place the switch in the trans-
mission (Figure 6-36).

Vehicles equipped with automatic transmissions require a means of preventing the engine
from starting while the transmission is in gear. Without this feature, the vehicle would lunge
forward or backward once it was started, causing personal injury or property damage. The
normally open neutral safety switch is connected in series in the starting system control cir-
cuit and is usually operated by the shift lever. When in the PARK or NEUTRAL position, the
switch is closed, allowing current to flow to the starter circuit. If the transmission is in a gear
position, the switch is opened and current cannot flow to the starter circuit.

Many vehicles equipped with manual transmissions use a similar type of safety switch. The
startclutch interlock switch is usually operated by movement of the clutch pedal (Figure 6-37).
When the clutch pedal is pushed downward, the switch closes and current can flow through the
starter circuit. If the clutch pedal is left up, the switch is open and current cannot flow.

Some vehicles use a mechanical linkage that blocks movement of the ignition switch
cylinder unless the transmission is in PARK or NEUTRAL (Figure 6-38).

AUTHOR’S NOTE: One-touch and remote starting systems will be discussed in
Chapter 14.
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FIGURE 6-36 The neutral safety switch can be combined
with the backup light switch and installed on the
transmission case.
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FIGURE 6-37 Most vehicles with a manual transmission use
a clutch start switch to prevent the engine from starting
unless the clutch pedal is pressed.
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FIGURE 6-38 Mechanical linkage used to prevent starting
the engine while the transmission is in gear.

CRANKING MOTOR DESIGNS
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of starter motors:

1. Direct drive.
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2.
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4.
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Direct Drive Starters
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The most common type of starter motor used today incorporates the overrunning clutch
starter drive instead of the old inertia-engagement bendix drive. There are four basic groups

A common type of starter motor is the solenoid-operated direct drive unit (Figure 6-39).
Although there are construction differences between applications, the operating principles
are the same for all solenoid-shifted starter motors.
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FIGURE 6-39 Solenoid operated Delco MT series starter motor.
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When the ignition switch is placed in the START position, the control circuit energizes
the pull-in and hold-in windings of the solenoid. The solenoid plunger moves and pivots the
shift lever, which in turn locates the drive pinion gear into mesh with the engine flywheel.

When the solenoid plunger is moved all the way, the contact disc closes the circuit from
the battery to the starter motor. Current now flows through the field coils and the armature.
This develops the magnetic fields that cause the armature to rotate, thus turning the engine.

Gear Reduction Starters

Some manufacturers use a gear reduction starter to provide increased torque (Figure 6-40).
The gear reduction starter differs from most other designs in that the armature does not drive
the pinion gear directly. In this design, the armature drives a small gear that is in constant
mesh with a larger gear. Depending on the application, the ratio between these two gears is
between 2:1 and 3.5:1. The additional reduction allows for a small motor to turn at higher
speeds and greater torque with less current draw.

The solenoid operation is similar to that of the solenoid-shifted direct drive starter in that
the solenoid moves the plunger, which engages the starter drive.

Positive-Engagement Starters

A commonly used starter on Ford applications in the past was the positive-engagement
starter (Figure 6-41). Positive-engagement starters use the shunt coil windings of the starter
motor to engage the starter drive. The high starting current is controlled by a starter sole-
noid mounted close to the battery. When the solenoid contacts are closed, current flows
through a drive coil. The drive coil creates an electromagnetic field that attracts a moveable
pole shoe. The moveable pole shoe is attached to the starter drive through the plunger lever.
When the moveable pole shoe moves, the drive gear engages the engine flywheel.

As soon as the starter drive pinion gear contacts the ring gear, a contact arm on the pole
shoe opens a set of normally closed grounding contacts (Figure 6-42). With the return to
ground circuit opened, all the starter current flows through the remaining three field coils

Some gear
reduction starter
motors are
compound motors.

Most gear reduction
starters have the
commutator and
brushes located in
the center of the
motor.

Positive-
engagement starters
are also called
moveable-pole shoe
starters.



Battery

terminal
Solenoid
Pole
shoe
l Plunger
Field
winding
—) Shift
; . 1 lever
d|
Armature g
Reduction / / %
gear g
Overrunning 8
clutch Flywheel z
Drive pinion 5
FIGURE 6-40 Gear reduction starter motor construction.
Moveable  pjyot
Grounding pole shoe . .
contacts Holding coil
/\ ——
o h
Plunger lever
Drive coil -
00
0
| - T
I. I. Drive
( ) pinion
(| )
I — \\ RO”er
bearing

Overrunning
clutch

© Delmar/Cengage Learning

FIGURE 6-41 Positive engagement starters use a moveable pole shoe.

and through the brushes to the armature. The starter motor then begins to rotate. To prevent
the starter drive from disengaging from the ring gear if battery voltage drops while crank-
ing, the moveable pole shoe is held down by a holding coil. The holding coil is a smaller

The drive coil is coil inside the main drive coil and is strong enough to hold the starter pinion gear engaged.
a hollowed field

coil that is used to Permanent Magnet Starters

attract the moveable

The permanent magnet gear reduction (PMGR) starter design provides for less weight,
simpler construction, and less heat generation as compared to conventional field coil start-
ers (Figure 6-43). The permanent magnet gear reduction starter uses four or six permanent
magnet field assemblies in place of field coils. Because there are no field coils, current is deliv-
ered directly to the armature through the commutator and brushes.

pole shoe.
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Walk inside ring gear
FIGURE 6-44 Planetary gear set.

The permanent magnet starter also uses gear reduction through a planetary gear set
(Figure 6-44). The planetary geartrain transmits power between the armature and the pinion
shaft. This allows the armature to rotate at greater speed and increased torque. The planetary
gear assembly consists of a sun gear on the end of the armature and three planetary carrier gears
inside a ring gear. The ring gear is held stationary. When the armature is rotated, the sun gear
causes the carrier gears to rotate about the internal teeth of the ring gear. The planetary carrier
is attached to the output shaft. The gear reduction provided for by this gear arrangement is
4.5:1. By providing for this additional gear reduction, the demand for high current is lessened.

AUTHOR’S NOTE: The greatest amount of gear reduction from a planetary gear set is
accomplished by holding the ring gear, inputting the sun gear, and outputting the carrier.

The electrical operation between the conventional field coil and PMGR starters remains
basically the same (Figure 6-45).

AC MOTOR PRINCIPLES

A few years ago, the automotive technician did not need to be concerned much about the
operating principles of the AC motor. With the increased focus on HEVs and EVs, this is no
longer an option since most of these vehicles use AC motors (Figure 6-46).

As discussed in Chapter 2, AC voltage has a changing direction of current flow. However,
this change does not occur immediately (Figure 6-47). Notice that the AC voltage sine wave
indicates that in one cycle the voltage will be zero at three times. Also notice that as the cur-
rent changes directions, it gradually builds up or falls in the other direction. The sine wave
illustrates that the amount of current in an AC circuit always varies. The current rating is
based on the average referred to as a root mean square (RMS) value.
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FIGURE 6-45 Comparison of the electrical circuits used in field coil and PMGR starters.
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A synchronous
motor operates at
a constant speed
regardless of load.
An induction motor
generates its own
rotor current as the
rotor cuts through
the magnetic flux
lines of the stator
field.

AC Motor Construction

Like the DC motor, the AC motor uses a stator (field winding) and a rotor. Common types
of AC motors are the synchronous motor and the induction motor. In both motor types,
the stator comprises individual electromagnets that are either electrically connected to each
other or connected in groups. The difference is in the rotor designs. AC motors can use either
single-phase or three-phase AC current. Since the three-phase is the most common motor
used in HEV and EV vehicles, we will focus our discussion on these.

AUTHOR’S NOTE: Three-phase AC voltage is commonly used in motors because it
provides a smoother and more constant supply of power. Three-phase AC voltage is
like having three independent AC power sources, which have the same amplitude
and frequency but are 120 degrees out of phase with each other.

As in a DC motor, the movement of the rotor is the result of the repulsion and attraction
of the magnetic poles. However, the way this works in an AC motor is very different. Because
the current is alternating, the polarity in the windings constantly changes. The principle of
operation for all three-phase motors is the rotating magnetic field. The rotor turns because
it is pulled along by a rotating magnetic field in the stator. The stator is stationary and does
not physically move. However, the magnetic field does move from pole to pole. There are
three factors that cause the magnetic field to rotate (Figure 6-48). The first is the fact that the
voltages in a three-phase system are 120 degree out of phase with each other. The second is
the fact that the three voltages change polarity at regular intervals. Finally, the third factor is
the arrangement of the stator windings around the inside of the motor.

In Figure 6-48 the stator is a two-pole three-phase motor. Two-pole means that there are
two poles per phase. The motor is wired with three leads: L , L, and L.

AUTHOR’S NOTE: The stator of AC motors do not have actual pole pieces as shown in
Figure 6-48. They are illustrated to help understand how the rotating magnetic field
is created in a three-phase motor.

Each of the poles is wound in such a manner that when current flows through the
winding they develop opposite magnetic polarities. All three windings are joined to form a
wye connection for the stator. Since each phase reaches its peak at successively later times

Line 2

Line 1
Line 3 \/ \\X
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FIGURE 6-48 The motor stator is energized with the three-phase AC voltage.
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ELECTRICAL DEGREES

FIGURE 6-49 The three AC sine waves are 120° apart. At any one time there are two voltages at
the same polarity.

(Figure 6-49), the strongest point of the magnetic field in each winding is also in succession.
This succession of the magnetic fields is what creates the effect of the magnetic field continu-
ally moving around the stator.

Since the rotating magnetic field will rotate around the stator once for every cycle of the
voltage in each phase, the field is rotating at the frequency of the source voltage. Remember
that as the magnetic field moves, new magnetic polarities are present. As each polarity change
is made, the poles of the rotor are attracted by the opposite poles on the stator. Therefore, as
the magnetic field of the stator rotates, the rotor rotates with it. The speed with which the
rotor turns depends on the number of windings and poles built into the motor, the frequency
of the AC supply voltage, and the load on the rotor’s shaft. Frequency modulation (thus motor
speed) can be altered by use of controllers.

Synchronous Motors

The speed at which the magnetic field rotates is called the synchronous speed. The two main
factors determining the synchronous speed of the rotating magnetic field are the number of sta-
tor poles (per phase) and the frequency of the applied voltage. A synchronous motor operates at
a constant speed, regardless of load. The speed of the rotor is equal to the synchronous speed.

The synchronous motor does not depend on induced current in the rotor to produce
torque. The strength of the magnetic field determines the torque output of the rotor, while the
speed of the rotor is determined by the frequency of the AC input to the stator.

Synchronous motors cannot be started by the applying of three-phase AC power to the
stator. This is because when the AC voltage is applied to the stator windings, a high-speed
rotating magnetic field is present immediately. The rotating magnetic field will pass the rotor
so quickly that the rotor does not have time to start turning.

In order to start the motor, the rotor contains a squirrel-type winding made of heavy copper
bars connected by copper rings. When voltage is first applied to the stator windings, the resulting
rotating magnetic field cuts through the squirrel-cage bars. The cutting action of the field induces



The squirrel-cage
is known as the
amortisseur
winding.

The induction motor
is also referred to
as an asynchronous
motor.

a current into the squirrel-cage. Since the squirrel cage is shorted, the low voltage that is induced
into the squirrel-cage windings results in a relatively large current flow in the cage. This current
flow produces a magnetic field within the rotor that is attracted to the rotating magnetic field of
the stator. The result is the rotor begins to turn in the direction of rotation of the stator field.
The construction the rotor of a synchronous motor includes wound pole pieces that
become electromagnets when DC voltage is applied to them. The excitation current can be
applied to the rotor through sliprings or by a brushless exciter. As the rotor is accelerated to a
speed of 95% of the speed of the rotating magnetic field, DC voltage is connected to the rotor
through the sliprings on the rotor shaft or by a brushless exciter. The application of DC voltage
to the rotor windings results in the creation of electromagnets. The electromagnetic field of
the rotor is locked in step with the rotating magnetic field of the stator. The rotor will now turn
at the same speed as the rotating magnetic field. Since the rotor is turning at the synchronous
speed of the field, the cutting action between the stator field and the winding of the squirrel
cage has ceased. This stops the induction of current flow in the squirrel cage. The speed of the
rotor is locked to the speed of the rotating magnetic field even as different loads are applied.

Induction Motors

An induction motor generates its own rotor current by induced voltage from the rotating
magnetic field of the stator. The current is induced in the windings of the rotor as it cuts
through the magnetic flux lines of the rotating stator field (Figure 6-50). Generally, the rotor
windings are in the form of a squirrel cage. However, wound-rotor motors are constructed
by winding three separate coils on the rotor 120 degree apart. The rotor will contain as many
poles per phase as the stator winding. These coils are connected to three sliprings located on
the rotor shaft so rushes can provide an external connection to the rotor.

When voltage is first applied to the stator windings, the rotor is not turning. To start the
squirrel cage induction motor, the magnetic field of the stator cuts the rotor bars that induce
a voltage into the cage bars. This induced voltage is the same frequency as the voltage applied
to the stator. Since the rotor is stationary, maximum voltage is induced into the squire cage
and causes current to flow through the cage’s bars. The current flow results in the production
of a magnetic field around each bar.

The magnetic field of the rotor is attracted to the rotating magnetic field of the stator.
The rotor begins to turn in the same direction as the rotating magnetic field. As the rotor
increases in speed, the rotating magnetic field cuts the cage bars at a slower rate, resulting
in less voltage being induced into the rotor. This also results in a reduction of rotor current.
With the decrease in rotor current, the stator current also decreases. If the motor is operating
without a load, the rotor continues to accelerate until it reaches a speed close to that of the
rotating magnetic field. This means that when a squirrel-cage induction motor is first started,
it has a current draw several times greater than its normal running current.

i/\/\l

Stator
S
current
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FIGURE 6-50 Concept of the induction motor.
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FIGURE 6-51 The inverter module controls the speed and direction of the AC motor.

If the rotor were to turn at the same speed as the rotating magnetic field, there would
be no induced voltage in the rotor and, consequently, no rotor current. This means that an
induction motor can never reach synchronous speed. If the motor is operated with no load,
the rotor will accelerate until the torque developed is proportional to friction losses. As loads
are applied to the motor, additional torque is required to overcome the load. The increase in
load causes a reduction in rotor speed. This results in the rotating magnetic field cutting the
cage bars at a faster rate. This in turn increases the induced voltage and current in the cage
and produces a stronger magnetic field in the rotor, thus, more torque to be produced. The
increased current flow in the rotor causes increased current flow in the stator. This is why
motor current increases as load is added.

The difference between the synchronous speed and actual rotor speed is called slip. Slip
is directly proportional to the load on the motor. When loads are on the rotor’s shaft, the
rotor tends to slow and slip increases. The slip then induces more current in the rotor and the
rotor turns with more torque, but at a slower speed and therefore produces less CEMF.

In HEVs and EVs, the direction of motor rotation will need to change to meet certain
operating requirements. In a three-phase AC motor, the direction of rotation can be changed
by simply reversing any two of its stator leads. This causes the direction of the rotating mag-
netic field to reverse.

An electronic controller is used to manage the flow of electricity from the HV battery pack
to control the speed and direction of rotation of the electric motor(s). The intent of the driver
is relayed to the controller by use of an accelerator position sensor. The controller monitors
this signal plus other inputs regarding the operating conditions of the vehicle. Based on this
inputs, the controller provides a duty cycle control of the voltage levels to the motor(s).

If the HEV or EV uses AC motors, an inverter module is used to convert the DC voltage
from the HV battery to a three-phase AC voltage for the motor (Figure 6-51). This conversion
is done by using sets of power transistors. The transistors PWM the voltage while reversing
polarity at a fixed frequency (Figure 6-52). The inverter module is usually a slave module to
the hybrid control processor. Often the inverter module is called the motor control processor
since it not only provides for current modification but also motor control.

INTEGRATED STARTER GENERATOR

One of the newest technologies to emerge is the integrated starter generator (ISG).
Although this system can be used in conventional engine-powered vehicles, one of the key
contributors to the Hybrid’s fuel efficiency is its ability to automatically stop and restart the
engine under different operating conditions. A typical Hybrid vehicle uses a 14 kilowatt (kW)
electric induction motor or ISG between the engine and the transmission. The ISG performs
many functions such as fast, quiet starting, automatic engine stops/starts to conserve fuel,
recharges the vehicle batteries, smoothes driveline surges, and provide regenerative braking.
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FIGURE 6-52 Boost and power transistors of the inverter module.

The ISG is a three-phase AC motor. At low vehicle speeds, the ISG provides power and
torque to the vehicle. It also supports the engine, when the driver demands more power. During
vehicle deceleration, ISG regenerates the power that is used to charge the traction batteries.

The ISG can also convert kinetic energy from AC to DC voltage. When the vehicle is traveling
downhill and there is zero load on the engine, the wheels can transfer energy through the trans-
mission and engine to the ISG. The ISG then sends this energy to the HV battery for storage.

An ISG can be mounted externally to the engine and connected to the crankshaft with a drive
belt (Figure 6-53). This design is called a belt alternator starter (BAS). In these applications, the
unit can function as the engine’s starter motor as well as a generator driven by the engine.

Both the BAS and the ISG use the same principle to start the engine. Current flows
through the stator windings it generates magnetic fields in the rotor. This will cause the rotor
to turn, thus turning the crankshaft and starting the engine. In addition, this same principle
is used to assist the engine as needed when the engine is running.

© Delmar/Cengage Learning

FIGURE 6-53 A BAS mounted external to the engine.



SUMMARY

The starting system is a combination of mechanical and electrical parts that work
together to start the engine.

The starting system components include the battery, cable and wires, the ignition switch,
the starter solenoid or relay, the starter motor, the starter drive and flywheel ring gear,
and the starting safety switch.

The armature is the moveable component of the motor that consists of a conductor
wound around a laminated iron core. It is used to create a magnetic field.

Pole shoes are made of high—magnetic permeability material to help concentrate and
direct the lines of force in the field assembly.

The magnetic forces will cause the armature to turn in the direction of the weaker field.
Within an electromagnetic style of starter motor, the inside windings are called the
armature. The armature rotates within the stationary outside windings, called the field,
which has windings coiled around pole shoes.

The commutator is a series of conducting segments located around one end of the
armature.

A split-ring commutator is in contact with the ends of the armature loops. So, as the
brushes pass over one section of the commutator to another, the current flow in the
armature is reversed.

Two basic winding patterns are used in the armature: lap winding and wave winding.
The field coils are electromagnets constructed of wire coils wound around a pole shoe.
When current flows through the field coils, strong stationary electromagnetic fields are
created.

In any DC motor, there are three methods of connecting the field coils to the armature:
in series, in parallel (shunt), and a compound connection that uses both series and shunt
coils.

A starter drive includes a pinion gear set that meshes with the engine flywheel ring gear
on the engine.

To prevent damage to the pinion gear or the ring gear, the pinion gear must mesh with
the ring gear before the starter motor rotates.

The bendix drive depends on inertia to provide meshing of the drive pinion with the ring
gear.

The most common type of starter drive is the overrunning clutch. This is a roller-type
clutch that transmits torque in one direction only and freewheels in the other direction.
The starting system consists of two circuits called the starter control circuit and the
motor feed circuit.

The components of the control circuit include the starting portion of the ignition
switch, the starting safety switch (if applicable), and the wire conductor to connect these
components to the relay or solenoid.

The motor feed circuit consists of heavy battery cables from the battery to the relay and
the starter or directly to the solenoid if the starter is so equipped.

There are four basic groups of starter motors: direct drive, gear reduction, positive
engagement (moveable pole), and permanent magnet.

A synchronous motor operates at a constant speed regardless of load.

An induction motor generates its own rotor current as the rotor cuts through the
magnetic flux lines of the stator field.

The principle of operation for all three-phase motors is the rotating magnetic field.

TERMS TO
KNOwW

Amortisseur winding
Armature

Belt alternator starter
(BAS)

Brushes
Commutator
Compound motor
Counter electromotive
force (CEMF)
Double-start
override

Drive coil

Eddy currents

Field coils

Hold-in windings
Induction motor
Integrated starter
generator (ISG)
Laminated
construction
Overrunning clutch
Permanent magnet
gear reduction
(PMGR)

Pole shoes

Pull-in windings
Ratio
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(continued)
Rotating magnetic field
Sentry key

Shunt

Slip

Start/clutch interlock
switch

Starter drive

Static neutral point
Synchronous motor
Synchronous speed

SUMMARY

In order to start the synchronous motor, the rotor contains a squirrel-type winding to act
as an induction motor.

An induction motor rotor windings can be in the form of a squirrel cage or constructed
by winding three separate coils on the rotor 120° apart.

The ISG can also convert kinetic energy to storable electric energy. When the vehicle is
traveling downhill and there is zero load on the engine, the wheels can transfer energy
through the transmission and engine to the ISG. The ISG then sends this energy to the
battery for storage and use by the electrical components of the vehicle.

The belt alternator starter (BAS) is about the same size as a conventional generator and is
mounted in the same way.

The IGS is a three-phase AC motor. At low vehicle speeds, the ISG provides power and
torque to the vehicle. It also supports the engine, when the driver demands more power.
Both the BAS and the ISG use the same principle to start the engine. Current flows
through the stator windings it generates magnetic fields in the rotor. This will cause the
rotor to turn, thus turning the crankshaft and starting the engine.

REVIEW QUESTIONS

Short-Answer Essays
1. What is the purpose of the starting system?

2. List and describe the purpose of the major
components of the starting system. 4

3. Explain the principle of operation of the DC motor.

4. Describe the types of magnetic switches used in

3. Pole shoes are made of high—magnetic
material to help concentrate and

direct the

in the field assembly.

. The starter motor electrical connection that permits
all of the current that passes through the field coils
to also pass through the armature is called the

: motor.

starting systems.

. . . . 5.

5. Describe the operation of the overrunning clutch drive. is voltage produced in the starter motor itself. This
6. Describe the differences between the positive- current acts against the supply voltage from the

engagement and solenoid shift starter. battery.
7. Explain the operating principles of the permanent 6. A starter motor that uses the characteristics of a

magnet starter. series motor and a shunt motor is called a

motor.
8. Describe the purpose and operation of the armature.
7. The is the part of

9. Describe the purpose and operation of the field coil.

the starter motor that engages the armature to the

10. Describe how the rodor turns in a three-phase AC engine flywheel ring gear.
motor 8. The isa
roller-type clutch that transmits torque in one
Fill in the Blanks direction only and freewheels in the other
1. DC motors use the interaction of magnetic fields to direction.
convert the energy into 9. The two circuits of the starting system are called the
energy. circuit and the
2. The is the moveable component cireutt.
of the motor, which consists of a conductor wound 10. There are two basic types of magnetic switches used
around a iron core and is used to in starter systems: the and the
create a field.




MULTIPLE CHOICE

1. The armature: 6. Permanent magnet starters are being discussed.

A. Is the stationary component of the starter that
creates a magnetic field.

B. Isthe rotating component of the starter that
creates a magnetic field.

C. Carries electrical current to the commutator.

D. Prevents the starter from engaging if the
transmission is in gear.

2. What is the purpose of the commutator?

A. To prevent the field windings from contacting the
armature.

B. To maintain constant electrical contact with the
field windings.

C. To reverse current flow through the armature.
D. All of the above.

3. The field coils:

A. Are made of wire wound around a nonmagnetic
pole shoe.

B. Are always shunt wound to the armature.
C. Are always series wound with the armature.
D. None of the above.

4. Which of the following describes the operation of

the starter solenoid?

A. An electromagnetic device that uses movement of
a plunger to exert a pulling or holding force.

B. Both the pull-in and hold-in windings are
energized to engage the starter drive.

C. When the starter drive plunger is moved, the
pull-in winding is de-energized.

D. All of the above.

5. In the ISG, how does current flow to make the

system perform as a starter?

A. Through the rotor to create an electromagnetic
field that excites the stator, which causes the rotor
to spin.

B. Through the rotor coils, which cause the magnetic
field to collapse around the stator and rotate the
crankshaft.

C. Through the stator windings, which generate
magnetic fields in the rotor, causing the rotor to
turn the crankshaft.

D. From the start generator control module to the
rotor coils that are connected to the delta wound
stator.

10.

Technician A says the permanent magnet starter
uses four or six permanent magnet field assemblies
in place of field coils. ¢ says the permanent magnet
starter uses a planetary gear set.

Who is correct?

A. Aonly C. BothAandB

B. Bonly D. Neither A nor B

. Typical components of the control circuit of the

starting system include:
A. Ring gear. C. DPinion gear.
B. Magnetic switch. D.  All of the above.

. The characteristic of the series-wound motor is:

A. Current flows from the armature, to the brushes,
then to the field windings.

B. Current flows from the field windings, to the
brushes, and to the armature.

C. Current flows through shunts to the field windings
and the armature.

D. All of the above.

. The gear reduction starter uses:

A. A starter drive that is connected directly to the
armature.

B. A larger gear to drive a smaller gear that is
attached to the starter drive.

C. A smaller gear to drive a larger gear that is
attached to the starter drive.

D. A starter drive that is attached to the commutator
ring.

A characteristic of permanent magnet starters is:

A. The use of planetary gears.

B. Current flows from the field windings, to the
brushes, and to the armature.

C. Connection directly to the armature.
D. All of the above.



Chapter 7

CHARGING SYSTEMS

UPON COMPLETION AND REVIEW OF THIS CHAPTER, YOU SHOULD BE ABLE
TO UNDERSTAND AND DESCRIBE:

The purpose of the charging system. The differences between A circuit, B circuit,

The major components of the charging system. and isolated circuit.

The operation of charge indicators, including lamps,
electronic voltage monitors, ammeters,
and voltmeters.

The use of the ISG and AC motors in an HEV to

The function of the major components of the
AC generator.

The two styles of stators.

How AC current is rectified to DC current in recharge the HV battery.
the AC generator. ) o
How regenerative braking is used to recharge the
The three principle circuits used in the HV battery.
AC generator.

The purpose of the DC/DC converter for charging
The relationship between regulator resistance and the HEV auxiliary battery.

field current.

The relationship between field current and AC
generator output.

INTRODUCTION

The automotive storage battery is not capable of supplying the demands of the electrical
system for an extended period of time. Every vehicle must be equipped with a means of
replacing the current being drawn from the battery. A charging system is used to restore the
electrical power to the battery that was used during engine starting. In addition, the charging
system must be able to react quickly to high load demands required of the electrical system.

In an attempt to It is the vehicle’s charging system that generates the current to operate all of the electrical
standardize accessories while the engine is running.

terminology in the Two basic types of charging systems have been used. The first was a DC generator, which
industry, the term was discontinued in the 1960s. Since that time the AC generator has been the predomi-
alternator is nant charging device. The DC generator and the AC generator both use similar operating

being replaced with

generator. Often an

alternator is referred
toasan

AC generator.

principles.

The purpose of the conventional charging system is to convert the mechanical energy of
the engine into electrical energy to recharge the battery and run the electrical accessories.
When the engine is first started, the battery supplies all the current required by the starting
and ignition systems.
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FIGURE 7-1 Current flow when the charging system is operating.

As the battery drain continues, and engine speed increases, the charging system is able to
produce more voltage than the battery can deliver. When this occurs, the electrons from the
charging device are able to flow in a reverse direction through the battery’s positive terminal.
The charging device is now supplying the electrical system’s load requirements; the reserve
electrons build up and recharge the battery (Figure 7-1).

If there is an increase in the electrical demand and a drop in the charging system’s output
equal to the voltage of the battery, the battery and charging system work together to supply
the required current.

The entire conventional charging system consists of the following components:

Battery.

Generator.

Drive belt.

Voltage regulator.

Charge indicator (lamp or gauge).
Ignition switch.

Cables and wiring harness.
Starter relay (some systems).
Fusible link (some systems).

RN TE BN

This chapter also covers the operation of the charging systems used on HEVs. The HEV
can recharge the HV battery by running the engine and using the ISG or AC motors as gen-
erators. They can also use regenerative braking. To charge the auxiliary battery they may use
a DC/DC converter.

PRINCIPLE OF OPERATION

All charging systems use the principle of electromagnetic induction to generate electri-
cal power (Figure 7-2). Electromagnetic principle states that a voltage will be produced if
motion between a conductor and a magnetic field occurs. The amount of voltage produced
is affected by:

1. The speed at which the conductor passes through the magnetic field.
2. The strength of the magnetic field.
3. The number of conductors passing through the magnetic field.

To see how electromagnetic induction produces an AC voltage by rotating a magnetic field
inside a fixed conductor (stator), refer to the illustration (Figure 7-3). When the conductor is

The ignition switch
is considered a

part of the charging
system because it
closes the circuit
that supplies current
to the indicator lamp
and stimulates the
field coil.
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Brushes
FIGURE 7-2 Simplified AC generator indicating electromagnetic induction.
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3/4 revolution

FIGURE 7-3 Alternating current is produced as the magnetic field is rotated.

parallel with the magnetic field, the conductor is not cut by any flux lines (Figure 7-3A). At
this point in the revolution, zero voltage and current are being produced.

As the magnetic field is rotated 90 degrees, the magnetic field is at a right angle to the
conductor (Figure 7-3B). At this point in the revolution, the maximum number of flux lines
cut the conductor at the north pole. With the maximum amount of flux lines cutting the
conductor, voltage is at its maximum positive value.

When the magnetic field is rotated an additional 90 degrees, the conductor returns to
being parallel with the magnetic field (Figure 7-3C). Once again, no flux lines cut the conduc-
tor and voltage drops to zero.
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FIGURE 7-4 Sine wave produced in one revolution of the
conductor or magnetic field.

An additional 90-degree revolution of the magnetic field results in the magnetic field
being reversed at the top conductor (Figure 7-3D). At this point in the revolution, the maxi-
mum number of flux lines cut the conductor at the south pole. Voltage is now at maximum
negative value.

When the magnetic field completes one full revolution, it returns to a parallel position
with the magnetic field. Voltage returns to zero. The sine wave is determined by the angle
between the magnetic field and the conductor. It is based on the trigonometry sine function of
angles. The sine wave shown (Figure 7-4) plots the voltage generated during one revolution.

It is the function of the drive belt to turn the magnetic field. Drive belt tension should
be checked periodically to assure proper charging system operation. A loose belt can inhibit
charging system efficiency, and a belt that is too tight can cause early bearing failure.

AC GENERATORS

AUTHOR’S NOTE: The first charging systems used a DC generator that had two field
coils that created a magnetic field. Output voltage was generated in the wire loops of
the armature as it rotated inside the magnetic field. Current sent to the battery was
through the commutator and the generator’s brushes.

The DC generator was unable to produce the sufficient amount of current required when
the engine was operating at low speeds. With the addition of more electrical accessories and
components, the AC (alternating current) generator, or alternator, replaced the DC genera-
tor. The main components of the AC generator are (Figure 7-5)

1. The rotor.

Brushes.

The stator.

The rectifier bridge.
The housing.
Cooling fan.

AN

Rotors

The rotor creates the rotating magnetic field of the AC generator. It is the portion of the AC
generator that is rotated by the drive belt. The rotor is constructed of many turns of copper Chapter 7, page 295
wire around an iron core. There are metal plates bent over the windings at both ends of the

Shop Manual
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FIGURE 7-5 Components of an AC generator.

rotor windings (Figure 7-6). The poles (metal plates) do not come into contact with each
other, but they are interlaced. When current passes through the coil (1.5 to 3.0 amperes), a
magnetic field is produced. The strength of the magnetic field is dependent on the amount of
current flowing through the coil and the number of windings.

The poles will take on the polarity (north or south) of the side of the coil they touch. The
right-hand rule will show whether a north or south pole magnet is created. When the rotor is
assembled, the poles alternate from north to south around the rotor (Figure 7-7). As a result
of this alternating arrangement of poles, the magnetic flux lines will move in opposite direc-
tions between adjacent poles (Figure 7-8). This arrangement provides for several alternating
magnetic fields to intersect the stator as the rotor is turning. These individual magnetic fields
produce a voltage by induction in the stationary stator windings.

The wires from the rotor coil are attached to two slip rings that are insulated from the
rotor shaft. The slip rings function much like the armature commutator in the starter motor,

© Delmar/Cengage Learning
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Pole piece

FIGURE 7-7 The north and south poles of
FIGURE 7-6 Components of a typical AC generator rotor. a rotor’s field alternate.
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to the rotor coil.

FIGURE 7-8 Magnetic flux lines move in
opposite directions between the rotor poles.

except they are smooth. The insulated stationary carbon brush passes field current into a slip
ring, then through the field coil, and back to the other slip ring. Current then passes through
a grounded stationary brush (Figure 7-9) or to a voltage regulator.

Brushes

The field winding of the rotor receives current through a pair of brushes that ride against the
slip rings. The brushes and slip rings provide a means of maintaining electrical continuity
between stationary and rotating components. The brushes (Figure 7-10) ride the surface of
the slip rings on the rotor and are held tight against the slip rings by spring tension provided
by the brush holders. The brushes conduct only the field current (2 to 5 amperes). The low
current that the brushes must carry contributes to their longer life.

Direct current from the battery is supplied to the rotating field through the field terminal
and the insulated brush. The second brush may be the ground brush, which is attached to the
AC generator housing or to a voltage regulator.

Stators

The stator contains three main sets of windings wrapped in slots around a laminated, circu-
lar iron frame (Figure 7-11). The stator is the stationary coil in which electricity is produced.
Each of the three windings has the same number of coils as the rotor has pairs of north and

© Delmar/Cengage Learning

FIGURE 7-10 Brushes are the stationary electrical
contact to the rotor’s slip rings

FIGURE 7-9 The slip rings and brushes provide a current path
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south poles. The coils of each winding are evenly spaced around the core. The three sets of
windings alternate and overlap as they pass through the core (Figure 7-12). The overlapping
is needed to produce the required phase angles.

The rotor is fitted inside the stator (Figure 7-13). A small air gap (approximately 0.015
inch or 0.381 mm) is maintained between the rotor and the stator. This gap allows the rotor’s
magnetic field to energize all of the windings of the stator at the same time and to maximize
the magnetic force.

Each group of windings has two leads. The first lead is for the current entering the wind-
ing. The second lead is for current leaving. There are two basic means of connecting the leads.

Stator Stator core

windin&\ \ 7ator windings

Stator leads
to rectifier

Stator
core

junction

© Delmar/Cengage Learning
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FIGURE 7-11 Components of a typical stator.
FIGURE 7-12 Overlapping stator windings produce

the required phase angles.

© Delmar/Cengage Learning

FIGURE 7-13 A small air gap between the rotor and the stator maximizes
the magnetic force.

172



Y connection

Stator neutral junction

To diodes To diodes
To diodes

© Delmar/Cengage Learning

To diodes
FIGURE 7-14 Wye-connected stator winding.

To diodes
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FIGURE 7-15 Delta-connected stator winding.

The first method is the wye wound connection (Figure 7-14). In the wye connection, one
lead from each winding is connected to one common junction. From this junction, the other
leads branch out in a Y pattern. A wye wound AC generator is usually found in applications
that do not require high amperage output.

The second method of connecting the windings is called the delta connection
(Figure 7-15). The delta connection attaches the lead of one end of the winding to the lead
at the other end of the next winding. The delta connection is commonly used in applications
that require high amperage output.

In a wye wound or delta wound stator winding, each group of windings occupies one
third of the stator, or 120 degrees of the circle. As the rotor revolves in the stator, a voltage
is produced in each loop of the stator at different phase angles. The resulting overlap of sine
waves that is produced is shown (Figure 7-16). Each of the sine waves is at a different phase
of its cycle at any given time. As a result, the output from the stator is divided into three
phases.

The common junc-
tion in the wye
connected winding
is called the stator
neutral junction.
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FIGURE 7-16 The voltage produced in each stator winding is added together to create a three-phase voltage.

Diode Rectifier Bridge

Shop Manual The battery and the electrical system cannot accept or store AC voltage. For the vehicle’s elec-

Chapter 7, pages trical system to be able to use the voltage and current generated in the AC generator, the AC

283,296 current needs to be converted to DC current. This process is called rectification. A split-ring
commutator cannot be used to rectify AC current to DC current because the stator is station-
ary in an AC generator. Instead, a diode rectifier bridge is used to change the current in an
AC generator (Figure 7-17). Acting as a one-way check valve, the diodes switch the current

The rectifier bridge flow back and forth so that it flows from the AC generator in only one direction.

is also known as a When AC current reverses itself, the diode blocks and no current flows. If AC current

rectifier stack. passes through a positively biased diode, the diode will block off the negative pulse. The result

© Delmar/Cengage Learning

FIGURE 7-17 General Motors’ rectifier bridge.
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is the scope pattern shown in Figure 7-18. The AC current has been changed to a pulsing DC
current. This process is called half-wave rectification.

An AC generator usually uses a pair of diodes for each stator winding, for a total of six
diodes (Figure 7-19). Three of the diodes are positive biased and are mounted in a heat sink
to dissipate the heat (Figure 7-20). The three remaining diodes are negative biased and are
attached directly to the frame of the AC generator (Figure 7-21). By using a pair of diodes that
are reverse-biased to each other, rectification of both sides of the AC sine wave is achieved
(Figure 7-22). The process of converting both sides of the sine wave to a DC voltage is called

AWA

FIGURE 7-18 AC current rectified to a pulsating DC
current after passing through a positive-biased diode.
This is called half-wave rectification.

\VA4
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O To battery 6

FIGURE 7-19 A simplified schematic of the AC generator windings connected
to the diode rectifier bridge.

© Delmar/Cengage Learning

FIGURE 7-20 The positive-biased diodes are mounted into a FIGURE 7-21 Negative-biased diodes pressed into the
heat sink to provide protection. AC generator housing.
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FIGURE 7-22 Full-wave rectification uses both sides of the AC sine wave to create a pulsating DC current.

full-wave rectification. The negative-biased diodes allow for conducting current from the
negative side of the AC sine wave and putting this current into the circuit. Diode rectification
changes the negative current into positive output.

With each stator winding connected to a pair of diodes, the resultant waveform of the
rectified voltage would be similar to that shown (Figure 7-23). With six peaks per revolution,
the voltage will vary only slightly during each cycle.

The examples used so far have been for single-pole rotors in a three-winding stator. Most
AC generators use either a twelve- or fourteen-pole rotor. Each pair of poles produces one
complete sine wave in each winding per revolution. During one revolution, a fourteen-pole
rotor will produce seven sine waves. The rotor generates three overlapping sine wave voltage
cycles in the stator. The total output of a fourteen-pole rotor per revolution would be twenty-
one sine wave cycles (Figure 7-24). With final rectification, the waveform would be similar to
the one shown (Figure 7-25).

Full-wave rectification is desired because using only half-wave rectification wastes the
other half of the AC current. Full-wave rectification of the stator output uses the total potential
by redirecting the current from the stator windings so that all current is in one direction.

A wye wound stator with each winding connected to a pair of diodes is shown (Figure 7-26).
Each pair of diodes has one negative and one positive diode. During rotor movement, two
stator windings will be in series and the third winding will be neutral. As the rotor revolves, it
will energize a different set of windings. Also, current flow through the windings is reversed
as the rotor passes. Current in any direction through two windings in series will produce DC
current.

+16
+
DC
voltage
level
[0
(o]
©
-16 ° 0° 90° 180° 270° 300° o
FIGURE 7-23 With three-phase rectification, the DC voltage FIGURE 7-24 Sine wave cycle of a 14-pole rotor and

level is uniform.
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FIGURE 7-25 Rectified AC output has a ripple pattern that
can be shown on an oscilloscope.
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Battery

FIGURE 7-26 Current flow through a wye-wound stator.

The action that occurs when the delta wound stator is used is shown (Figure 7-27). Instead
of two windings in series, the three windings of the delta stator are in parallel. This makes
more current available because the parallel paths allow more current to flow through the
diodes. Since the three outputs of the delta winding are in parallel, current flows from each
winding continuously.

AUTHOR’S NOTE: Not only do the diodes rectify stator output, but they also block
battery drain back when the engine is not running.
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FIGURE 7-27 Current flow through a delta-wound stator.
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AC Generator Housing and Cooling Fan

Most AC generator housings are a two-piece construction, made from cast aluminum
(Figure 7-28). The two end frames provide support of the rotor and the stator. In addition, the
end frames contain the diodes, regulator, heat sinks, terminals, and other components of the
AC generator. The two end pieces are referred to as:

1. The drive end housing: This housing holds a bearing to support the front of the rotor
shaft. The rotor shaft extends through the drive end housing and holds the drive pulley
and cooling fan.

2. The slip ring end housing: This housing also holds a rotor shaft that supports a bearing.
In addition, it contains the brushes and has all of the electrical terminals. If the AC gen-
erator has an integral regulator, it is also contained in this housing.

The cooling fan draws air into the housing through the openings at the rear of the hous-
ing. The air leaves through openings behind the cooling fan (Figure 7-29).

Liquid-Cooled Generators

High output generators have a tendency to have higher internal temperatures that can
shorten the life of the diodes. To help reduce diode temperatures, some manufacturers are
using a liquid cooled generator (Figure 7-30). In addition, since these generators do not use

Rear
housing

© Delmar/Cengage Learning
© Delmar/Cengage Learning

Front
housing
FIGURE 7-28 Typical two-piece AC generator FIGURE 7-29 The cooling fan draws air in from the
housing. rear of the AC generator to keep the diodes cool.
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FIGURE 7-30 Water-cooled generator.

a fan, underhood noises are reduced. The water-cooled generator has water jackets cast into
their housing and is connected to the engine’s cooling system by hoses.

AC GENERATOR CIRCUITS

There are three principal circuits used in an AC generator:

1. The charging circuit: Consists of the stator windings and rectifier circuits.

2. The excitation circuit: Consists of the rotor field coil and the electrical connections to the
coil.

3. The preexcitation circuit: Supplies the initial current for the field coil that starts the
buildup of the magnetic field.

For the AC generator to produce current, the field coil must develop a magnetic field. The
AC generator creates its own field current in addition to its output current.

For excitation of the field to occur, the voltage induced in the stator rises to a point
that it overcomes the forward voltage drop of at least two of the rectifier diodes. Before the
diode trio can supply field current, the anode side of the diode must be at least 0.6 volt
more positive than the cathode side (Figure 7-31). When the ignition switch is turned on, the
warning lamp current acts as a small magnetizing current through the field (Figure 7-32).
This current preexcites the field, reducing the speed required to start its own supply of field
current.

AUTHOR’S NOTE: If the battery is completely discharged, the vehicle cannot be push
started because there is no excitation of the field coil.

To field coil

Cathode 0.0V
0.6V

Anode 0.6 V more positive

Phase A Phase B Phase C

FIGURE 7-31 The diode trio connects the phase windings to the field. To conduct,
there must be 0.6 V more positive on the anode side of the diodes.
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The diode trio

is used by some
manufacturers to
rectify current from
the stator so that

it can be used to
create the magnetic
field in the field coil
of the rotor. This
eliminates extra
wiring.
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FIGURE 7-32 Schematic of a charging system.

AC GENERATOR OPERATION OVERVIEW

When the engine is running, the drive belt spins the rotor inside the stator windings. This
magnetic field inside the rotor generates a voltage in the windings of the stator. Field current
flowing through the slip rings to the rotor creates alternating north and south poles on the
rotor.

The induced voltage in the stator is an alternating voltage because the magnetic fields
are alternating. As the magnetic field begins to induce voltage in the stator’s windings, the
induced voltage starts to increase. The amount of voltage will peak when the magnetic field
is the strongest. As the magnetic field begins to move away from the stator windings, the
amount of voltage will start to decrease. Each of the three windings of the stator generates
voltage, so the three combine to form a three-phase voltage output.

In the wye connection (refer to Figure 7-26), output terminals (A, B, and C) apply voltage
to the rectifier. Because only two stator windings apply voltage (because the third winding is
always connected to diodes that are reverse-biased), the voltages come from points A to B, B
to C,and C to A.

To determine the amount of voltage produced in the two stator windings, find the dif-
ference between the two points. For example, to find the voltage applied from points A and
B, subtract the voltage at point B from the voltage at point A. If the voltage at point A is
8 volts positive and the voltage at point B is 8 volts negative, the difference is 16 volts. This
procedure can be performed for each pair of stator windings at any point in time to get the
sine wave patterns (Figure 7-33). The voltages in the windings are designated as V,, V,, and
V.. Designations of V, V, , and V_ refer to the voltage difference in the two stator wind-
ings. In addition, the numbers refer to the diodes used for the voltages generated in each
winding pair.

AUTHOR’S NOTE: Alternating current is constantly changing, so this formula would
have to be performed at several different times.




(a)

FIGURE 7-33 (A) Individual stator winding voltages; (B) voltages across the stator terminal A, B, and C.

The current induced in the stator passes through the diode rectifier bridge, consisting of
three positive and three negative diodes. At this point, there are six possible paths for the cur-
rent to follow. The path that is followed depends on the stator terminal voltages. If the voltage
from points A and B is positive (point A is positive in respect to point B), current is supplied
to the positive terminal of the battery from terminal A through diode 2 (Figure 7-34). The
negative return path is through diode 3 to terminal B.

Both diodes 2 and 3 are forward-biased. The stator winding labeled C does not produce
current because it is connected to diodes that are reverse-biased. The stator current is recti-
fied to DC current to be used for charging the battery and supplying current to the vehicle’s
electrical system.
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FIGURE 7-34 Current flow when terminals A and B are positive.
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When the voltage from terminals C and A is negative (point C is negative in respect to
point A), current flow to the battery positive terminal is from terminal A through diode 2
(Figure 7-35). The negative return path is through diode 5 to terminal C.

This procedure is repeated through the four other current paths (Figures 7-36
through 7-39).
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FIGURE 7-35 Current flow when terminals A and C are negative.
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FIGURE 7-37 Current flow when terminals A and B are

FIGURE 7-36 Current flow when terminals B and C are h
negative.

positive.
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© FIGURE 7-39 Current flow when terminals B and C are
FIGURE 7-38 Current flow when terminals A and C are negative.
positive
REGULATION
The battery, and the rest of the electrical system, must be protected from excessive volt-
Shop Manual

ages. To prevent early battery and electrical system failure, regulation of the charging system
voltage is very important. Also, the charging system must supply enough current to run the
vehicle’s electrical accessories when the engine is running.

AC generators do not require current limiters; because of their design, they limit their
own current output. Current limit is the result of the constantly changing magnetic field
because of the induced AC current. As the magnetic field changes, an opposing current is
induced in the stator windings. This inductive reactance in the AC generator limits the
maximum current that the AC generator can produce. Even though current (amperage) is
limited by its operation, voltage is not. The AC generator is capable of producing as high as
250 volts, if it were not controlled.

Regulation of voltage is done by varying the amount of field current flowing through the
rotor. The higher the field current, the higher the output voltage. Control of field current can be
done either by regulating the resistance in series with the field coil or by turning the field circuit
on and off (Figure 7-40). By controlling the amount of current in the field coil, control of the field
current and the AC generator output is obtained. To ensure a full battery charge, and operation
of accessories, most voltage regulators are set for a system voltage between 13.5 and 14.5 volts.

The regulator must have system voltage as an input in order to regulate the output voltage.
The input voltage to the AC generator is called sensing voltage. If sensing voltage is below
the regulator setting, an increase in charging voltage output results by increasing field current.
Higher sensing voltage will result in a decrease in field current and voltage output. A vehicle
being driven with no accessories on and a fully charged battery will have a high sensing voltage.
The regulator will reduce the charging voltage until it is at a level to run the ignition system
while trickle charging the battery. If a heavy load is turned on (such as the headlights), the addi-
tional draw will cause a drop in the battery voltage. The regulator will sense this low system
voltage and will increase current to the rotor. This will allow more current to the field wind-
ings. With the increase of field current, the magnetic field is stronger and AC generator voltage
output is increased. When the load is turned off, the regulator senses the rise in system voltage
and cuts back the amount of field current and ultimately AC generator voltage output.

Chapter 7, page 282
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The A circuit is
called an external
grounded field
circuit.

Usually the B
circuit regulator is
mounted externally
of the AC generator.
The B circuit is an
internally grounded
circuit.

Regulator Field coil
e AR
+ . Ignition Variable
_ switch resistance
(a) -
Field coil

e e

+ Ignition

Regulator
switch switch opens
and closes

- :|__ rapidly

(b)
FIGURE 7-40 The regulator can control the field current by
(A) controlling the resistance in series with the coil, or (B) by
switching the field on and off.
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FIGURE 7-41 Chart indicating relationship between temperature and charge rate.

Another input that affects regulation is temperature. Because ambient temperatures
influence the rate of charge that a battery can accept, regulators are temperature compen-
sated (Figure 7-41). Temperature compensation is required because the battery is more reluc-
tant to accept a charge at lower ambient temperatures. The regulator will increase the system
voltage until it is at a higher level so the battery will accept it.

Field Circuits

To properly test and service the charging system, it is important to identify the field circuit
being used. Automobile manufacturers use three basic types of field circuits. The first type
is called the A circuit. It has the regulator on the ground side of the field coil. The B+ for the
field coil is picked up from inside the AC generator (Figure 7-42). By placing the regulator on
the ground side of the field coil, the regulator will allow the control of field current by varying
the current flow to ground.

The second type of field circuit is called the B circuit. In this case, the voltage regulator
controls the power side of the field circuit. Also, the field coil is grounded from inside the AC
generator.

AUTHOR’S NOTE: To remember these circuits: Think of “A” for “After” the field and
“B” for “Before” the field.
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FIGURE 7-42 Simplified diagram of an A circuit field.

© Delmar/Cengage Learning

AC generator

Fi
B+ © ¢
Regulator I
Fy r
r M Alternator Regulate voltage by
— voltage controlling field current
Isolated A \4
[} -~
Regulator AC generator 2 / \\ Field current (less
Fy T>> / o needed because
B+ © M 5 / AN of increased
g = ,’ AN rotor speed)
1 8 s /’ Sso
= C ¢ z / S~
Isolated B 2 e
F2 Q //
g 0
— g 0 Rotor speed (rpm) increasing
FIGURE 7-43 In the isolated circuit field AC genera- FIGURE 7-44 Graph showing the relationship
tor, the regulator can be installed on either side of between field current, rotor speed, and regulated
the field. voltage changes depending on electrical load.

The third type of field circuit is called the isolated field. The AC generator has two field
wires attached to the outside of the case. The voltage regulator can be located on either the
ground (A circuit) or on the B+ (B circuit) side (Figure 7-43).

Regardless of which type is used, the field circuit is designed to control the amount of
voltage output by controlling the amount of current through the field windings. The relation-
ship between the field current, rotor speed, and regulated voltage is illustrated in Figure 7-44.
As rotor speed increases, field current must be decreased to maintain regulated voltage.

Electronic Regulators

The electronic regulator uses solid-state circuitry to perform the regulatory functions.
Electronic regulators can be mounted either externally or internally of the AC generator.
There are no moving parts, so it can cycle between 10 and 7,000 times per second. This quick
cycling provides more accurate control of the field current through the rotor.

Pulse width modulation controls AC generator output by varying the amount of time
the field coil is energized. For example, assume that a vehicle is equipped with a 100-ampere
generator. If the electrical demand placed on the charging system requires 50 amperes of
current, the regulator would energize the field coil for 50% of the time (Figure 7-45). If the
electrical system’s demand was increased to 75 amperes, the regulator would energize the
field coil 75% of the cycle time.
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FIGURE 7-45 Pulse width modulation with 50% on time.
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The electronic regulator uses a zener diode that blocks current flow until a specific volt-
age is obtained, at which point it allows the current to flow. An electronic regulator is shown
(Figure 7-46).

Battery voltage is applied to the anode side of the zener diode as well as to the base of
transistor number 1. No current will flow through the zener diode, since battery voltage is
too low to push through the zener. However, as the AC generator produces voltage, the volt-
age at the anode will increase until it reaches the upper limit (14.5 volts) and is able to push
through the zener diode. Current will now flow from the battery, through the resistor (R )
to the anode, through the zener diode, through the resistor (Rz) and thermistor in parallel,
and to ground. Since current is flowing, each resistance in the circuit will drop voltage. As a
result, voltage to the base of transistor number 1 will be less than the voltage applied to the
emitter. Since transistor number 1 is a PNP transistor and the base voltage is less than the
emitter voltage, transistor number 1 is turned on. The base of transistor number 2 will now
have battery voltage applied to it. Since the voltage applied to the base of transistor number 2
is greater than that applied to its emitter, transistor number 2 is turned off. Transistor number
2 is in control of the field current and generator output.

The thermistor changes circuit resistance according to temperature. This provides for the
temperature-related voltage change necessary to keep the battery charged in cold-weather
conditions.

Many manufacturers are installing the voltage regulator inside the AC generator. This
eliminates some of the wiring needed for external regulators. The diode trio rectifies AC cur-
rent from the stator to DC current that is applied to the field windings (Figure 7-47).

Current flow with the engine off and the ignition switch in the RUN position is illus-
trated (Figure 7-48). Battery voltage is applied to the field through the common point above

® * O Ground —

FLD.

* o —O Battery +
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FIGURE 7-46 A simplified circuit diagram of
an electronic regulator utilizing a zener diode.
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FIGURE 7-47 AC generator circuit diagram with internal regulator. This system uses a diode trio to rectify stator
current to be applied to the field coil. The resistor above the indicator lamp is used to ensure current will flow
through the terminal 1 if the lamp burns out.
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FIGURE 7-48 Current flow to the rotor with the ignition switch in the RUN position and the engine OFF.

R,. TR, conducts the field current coming from the field coil, producing a weak magnetic
field. The indicator lamp lights because TR, directs current to ground and completes the
lamp circuit.

Current flow with the engine running is illustrated (Figure 7-49). When the AC genera-
tor starts to produce voltage, the diode trio will conduct and battery voltage is available for
the field and terminal 1 at the common connection. Placing voltage on both sides of the lamp
gives the same voltage potential at each side; therefore, current doesn’t flow and the lamp
goes out.
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Current flow as the voltage output is being regulated is illustrated (Figure 7-50). The sens-
ing circuit from terminal 2 passes through a thermistor to the zener diode (D,). When the
system voltage reaches the upper voltage limit of the zener diode, the zener diode conducts
current to TR,. When TR, is biased, it opens the field coil circuit and current stops flowing
through the field coil. Regulation of this switching on and off is based on the sensing voltage
received through terminal 2. With the circuit to the field coil opened, the sensing voltage
decreases and the zener diode stops conducting. TR, is turned off and the circuit for the field

coil is closed.
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FIGURE 7-50 When the system voltage is high enough to allow the zener diode to conduct, TR, is turned on and TR, is

shut off, which opens the field circuit.
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Computer-Controlled Regulation

On many vehicles after the mid-1980s, the regulator function has been incorporated into the
powertrain control module (PCM). The operation is similar to the internal electronic regula-
tor (Figure 7-51). Regulation of the field circuit is through the ground (A circuit). However,
in recent years there has been an increase in manufacturers that will control the field circuit
by use of high-side drivers.

+ —
@—
Main
\ relay
([ J [ J
Generator
S
i ;
@ +
o\
From battery
temperature
sensor T —f
1 e
Direct
Main battery Generator
relay sense field
control driver

e

FIGURE 7-51 Computer-controlled voltage regulator circuit.
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When the generator
is a slave, module
on a bus network
is often called an
interfaced generator.

The PCM’s decisions, concerning voltage regulation, are based on battery voltage and
battery temperature. When the desired output voltage is obtained (based on battery tempera-
ture), the PCM switches the transistor on or off as needed. This transistor grounds the AC
generator’s field to control output voltage.

General Motors” CS series generators may be connected directly to the PCM through
terminals L and F at the generator. The voltage regulator portion of the PCM switches the
field current on and off at a frequency of about 400 times per second. Varying the on and off
time of the field current controls the voltage output of the generator.

The computer-controlled regulation system has the ability to precisely maintain and con-
trol the changing rate according to the electrical requirements, battery (or ambient) tempera-
ture, and several other inputs (Figure 7-52).

Another generator control method is that like that used by Mercedes Benz (Figure 7-53).
This system uses a generator that is actually a slave module on the LIN bus network. The
PCM communicates power requirements over the LIN bus concerning voltage set point and
a set point governing time to the generator. The LIN interface chip translates the request
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Brake switch signal

Coolant temperature sensor
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Intake air temperature sensor

Speed sensor
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TDC/CRANK sensor

Throttle angle sensor
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FIGURE 7-52 The PCM will use various inputs to regulate AC generator output.
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FIGURE 7-53 A generator with internal microprocessor using a bus net-
work for communications to the PCM.



and output control is achieved by the integrated electronics with driver stages and an 8-bit
microprocessor. This is referred to a power on-demand and reduces fuel consumption since
the generator field is turned on only when needed. This also reduces underhood noises.

CHARGING INDICATORS

There are three basic methods of informing the driver of the charging system’s condition:
indicator lamps, ammeter, and voltmeter.

AUTHOR’S NOTE: Greater detail concerning operation of indicator lamps and gauges,
including computer controlled systems, is provided in Chapter 13.

Indicator Light Operation

As discussed earlier, most indicator lamps operate on the basis of opposing voltages. If the
AC generator output is less than battery voltage, there is an electrical potential difference in
the lamp circuit and the lamp will light. If there is no stator output through the diode trio,
then the lamp circuit is completed to ground through the rotor field and TR, (Figure 7-54).

On most systems, the warning lamp will be “proofed” when the ignition switch is in the
RUN position before the engine starts. This indicates that the bulb and indicator circuit are
operating properly. Proofing the bulb is accomplished because there is no stator output with-
out the rotor turning.

Ammeter Operation

In place of the indicator light, some manufacturers install an ammeter. The ammeter is wired
in series between the AC generator and the battery (Figure 7-55). Most ammeters work on
the principle of d’Arsonval movement.

The movement of the ammeter needle under different charging conditions is illustrated
(Figure 7-56). If the charging system is operating properly, the ammeter needle will remain
within the normal range. If the charging system is not generating sufficient current, the nee-
dle will swing toward the discharge side of the gauge. When the charging system is recharging

Regulator

FIGURE 7-54 Electronic regulator with an indicator light on due to no AC generator output.
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FIGURE 7-55 Ammeter connected in series to indicate charging system
operation.
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FIGURE 7-56 Ammeter needle movement indicates charging conditions.

the battery, or is called on to supply high amounts of current, the needle deflects toward the
charge side of the gauge.

It is normal for the gauge to read a high amount of current after initial engine startup. As
the battery is recharged, the needle should move more toward the normal range.

Voltmeter Operation

Because the ammeter is a complicated gauge for most people to understand, many manufac-
turers use a voltmeter to indicate charging system operation. In early systems, the voltmeter
is connected between the battery positive and negative terminals (Figure 7-57).

When the engine is started, it is normal for the voltmeter to indicate a reading between
13.2 and 15.2 volts. If the voltmeter indicates a voltage level that is below 13.2, it may mean
that the battery is discharging. If the voltmeter indicates a voltage reading that is above
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AC generator/ N
FIGURE 7-57 Voltmeter connected to the charging circuit to monitor operation.

15.2 volts, the charging system is overcharging the battery. The battery and electrical cir-
cuits can be damaged as a result of higher-than-normal charging system output.

In most modern systems, the voltmeter is controlled either directly by the PCM or by
information sent to the instrument cluster by the PCM. A dedicated circuit from the battery
to the PCM allows the PCM to constantly monitor the battery voltage.

AC GENERATOR DESIGN DIFFERENCES

Although all AC generators operate on the same principles, there are differences in the styles
and construction.

General Motors 10SI Series

SI series AC generators use an internal voltage regulator that is mounted to the inside of the
slip ring end frame (Figure 7-58). There are three terminals on the rear-end frame of the AC
generators:

Drive end frame

N\

0 ([T

Brush springs i L

Slip ring end frame

Regulator

Brushes

Slip rings

Bearing —

Seal

Battery
terminal
Diode trio

Rectifier bridge

FIGURE 7-58 10SI AC generator.
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The series designa-
tion number refers
to the diameter of
the outer stator
lamination in
millimeters.

= Terminal number 1: Connects to the field through one brush and slip ring and to the
output of the diode trio. In addition, this terminal is connected to a portion of the regulator
and warning light circuitry.

» Terminal number 2: Connects to the regulator to supply battery voltage to a portion of
the regulator circuitry that senses system voltage.

= BAT terminal: Connects to the output of the stator windings and supplies the battery with
charging voltage.

Most SI series AC generators use a 14-pole rotor. Depending on model, the stator is
wired either in wye or delta fashion. Models 10 and 12 use the wye connection. All other
models use the delta connection.

General Motors CS Series

Beginning in 1986 and continuing through the 1999 model year, General Motors used the
smaller CS series AC generator with an internal regulator. This generator uses a delta wound
stator. The field current is supplied directly from the stator, thus eliminating the need for a
diode trio. The generators in this series include the CS-121, CS-130, and CS-144, which rep-
resent the unit size in millimeters.

As mentioned earlier, recent CS series generators use computer control regulation of the
AC generator. In addition to regulation control by varying the ground of the field windings,
General Motors also uses a system of pulsing the voltage output to the field windings from the
PCM (Figure 7-59). This type of generator has a constant field winding ground connection.
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FIGURE 7-59 General Motors’ PCM-controlled charging system using high side
pulse width control.



AD200 Series AC Generators

Beginning in 1999, General Motors began to change to a Delphi-designed AD200 series
generator (Figure 7-60). The AD200 designation refers to second-generation (200), air-
cooled (A) and dual internal fans (D). There are three AD200 series models being used,
depending on unit diameters: AD230 (130 mm), AD237 (137 mm), and AD244 (144 mm).
Amperage output of these alternators ranges from 102 amps to 150 amps. The AD200 series
generator uses an offset-wound stator to achieve a more consistent output voltage. Some
models also use a pulley with a built-in clutch. The rectifier design has an increased surface
area and uses avalanche diodes.

Ford AC Generators

Ford has used several different designs of AC generators. For many years, Ford used the
common rear- or side-terminal AC generator. The rear-terminal AC generators used two
different types of rectifiers. One rectifier had a single plate that contained all six of the diodes
(Figure 7-61).

The second type of rectifier used two plates that were stacked on top of each other. One
plate contained the positive diodes and the other contained the negative diodes.
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Rectifier with built-in diodes
FIGURE 7-61 Flat-type rectifier has single plate containing all six diodes.
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The two-plate
rectifier is called a
stacked rectifier.

EVR stands for
external voltage
regulator.
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FIGURE 7-62 1AR charging system schematic.

On the rear-terminal AC generators there were four terminals on the end frame:

BAT terminal: Stator output connection to the battery.
FLD terminal: Connection to one side of the field winding through the insulated brush
and the slip ring.
STA terminal: Connection to the neutral stator junction.
GRD terminal: Connection for the ground wire from the regulator.

The Ford side terminal AC generator is larger and has higher output capacities. The same
four terminals are used; however, they are arranged differently.

In 1984, Ford introduced an integral alternator regulator (IAR) AC generator. The regula-
tor is mounted on the exterior of the rear-end frame, which simplifies testing and replace-
ment of the regulator. The F and A terminals are used to test the charging system. Additional
modifications include the brushes being a part of the regulator.

When the ignition switch is in the RUN position, voltage is sent to the I terminal of the
regulator (Figure 7-62). Regulator terminal A senses system voltage. Field current is drawn
through this terminal also.

Ford’s EVR charging system uses a solid-state external regulator. This style is built with
either rear or side terminals. The side-terminal design provides higher output by using delta
wound stators.

Chrysler AC Generators

Early Chrysler AC generators used separate heat sinks for the positive and negative diodes.
Both heat sinks are attached to the rear-end frame. Also, the brushes are attached to the exte-
rior of the end frame. This allows for brush replacement without having to disassemble the
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To battery
FIGURE 7-63 Computer-controlled dual-output charging system.

AC generator (in fact, the brushes can usually be replaced without having to remove the AC
generator from the vehicle).
The three terminals on the rear-end frame are connected as follows:

= BAT terminal: Connects the stator output to the battery to supply charging voltage. A BIT OF

%

= FLD terminal: There are two field terminals. Battery voltage is applied to one of the field HISTORY
terminals; the regulator connects to the second field terminal. chrvs o
rysier e [
In 1985, Chrysler introduced a delta wound, dual-output, computer-controlled charging its \Yehiclegl\j\llri)t% AC
system (Figure 7-63). This system has some unique capabilities: generators in the late
1. The system is capable of varying charging system output based on the ambient tempera- 1950s, making it the
ture and the system’s voltage needs. first manufacturer to
2. The computer monitors the charging system and is capable of self-diagnosis. use an AC generator.
When the ignition switch is in the RUN position, the PCM checks the ambient tem- (;]hryslelr mtrodu/(ieéd
perature and determines required field current. Based on inputs relating to temperature the dual-output
. . . generator (40 or
and system requirements, the PCM determines when current output adjustments are 90 amperes) with

required. , , computer control in
In recent years, Chrysler used a Nipponclenso or Bosch-built AC generator that has a 1985.

wye wound stator. This system also uses a PCM, to control voltage regulation by varying the
field winding ground. Vehicles equipped with next-generation controllers (NGC) have high
side control, similar to that of General Motors CS series discussed earlier.

Mitsubishi AC Generators

Some Mitsubishi AC generators use an internal voltage regulator (Figure 7-64). It also has
two separate wye connected stator windings (Figure 7-65). Each of the stator windings has its
own set of six diodes for rectification.

This AC generator also uses a diode trio to rectify stator voltage to be used in the field
winding. The three terminals are connected as follows:

= B terminal: Connects the output of both stator windings to the battery, supplying charg-
ing voltage.

= R terminal: Supplies 12 volts to the regulator.

= L terminal: Connects to the output of the diode trio to provide rectified stator voltage to
designated circuits.

Another method that Mitsubishi uses for charging control involves a single wye wound
stator generator with an internal regulator that interfaces with the PCM (Figure 7-66). The

197
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FIGURE 7-64 Mitsubishi AC generator terminals.
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FIGURE 7-65 The Mitsubishi AC generator uses two separate stator windings and a total of 15 diodes.

PCM monitors the state of the field coil through terminal FR of the generator. The PCM
sends 5 volts to the FR terminal. As the field coil is turned on and off by the internal regula-
tor, the voltage will cycle between 5 and 0 volts. When the PCM senses 5 volts, it knows the
field coil is turned off, and when the voltage drops close to 0 volts, it knows the field coil is
turned on. This allows the PCM to control idle speed when the regulator is applying full field.
In addition, the PCM can dampen the effects of full fielding during high electrical loads. This
will prevent occurrences such as lights flicking bright and dim as the field coil is turned on
and off.
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FIGURE 7-66 Schematic of Mitsubishi charging system using both an internal voltage regulator and the
PCM to control output.

When a full field condition is sensed by the PCM, it will modulate its internal transistor.
This will then control the power transistor in the internal regulator. The PCM has a maxi-
mum authority of 14.4 volts. If the charging system output exceeds this level, the internal
regulator turns the power transistor off.

To perform this function, the PCM will duty cycle its internal transistor, which turns the
TR, in the generator on and off. In Figure 7-66, battery voltage is applied to the S terminal
of the generator. This voltage goes through three resistors in series to ground (Figure 7-67).
Each of the resistors has 2 ohms of resistance. If the PCM internal transistor is turned on, the
voltage to the base of TR is pulled low and TR is turned off. With TR, turned off, all three
of the resistors are involved in the circuit. Each resistor will drop 4 volts. Since R, drops 4
volts, 8 volts is applied to the zener diode. This is enough to blow through the diode, applying
voltage to the base of TR, and turning it on. With TR, turned on, base voltage to transistor
TR, is pulled low and transistor TR, will be turned off. With TR, turned off, the field coil is
de-energized.

If the internal transistor in the PCM is turned off, battery voltage will be applied to the
base of TR and turn it on. TR, will now supply an alternate path to ground, bypassing R..
Now, only R, and R, are in series and each resistor will drop 6 volts. This means that 6 volts
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FIGURE 7-67 Three resistors in series on the sense circuit.
will be applied to the zener diode. This is not enough to blow through the zener; therefore,
TR, will be off. With TR, off, battery voltage is applied to the base of transistor TR, and it will
be turned on. Since transistor TR, is on, the field coil circuit to ground is complete and the
coil is energized. The PCM internal transistor switches on and off several times a second to
prevent the generator from going to full field too rapidly.
Brushless AC Generators
Brushless AC

generators are
normally used in
heavy-duty trucks.

Some manufacturers have developed AC generators that do not require the use of brushes
or slip rings. In these AC generators, the field winding and the stator winding are stationary
(Figure 7-68). A screw terminal is used to make the electrical connection. The rotor contains
the pole pieces and is fitted between the field winding and the stator winding.

The magnetic field is produced when current is applied to the field winding. The air gaps
in the magnetic path contain a nonmetallic ring to divert the lines of force into the stator
winding.

The pole pieces on the rotor concentrate the magnetic field into alternating north and
south poles. When the rotor is spinning, the north and south poles alternate as they pass
the stator winding. The moving magnetic field produces an electrical current in the sta-
tor winding. The alternating current is rectified in the same manner as in conventional AC
generators.
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FIGURE 7-68 Brushless AC generator with stationary field
and stator windings.

HEV CHARGING SYSTEMS

As was discussed in Chapter 6, HEVs utilize the automatic stop/start feature to shut off the
engine whenever the vehicle is not moving or when power from the engine is not required.
Some HEV systems use a starter/generator unit to perform both functions. The difference
between a motor and a generator is the motor uses two opposing magnetic fields and the gen-
erator uses one magnetic field that has rotating conductors. The use of electronics to control
the direction of current flow allows the unit to function as both a motor and a generator.

There are two basic designs of the starter/generator. The first design uses a belt alterna-
tor starter (BAS) that is about the same size as a conventional generator and is mounted in
the same way (Figure 7-69). The second design is to mount an integrated starter/generator
(ISG) at either end of the crankshaft. Most designs have the ISG mounted at the rear of the
crankshaft between the engine and transmission (Figure 7-70).

The ISG is a 3-phase AC motor that can provide power and torque to the vehicle. It also
supports the engine, when the driver demands more power. As seen in Figure 7-70, the ISG
includes a rotor and stator that is located inside the transmission bell housing. The stator is
attached to the engine block and is made up of two separate lamination stacks. The rotor is
bolted to the engine crankshaft and has both wire wound and permanent magnet sections.
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FIGURE 7-70 The ISG is usually located at the rear
FIGURE 7-69 A BAS used on some HEVs. of the crankshaft in the bell housing.
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Rectification is accomplished with traditional diodes. The advantage of this rotor and stator
design is that the output at engine idle speed is up to 240 amps. Maximum output can exceed
300 amps.

Generation is done anytime the engine is running. Since the rotor is connected to the
crankshaft, it turns at the speed of the engine. Also, during vehicle deceleration the ISG
regenerates the power that is used to slow the vehicle to recharge the HV and auxiliary bat-
teries. When the vehicle is traveling downbhill and there is zero load on the engine, the wheels
can transfer energy through the transmission and engine to the ISG. The energy (AC volt-
age) is converted to DC voltage and sent to the batteries for storage and use by the electrical
components of the vehicle.

Remember that the output of conventional AC generators is dependent upon the inten-
sity of the magnetic field, the number of conductors passing through the magnetic field at any
given time, the number of magnets, and the speed at which the lines of flux or the conductors
are moving when the intercept occurs. Since the speed at which the magnetic poles move
influences the amount of current output, then output will be the lowest at idle. Maximum
output will not be achieved until higher engine speeds. It is during the times of low engine
speeds that current demand is likely to be at its highest. To increase output, the hybrid rotor
has permanent magnets located between the pole pieces of the rotor. The magnet flux from
these permanent magnets goes into the pole piece, through the rotor shaft, and then back
through the pole piece on the opposite side of the magnet. The permanent magnet fills the
gap between the pole pieces, forcing more of the flux from the rotor into the stator windings.
This results in an increase of the alternator’s output.

Regulation uses a technique that is referred to as “boost-buck” At low speed and high elec-
trical loads, the wire wound section is fully energized. This extra magnetic flux then boosts
the output of the permanent magnet section. When the engine is operated at a medium
speed and with a medium electrical load, the field current is off. During this time only the
permanent magnet section is producing the output. During high-speed, low-electrical-load
conditions, the field current is reversed. This bucks the permanent magnet’s field and main-
tains a constant output voltage.

Full hybrid vehicles that are capable of propelling the vehicle in an electric only mode
require HV batteries to power the three-phase AC motors. These batteries may have a capac-
ity of over 300 volts. Many full hybrid vehicles have at least two AC motors located in the
transmission or transaxle assembly to operate the planetary gear sets that provide constantly
variable gear ratios (Figure 7-71). These motors can also be used as generators. If the HV
battery SOC becomes too low, the engine is started and the crankshaft drives motor “A” to
generate high voltage AC current. The current is rectified to DC voltage and sent to recharge
the HV battery. Voltage generation can also occur whenever one of the motors slips. In most
cases one of the motors is slipping at all times. The slipping causes a cutting of the magnetic
field and results in AC current. This current is used to supply electrical energy to the other
motor (Figure 7-72).

Regenerative Braking

About 30% of the kinetic energy lost during braking is in heat. When decreasing acceleration,
regenerative braking helps to minimize energy loss by recovering the energy used to slow the
vehicle. This is done by converting rotational energy into electrical energy through the ISG or
AC motors. Regenerative braking assumes some of the stopping duties from the conventional
friction brakes and uses the electric motor to help slow the vehicle. To do this, the electric
motor operates as a generator when the brakes are applied, recovering some of the kinetic
energy and converting it into electrical energy. The motor becomes a generator by using the
kinetic energy of the vehicle to store power in the battery for later use.
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FIGURE 7-72 Current generated in one motor can be used to power
the other.

When regenerative braking operation is taking place, no friction braking is occurring.
Regenerative braking is mainly a function of light brake pedal application, using inputs from
the various sensors such as the pedal angle sensor, the vacuum sensor, and the accelerator
pedal position sensor. As soon as the accelerator pedal is released, the hybrid control module
will initiate regenerative braking. At this point, the electric motors are being turned by the
wheels, and act as generators to recharge the HV battery since the rotor is turning within the
stator windings. The hydraulic brakes are not used during this phase. If additional vehicle
deceleration is required, the hybrid controller can increase the force required to turn the elec-
tric motors. This increases resistance to wheel rotation that helps further slow the vehicle. In
cases where more braking power is needed, hydraulic brakes are used.

Output shaft

© Delmar/Cengage Learning
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DC/DC Converter

The AC voltage from the motors during regenerative or charging modes is rectified by the
inverter module. Since this module converts the high AC voltage into high DC voltage to
recharge the HV battery, it cannot be used to recharge the auxiliary battery. An additional
function of the inverter is that of a DC/DC converter. The converter allows the conversion of
electrical power between the HV direct current system and the low voltage (LV) direct cur-
rent system. The converter is a bi-directional, solid state, DC conversion device that charges
the 12-volt system from the 300-volt direct current system. The converter replaces the func-
tion of the engine driven generator while maintaining isolation of the HV system.

The conversion of HV to LV voltage is accomplished through magnetic fields instead
of physical wired connections. Sets of coils are used to accomplish the voltage conversion
(Figure 7-73). The coils operate as step down transformers to reduce the high DC voltage to
the low DC voltage. By sequentially inducing and collapsing the magnetic field of the coils, a
smooth output on the 12-volt side is maintained.

As discussed in Chapter 5, when the HEV is placed into the jump assist mode, the con-
verter is required to charge the 300-volt system by use of the 12 volt battery. In this mode,
the coils operate as step-up transformers to increase the 12 volts to the 300 volts required to
charge the HV battery.

AUTHOR’S NOTE: When there is a high rate of current conversion taking place in
the inverter/converter module, a significant amount of heat is produced. Many manu-
factures will use a separate cooling system to run coolant through these modules to
prevent damage from the heat.

The inverter is PWM controlled by the hybrid control module or by bus communication
from the control module. The hybrid control module requests the required amount of voltage
to be applied to the LV system. This will normally be a commanded PWM to the converter
that is between 33% and 90%. In this range, the converter increases or decreases the charging
voltage between 12.5 and 15.5 volts. In the event that the signal is lost from the control mod-
ule (or the signal is corrupted in any way), the default low voltage setting is at 13.8 volts.

© Delmar/Cengage Learning
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FIGURE 7-73 DC/DC converter coils are used as transformers
to reduce the 300 DC volts to about 14 DC volts.



SUMMARY

The most common method of stator connection is called the wye connection. In the wye
connection, one lead from each winding is connected to one common junction. From this
junction, the other leads branch out in a Y pattern.

Another method of stator connection is called the delta connection. The delta connection
connects the lead of one end of the winding to the lead at the other end of the next winding.
The diode rectifier bridge provides reasonably constant DC voltage to the vehicle’s electri-
cal system and battery. The diode rectifier bridge is used to change the current in an AC
generator.

The converting of AC current to DC current is called rectification.

The three principal circuits used in the AC generator are the charging circuit, which
consists of the stator windings and rectifier circuits; the excitation circuit, which consists
of the rotor field coil and the electrical connections to the coil; and the preexcitation
circuit, which supplies the initial current for the field coil that starts the buildup of the
magnetic field.

The voltage regulator controls the output voltage of the AC generator, based on charging
system demands, by controlling field current. The higher the field current, the higher the
output voltage.

The regulator must have system voltage as an input in order to regulate the output volt-
age. The input voltage to the regulator is called sensing voltage.

Because ambient temperatures influence the rate of charge that a battery can accept,
regulators are temperature compensated.

The A circuit is called an external grounded field circuit and is always an electronic-type
regulator. In the A circuit, the regulator is on the ground side of the field coil. The B+ for
the field coil is picked up from inside the AC generator.

Usually the B circuit regulator is mounted externally of the AC generator. The B circuit is
an internally grounded circuit. In the B circuit, the voltage regulator controls the power
side of the field circuit.

Isolated field AC generators pick up B+ and ground externally. The AC generator has two
field wires attached to the outside of the case. The voltage regulator can be located either
on the ground (A circuit) or on the B+ (B circuit) side.

An electronic regulator uses solid-state circuitry to perform the regulatory functions
using a zener diode that blocks current flow until a specific voltage is obtained, at which
point it allows the current to flow.

On most modern vehicles, the regulator function has been incorporated into the vehicle’s
engine computer. Regulation of the field circuit is through the ground (A circuit).

There are three basic methods of informing the driver of the charging system’s condition:
indicator lamps, ammeter, and voltmeter.

Most indicator lamps operate on the basis of voltage drop. If the charging system output
is less than battery voltage, there is an electrical potential difference in the lamp circuit
and the lamp will light.

The ammeter measures charging and discharging current in amperes. The ammeter is
wired in series between the AC generator and the battery.

The voltmeter is usually connected between the battery’s positive and negative terminals.
The hybrid AC generator design consists of a rotor assembly with both wire wound and
permanent magnet sections. The permanent magnets are located between the pole pieces
of the rotor.

The IGS is a three-phase AC motor that can provide power and torque to the vehicle that
can also generate voltage whenever the rotor is turning.
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SUMMARY

Generation is done anytime the engine is running.

During vehicle deceleration the ISG regenerates the power that is used to slow the vehicle
to recharge the HV and auxiliary batteries.

The AC motors used in full hybrid vehicles can be used as generators whenever the
engine is running and during vehicle deceleration.

Generation can also occur whenever one of the motors slips. The slipping causes a cut-
ting of the magnetic field and results in AC current. This current is used to supply electri-
cal energy to the other motor.

During vehicle coast conditions the electric motors are being turned by the wheels,

and act as generators to recharge the HV battery. If additional vehicle deceleration

is required, the hybrid controller can increase the force required to turn the electric
motors.

The AC voltage from the motors during regenerative or charging modes is rectified by the
inverter module. Since this module converts the high AC voltage into high DC voltage to
recharge the HV battery.

The DC/DC converter allows the conversion of electrical power between the HV system
and the low voltage (LV) system and replaces the function of the engine driven generator
while maintaining isolation of the HV system.

REVIEW QUESTIONS

Short-Answer Essays

1. List the major components of the charging system.

2. All charging systems use the principle of
to generate the electrical power.

3. The creates the rotating magnetic field

2. List and explain the function of the major components of the AC generator.

of the AC generator. . o

generator 4. are electrically conductive sliding
3. What is the relationship between field current and AC contacts, usually made of copper and carbon.
?

generator output: 5. In the connection stator, one lead

4. Identify the differences between A, B, and isolated from each winding is connected to one common

circuits.

5. Explain the operation of charge indicator lamps.

. Describe the two styles of stators.

7. What is the difference between half-wave and full-wave

rectification?

. In an electronic regulator,

junction.

. The controls the output

voltage of the AC generator, based on charging system
demands, by controlling current.

controls AC generator output by vary-

8. Describe how AC voltage is rectified to DC voltage in ing the amount of time the field coil is energized.
the AC generator.
) . 8. Full-wave rectification in the AC generator requires

9. What is the purpose of the charging system? pair of diodes.

10. Explain the meaning of regenerative braking. 9 The is the stationary coil that produces
current in the AC generator.

Fill in the Blanks 10. recovers the heat

1. The charging system converts the energy used to brake by converting rotational energy

energy of the engine into energy to
recharge the battery and run the electrical accessories.

into energy through a system of electric
motors and generators.



MULTIPLE CHOICE

1. The magnetic field current of the AC generator is car-
ried in the:

A. Rotor.
B. Diode trio.
2. The voltage induced in one conductor by one revolution
of the rotor is called:
A. Three-phase.
B. Half-wave.
3. Rectification is being discussed.

Technician A says the AC generator uses a segmented
commutator to rectify AC current.

C. Rectifier bridge.
D. Stator.

C. Single-phase.
D. Full-wave.

Technician B says the DC generator uses a pair of diodes

to rectify AC current.
Who is correct?
A. Aonly C. BothAandB

B. Bonly D. Neither A nor B

4. Rotor construction is being discussed.
Technician A says the poles will take on the polarity of
the side of the coil that they touch.

Technician B says the magnetic flux lines will move in
opposite directions between adjacent poles.

Who is correct?
A. Aonly C. BothAandB
B. Bonly D. Neither A nor B
5. The amount of voltage output of the AC generator is
related to:
A. Field strength.
B. Stator speed.
C. Number of rotor segments.
D. All of the above.

6. The delta wound stator:
A. Shares a common connection point.
B. Has each winding connected in series.
C. Does not require rectification.
D. None of the above.

7.

10.

Indicator lamp operation is being discussed.
Technician A says in a system with an electronic regu-
lator, the lamp will light if there is no stator output
through the diode trio.

Technician B says when there is stator output, the lamp
circuit has voltage applied to both sides and the lamp
will not light.

Who is correct?
A. Aonly
B. Bonly

C. BothAandB
D. Neither A nor B

. Technician A says only two stator windings apply voltage

because the third winding is always connected to diodes
that are reverse-biased.

Technician B says AC generators that use half-wave
rectification are the most efficient.

Who is correct?
A. Aonly
B. Bonly

C. BothAandB
D. Neither A nor B

. Charging system regulation is being discussed.

Technician A says the regulation of voltage is done by
varying the amount of field current flowing through the
rotor.

Technician B says control of field current can be done
either by regulating the resistance in series with the field
coil or by turning the field circuit on and off.

Who is correct?

A. Aonly C. BothAandB

B. Bonly D. Neither A nor B

In a full hybrid HEV, which component is responsible

for recharging the 12-volt battery from the 300-volt
direct current system?

A. The battery control module.
B. The belt driven generator.
C. The DC/DC converter.

D. The LV control module.

207



Chapter 8

LIGHTING CIRCUITS

UPON COMPLETION AND REVIEW OF THIS CHAPTER, YOU SHOULD BE ABLE
TO UNDERSTAND AND DESCRIBE:

The operation and construction of automotive The operation of the various exterior light systems,

lamps.

The differences between conventional sealed-

including parking, tail, brake, turn, side, clearance,
and hazard warning lights.

beam, halogen, and composite headlight lamps. The operating principles of the turn signal and hazard

The operation and controlled circuits of the

headlight switch.

The operation of the dimmer switch.

light flashers.

The operation of the various interior light systems,
including courtesy and instrument panel lights.

The operation of the most common styles of
concealed headlight systems.

INTRODUCTION

Today’s technician is required to understand the operation and purpose of the various light-
ing circuits on the vehicle. The addition of computers and their many sensors and actua-
tors (some that interlink to the lighting circuits) make it impossible for technicians to just
bypass part of the circuit and rewire the system to their own standards. If a lighting circuit
is not operating properly, the safety of the driver, the passengers, people in other vehicles,
and pedestrians are in jeopardy. When today’s technician performs repairs on the lighting
systems, the repairs must meet at least two requirements: They must assure vehicle safety
and meet all applicable laws.

The lighting circuits of today’s vehicles can consist of more than 50 light bulbs and
hundreds of feet of wiring. Incorporated within these circuits are circuit protectors, relays,
switches, lamps, and connectors. In addition, more sophisticated lighting systems use com-
puters and sensors. The lighting circuits consist of an array of interior and exterior lights,
including headlights, taillights, parking lights, stoplights, marker lights, dash instrument
lights, courtesy lights, and so on.

The lighting circuits are largely regulated by federal laws, so the systems are similar
between the various manufacturers. However, there are variations. Before attempting to do
any repairs on an unfamiliar circuit, the technician should always refer to the manufactur-
er’s service informations. This chapter provides information about the types of lamps used,
describes the headlight circuit, discusses different types of concealed headlight systems, and
explores the various exterior and interior light circuits individually.



LAMPS

A lamp generates light through a process of changing energy forms called incandescence.
The lamp produces light as a result of current flow through a filament. The filament is enclosed
within a glass envelope and is a type of resistance wire that is generally made from tungsten.
As current flows through the tungsten filament, it gets very hot (Figure 8-1). The changing
of electrical energy to heat energy in the resistive wire filament is so intense that the filament
starts to glow and emits light. The lamp must have a vacuum surrounding the filament to pre-
vent it from burning so hot that the filament burns in two. The glass envelope that encloses
the filament maintains the presence of vacuum. When the lamp is manufactured, all the air is
removed and the glass envelope seals out the air. If air is allowed to enter the lamp, the oxygen
would cause the filament to oxidize and burn up.

Many lamps are designed to execute more than one function. A double-filament lamp
has two filaments so the bulb can perform more than one function (Figure 8-2). It can be used
in the stop light circuit, taillight circuit, and turn signal circuit combined.

Itisimportant that any burned-out lamp be replaced with the correct lamp. The technician
can determine what lamp to use by checking the lamp’s standard trade number (Table 8-1).

/ Filament

Filaments
Envelope Envelope \ y
g Indexing pin i i g
8 gp . — Indexing pin 5
Terminal S Terminal — Terminal 5
FIGURE 8-1 A single-filament bulb. FIGURE 8-2 A double-filament lamp.

TABLE 8-1 A TABLE OF SOME TYPICAL AUTOMOTIVE LIGHT BULB EXAMPLES.
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HEADLIGHTS

There are four basic types of headlights used on automobiles today: (1) standard sealed beam,
(2) halogen sealed beam, (3) composite, and (4) high-intensity discharge (HID).

Sealed-Beam Headlights

From 1939 to about 1975, the headlights used on vehicles remained virtually unchanged.
During this time, the headlight was a round lamp. The introduction of the rectangular head-
light in 1975 enabled the vehicle manufacturers to lower the hood line of their vehicles. Both
the round and rectangular headlights were sealed-beam construction (Figure 8-3). The
sealed-beam headlight is a self-contained glass unit made up of a filament, an inner reflector,
and an outer glass lens. The standard sealed-beam headlight does not surround the filament
with its own glass envelope (bulb). The glass lens is fused to the parabolic reflector, which is
sprayed with vaporized aluminum that gives a reflecting surface that is comparable to silver.
The inside of the lamp is filled with argon gas. All oxygen must be removed from the standard
sealed-beam headlight to prevent the filament from becoming oxidized. The reflector inten-
sifies the light that the filament produces, and the lens directs the light to form the required
light beam pattern.

The lens is designed to produce a broad, flat beam. The light from the reflector is passed
through concave prisms in the glass lens (Figure 8-4). Lens prisms redirect the light beam
and create a broad, flat beam. The illustration (Figure 8-5) shows the horizontal spreading
and the vertical control of the light beam to prevent upward glaring.

© Delmar/Cengage Learning
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FIGURE 8-4 The lens uses prisms to redirect the light.

FIGURE 8-3 Sealed-beam headlight construction.

(A) Top view (B) Side view
Light Light
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Lens— %
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©

FIGURE 8-5 The prism directs the beam into (A) a flat horizontal pattern and (B) downward.
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FIGURE 8-6 Filament placement controls the projection of the light beam.

By placing the filament in different locations on the reflector, the direction of the light
beam is controlled (Figure 8-6). In a dual-filament lamp, the lower filament is used for the
high beam and the upper filament is used for the low beam.

Halogen Headlights

The halogen lamp most commonly used in automotive applications consists of a small bulb
filled with iodine vapor. The bulb is made of a high-temperature-resistant quartz that sur-
rounds a tungsten filament. This inner bulb is installed in a sealed glass housing (Figure 8-7).
With the halogen added to the bulb, the tungsten filament is capable of withstanding higher
temperatures than that of conventional sealed-beam lamps. The halogen lamp can withstand
higher temperatures and thus is able to burn brighter.

In a conventional sealed-beam headlight, the heating of the filament causes atoms of
tungsten to be released from the surface of the filament. These released atoms deposit on
the glass envelope and create black spots that affect the light output of the lamp. In a halogen
lamp, the iodine vapor causes the released tungsten atoms to be redeposited onto the fila-
ment. This virtually eliminates any black spots. It also allows for increased high-beam output
of 25% over conventional lamps and for longer bulb life.

AUTHOR’S NOTE: Because the filament is contained in its own bulb, cracking or
breaking of the lens does not prevent halogen headlight operation. As long as the fil-
ament envelope has not been broken, the filament will continue to operate. However,
a broken lens will result in poor light quality and should be replaced.

\ —— Lens

Halogen filled
inner bulb //
/ / I
[
=

Filament

Hermetically —
sealed
housing

FIGURE 8-7 A halogen sealed-beam headlight with iodine vapor bulb.
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HISTORY

Improved sealed-
beam headlamps
were introduced in
1955.

Halogen is the term
used to identify a
group of chemically
related nonmetallic
elements. These
elements include
chlorine, fluorine,
and iodine.
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Many of today’s
vehicles have a
halogen headlight
system. This system
is called composite
headlights.
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FIGURE 8-8 A composite headlight system with a replaceable halogen bulb.

Composite Headlights

By using the composite headlight system, vehicle manufacturers are able to produce any
style of headlight lens they desire (Figure 8-8). This improves the aerodynamics, fuel econ-
omy, and styling of the vehicle. Composite headlight systems use a replaceable halogen bulb.

Many manufacturers vent the composite headlight housing because of the increased
amount of heat these bulbs develop. Because the housings are vented, condensation may
develop inside the lens assembly. This condensation is not harmful to the bulb and does not
affect headlight operation. When the headlights are turned on, the heat generated from the
halogen bulbs will dissipate the condensation quickly. Ford uses integrated nonvented com-
posite headlights. On these vehicles, condensation is not considered normal. The assembly
should be replaced.

HID Headlights

High-intensity discharge (HID) headlamps are the latest headlight development. HID
headlights use an inert gas to amplify the light produced by arcing across two electrodes.
These headlamps (Figure 8-9) put out three times more light and twice the light spread on
the road than conventional halogen headlamps (Figure 8-10). They also use about two-thirds

150
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FIGURE 8-10 Comparison between light intensity and

FIGURE 8-9 HID headlamps; note the reduced size of patter. Halogen lamp is shown on the left and the xenon
the headlamp assemblies. (HID) lamp is on the right.
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FIGURE 8-11 HID bulb element.

FIGURE 8-12 HID headlight schematic
showing the use of a ballast and ignitor.

less power to operate and will last two to three times longer. HID lamps produce light in both
ultraviolet and visible wavelengths. This advantage allows highway signs and other reflective
materials to glow. This type of lamp first appeared on select models from BMW in 1993, Ford
in 1995, and Porsche in 1996.

The HID lamp (Figure 8-11) consists of an outer bulb made of cerium-doped quartz that
houses the inner bulb (arc tube). The inner bulb is made of fused quartz and contains two
tungsten electrodes. It also is filled with xenon gas, mercury, and metal halides (salts).

The HID lamp does not rely on a glowing filament for light. Instead it uses a high-voltage
arcing bridge across the air gap between the electrodes. The xenon gas amplifies the light
intensity given off by the arcing. The HID system requires the use of an ignitor and ballast to
provide the electrical energy required to arc the electrodes (Figure 8-12). The ignitor is usu-
ally built into the base of the HID bulb and will provide the initial 15,000 to 25,000 volts to
jump the gap. Once the gap has been jumped and the gas warms, then the ballast will provide
the required voltage to maintain current flow across the gap. The ballast must deliver 35 watts
to the lamp when the voltage across the lamp is between 70 and 110 volts.

The greater light output of these lamps allows the headlamp assembly to be smaller and
lighter. These advantages allow designers more flexibility in body designs as they attempt to
make their vehicles more aerodynamic and efficient. For example, the Infiniti Q45 models are
equipped with a seven-lens HID system (Figure 8-13) to provide stylish looks and high lamp
output.

Bi-Xenon Headlamps

Due to the increased amount of light that the HID headlamps produces, they are not used in a
quad headlight system as a high beam lamp. Instead they are used as the low beam lamp only
and a halogen bulb for the high beam. Since the quad headlamp system uses all four bulbs for
high beam operation, using a quad lamp system with HID lamps would blind any oncoming
drivers due to the excessive amount of light output. Also, it is not possible to reduce the light
intensity of an HID by PWM of the current to the element.

To overcome these issues and to still be able use the HID, manufacturers have started
to use bi-xenon headlamps in their dual headlamp systems. Bi-xenon refers to the use of a

© Delmar/Cengage Learning
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except with a soft
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FIGURE 8-13 Seven-lens HID headlamp.

single xenon lamp to provide both the high beam and the low beam operation. The full light
output is used to produce the high beam. Low beam is formed by either moving the xenon
bulb within the lens or by moving a shutter between the bulb and the lens.

Systems that use the shutter will have a motor within the headlamp assembly that raises
and lowers the shutter. The position of the shutter dictates the amount of the projected light
that will be allowed to escape from the lens and its pattern.

AUTHOR’S NOTE: The actual direction that the shutter travels, to block or unblock
varies based on application.

In some systems a motor is used to change the position of the bulb. The bulb is physically
raised in the reflector housing to produce the high beam output. In low beam mode, the bulb
is lowered in the reflector housing. The amount of reflection dictates the light intensity and
pattern.

Using the same lamp for both low and high beam operation permits both modes to have
the same light color. This produces less visual contrast when switching between modes and is
less stressful to the eyes of the driver.

HEADLIGHT SWITCHES

The headlight switch may be located either on the dash by the instrument panel or on the
steering column (Figure 8-14). It controls most of the vehicle’s lighting systems. The most com-
mon style of headlight switch is the three-position type with OFF, PARK, and HEADLIGHT
positions. The headlight switch will generally receive direct battery voltage to two terminals
of the switch. This allows the light circuits to be operated without having the ignition switch
in the RUN or ACC (accessory) position.

When the headlight switch is in the OFF position, the open contacts prevent battery
voltage from continuing to the lamps. When the switch is in the PARK position, battery
voltage that is present at terminal 5 is able to be applied through the closed contacts to the
side marker, taillight, license plate, and instrument cluster lights (Figure 8-15). This circuit
is usually protected by a 15- to 20-ampere fuse that is separate from the headlight circuit.

When the switch is located in the HEADLIGHT position, battery voltage that is present
at terminal 1 is able to be applied through the circuit breaker and the closed contacts to light
the headlights. Battery voltage from terminal 5 continues to light the lights that were on in
the PARK position (Figure 8-16). The circuit breaker is used to prevent temporary overloads
to the system from totally disabling the headlights.



FIGURE 8-14 (A) Instrument panel-mounted headlight switch. (B) Steering column-mounted headlight swith.
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FIGURE 8-15 Operation with the headlight switch in the PARK position.
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FIGURE 8-16 Operation with the headlight switch in the HEADLIGHT position.
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A BIT OF
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Foot-operated dimmer
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The rheostat is a variable resistor that the driver uses to control the instrument
cluster illumination lamp brightness. As the driver turns the light switch knob, the resis-
tance in the rheostat is changed. The greater the resistance, the dimmer the instrument
panel illumination lights glow. In vehicles that have the headlight switch located in the
steering column, the rheostat may be a separate unit located on the dash near the instru-
ment panel.

Dimmer Switches

The dimmer switch provides the means for the driver to select either high- or low-beam
operation, and to switch between the two. The dimmer switch is connected in series within
the headlight circuit and controls the current path for high and low beams. In the past, the
most common location of the dimmer switch was on the floor board next to the left kick
panel. The driver operates this switch by pressing on it with a foot. Positioning the switch on
the floor board made the switch subject to damage because of rust, dirt, and so forth. Most
newer vehicles locate the dimmer switch on the steering column to prevent early failure and
to increase driver accessibility (Figure 8-17). This switch is activated by the driver pulling the
stock switch (turn signal lever) rearward.

Headlight Circuits

The complete headlight circuit consists of the headlight switch, dimmer switch, high-beam
indicator, and the headlights. When the headlight switch is pulled to the HEADLIGHT posi-
tion, current flows to the dimmer switch through the closed contacts (Figure 8-18). If the
dimmer switch is in the LOW position, current flows through the low-beam filament of the
headlights. When the dimmer switch is placed on the HIGH position, current flows through
the high-beam filaments of the headlights (Figure 8-19).

The headlight circuits just discussed are designed with insulated side switches and
grounded bulbs. In this system, battery voltage is present to the headlight switch. The switch
must be closed in order for current to flow through the filaments and to ground. The circuit
is complete because the headlights are grounded to the vehicle body or chassis. Many import
manufacturers use a system design that has insulated bulbs and ground side switches. In this
system, when the headlight switch is located in the HEADLIGHT position, the contacts are
closed to complete the circuit path to ground. The headlight switch is located after the head-
light lamps in the circuit. Battery voltage is applied directly to the headlights when the relays
are closed. But the headlights will not light until the switch completes the ground side of the
relay circuits. In this system, both the headlight and dimmer switches complete the circuits
to ground.
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switch

Actuator
control rod
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FIGURE 8-17 A steering column—mounted dimmer switch.
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FIGURE 8-18 A headlight circuit indicating current flow with the dimmer switch in the LOW-BEAM position.

No matter if the headlights use insulated side switches or ground side switches, each sys-
tem is wired in parallel. This prevents total headlight failure if one filament burns out.

CONCEALED HEADLIGHTS

A vehicle equipped with a concealed headlight system hides the lamps behind doors when
the headlights are turned off. When the headlight switch is turned to the HEADLIGHT posi-
tion, the headlight doors open (Figure 8-20). Early systems used vacuum-controlled doors.
Today most systems use electric motors.

Electrically controlled systems can use either a torsion bar and a single motor to open
both headlight doors, or a separate motor for each headlight door. Most systems will use
limit switches to stop current flow when the doors are full up or full down. These switches
generally operate from a cam on the reaction motor (Figure 8-21). Only one limit switch can
be closed at a time. When the door is full up, the opening limit switch opens and the closing
limit switch closes. When the door is full down, the closing limit switch is open and the open-
ing limit switch closes. This prepares the reaction motor for the next time that the system is
activated or deactivated.
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FIGURE 8-19 A headlight circuit indicating current flow with the dimmer switch in the HIGH-BEAM position.

FIGURE 8-20 Concealed headlights enhance the vehicle’s styling and aerodynamics.
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FIGURE 8-22 An electrically controlled concealed
headlight system with a manual control knob.

The electrically operated concealed headlight system provides a provision for manually
opening the doors in the event of a system failure (Figure 8-22).

Figure 8-23 illustrates a system that incorporates an integrated chip (IC). Each motor
has its own relay and limiting switches. When the limit switches are in the A-B position, the
doors are full open. When the switches are in the A-C position, the doors are full closed.

Figure 8-24 illustrates another method used to operate the electric motors of a concealed
headlight system. When the ignition switch is in the RUN position but the headlight switch
is off, current flows through the ignition switch to the relay. The relay is energized because
the coil is grounded through the headlight filaments. With the coil energized, the relay points
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FIGURE 8-23 Pop-up headlight system wiring schematic.
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FIGURE 8-24 Current flow with the headlight switch OFF and the headlight doors closed.

close. However, the door closing limit switch is open. This results in a de-energized door clos-
ing field winding.

When the headlight switch is turned to the HEADLIGHT position, current continues to
flow to the relay coil through the ignition switch. However, current is also sent to the other
side of the relay coil from the headlight switch. Voltage is equal on both sides of the relay coil,
so there is no voltage potential and the coil is de-energized. The relay contact points close to
the door opening field winding. With the door opening limit switch closed, the motor oper-
ates until the limit switch is opened.

FLASH TO PASS

Many steering column—mounted dimmer switches have an additional feature called “flash
to pass” This circuit illuminates the high-beam headlights even with the headlight switch
in the OFF or PARK position (Figure 8-25). In this illustration, battery voltage is supplied to
terminal B1 of the headlight switch and on to the dimmer switch. Battery voltage is available
to the dimmer switch through this wire in both the OFF and PARK positions of the headlight
switch. When the driver activates the flash-to-pass feature, the contacts in the dimmer switch
complete the circuit to the high-beam filaments.

EXTERIOR LIGHTS

When the headlight switch is placed in the PARK or HEADLIGHT position, the front park-
ing lights, taillights, side marker lights, and rear license plate light are all turned on. The front
parking lights usually use dual-filament bulbs. The other filament is used for the turn signals
and hazard lights.

Most taillight assemblies include the brake, parking, rear turn signal, and rear hazard
lights. The center high mounted stop light (CHMSL), back-up lights, and license plate lights
can be included as part of the taillight circuit design. Depending on the manufacturer, the
taillight assembly can be wired to use single-filament or dual-filament bulbs. When single-
filament bulbs are used, the taillight assembly is wired as a three-bulb circuit. A three-bulb
circuit uses one bulb each for the tail, brake, and turn signal lights on each side of the vehicle.
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FIGURE 8-25 Flash-to-pass feature added to the headlight circuit.

When dual-filament bulbs are used, the system is wired as a two-bulb circuit. Each bulb can

perform more than one function. Shop Manual
Chapter 8, page 329

Taillight Assemblies

The headlight switch controls parking lights and taillights. They can be turned on without
having to turn on the headlights. Usually, the first detent on the headlight switch is provided
for this function. Figure 8-26 illustrates a parking light and taillight circuit. This circuit is
controlled by the headlight switch. Thus the lights can be operated with the ignition switch
in the OFF position.

Parking lights can
also be referred to
as running lights.
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FIGURE 8-26 An example of a two-bulb taillight circuit.

In a three-bulb taillight system, the brake lights are controlled directly by the brake
light switch. In most applications, the brake light switch is attached to the brake pedal.
When the brakes are applied, the pedal moves down and the switch plunger closes the
contact points and lights the brake lights (Figure 8-27). On some vehicles, the brake light
switch may be a pressure-sensitive switch located in the brake master cylinder. When the
brakes are applied, the pressure developed in the master cylinder closes the switch to light
the lamps.

The brake light switch receives direct battery voltage through a fuse, which allows the
brake lights to operate when the ignition switch is in the OFF position. Once the switch is
closed, voltage is applied to the brake lights. The brake lights on both sides of the vehicle are
wired in parallel. The bulb is grounded to complete the circuit.

Many brake light systems use dual-filament bulbs that perform multifunctions. Usually,
the filament of the dual-filament bulb, which is also used by the turn signal and hazard lights,
is used for the brake lights (the high-intensity filament). In this type of circuit, the brake lights
are wired through the turn signal and hazard switches. If neither turn signal is on, the current
is sent to both of the brake lights (Figure 8-28). If the left turn signal is on, current for the right
brake light is sent to the lamp through the turn signal switch terminal 5. The left brake light
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FIGURE 8-27 Operation of a brake light switch.

does not receive any voltage from the brake switch because the turn signal switch opens that
circuit (Figure 8-29). The left-rear lamp will flash as the turn signal flasher provides pulsed
voltage into switch terminal 3 and out terminal 8.

AUTHOR’S NOTE: Because the turn signal switches used in a two-bulb system also
control a portion of the operation of the brake lights, they have a complex system of
contact points. The technician must remember that many brake light problems are
caused by worn contact points in the turn signal switch.

All brake lights must be red and, starting in 1986, the vehicle must have a center high
mounted stop lamp (CHMSL). This lamp must be located on the center line of the vehi-
cle and no lower than 3 inches below the bottom of the rear window (6 inches on con-
vertibles). In a three-bulb system, wiring for the CHMSL is in parallel to the brake lights
(Figure 8-30).

In a two-bulb circuit, the CHMSL can be wired in one of two common methods. The first
method is to connect to the brake light circuit between the brake light switch and the turn
signal switch (Figure 8-31). This method is simple to perform. However, it increases the num-
ber of conductors needed in the harness.

The most common method used by manufacturers is to install diodes in the conduc-
tors that are connected between the left- and right-side bulbs (Figure 8-32). If the brakes
are applied with the turn signal switch in the neutral position, the diodes will allow voltage
to flow to the CHMSL. If the turn signal switch is placed in the left-turn position, the left
light must receive a pulsating voltage from the flasher. However, the steady voltage being
applied to the right brake light would cause the left light to burn steady if the diode was not
used. Diode 1 will block the voltage from the right lamp, preventing it from reaching the
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A BIT OF
HISTORY

In 1921, turn signals
were made standard
equipment by Leland
Lincoln. This marque
later joined Ford
Motor Company.
Leland Lincolns were
built by Henry Leland,
who was the origina-
tor of Cadillac. Early
turn signals were not
like those used today;
many were steel
arms with reflective
material on them.
These arms pivoted
out on the side of the
car as it was turning.
This style continued
for many years until
Buick introduced
electric turn signals to
the public in 1939.
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FIGURE 8-30 Wiring of a CHMSL in a three-bulb circuit.
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left light. Diode 2 will allow this voltage from the right brake light circuit to be applied to
the CHMSL.
Turn Signals
Shop Manual Turn signals are used to indicate the driver’s intention to change direction or lanes. The
Chapter 8, page 330 driver will actuate a turn signal switch that is usually located in the steering column

(Figure 8-33). In the neutral position, the contacts are opened, preventing current flow.
When the driver moves the turn signal lever to indicate a left turn, the turn signal switch
closes the contacts to direct voltage to the front and rear lights on the left side of the
vehicle (Figure 8-34). When the turn signal switch is moved to indicate a right turn, the
contacts are moved to direct voltage to the front and rear turn signal lights on the right
side of the vehicle.
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A flasher is used to open and close the turn signal circuit at a set rate. With the con-
tacts closed, power flows from the flasher through the turn signal switch to the lamps. The
flasher consists of a set of normally closed contacts, a bimetallic strip, and a coil heating ele-
ment (Figure 8-35). These three components are wired in series. 