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Preface

Thereis growing interest worldwide in the incorporation of hybrid eectric vehiclesin
the automotive consumer market. The U.S. government and mgjor U.S. car companies have
united in the Partnership for a New Generation of Vehicles', which has designated that hybrid
eectric vehides will be an important step on the way to its god of tripling fuel economy.
Hybrid eectric vehicles are appearing as prototypes in auto shows and in some neighborhood
dedlerships. This paper explores, in atwofold manner, the physical principles that permit the
hybrid dectric vehicle to demongrate higher fud economy and lower emissons than the
traditional car. Firdly, these principles receive a scientific treatment. In the article appended to
this paper, | explain these physical principles to the non-scientific audience in aless technical

way.

Abstract

A hybrid drivetrain combines two modes of propulsion to achieve results thet are
unproducible with asingle drivetrain. This paper explores hybrid eectric vehicles that employ a
gpark-ignition internal combustion engine and an ectric motor. The engine demondirates
lowest brake specific fuel consumption at only asmal region of its ranges of speed and load,
and demondrates particularly high fud consumption and high emissons use under trangent
engine operaion. The dectric motor demondrates high efficiency over the entire range of its

operations, and demongtrates high torque at low speeds. The hybrid eectric vehicle combines



these features to minimize trangent engine operation, to take advantage of the eectric motor's

suitability to acceleration. Many different configurations of the system are possible.

Introduction to Hybrid Electric Vehicles

Hybridization of the automotive drivetrain attempts to combine the low emissons of
electric automobiles with the extended range of gasoline engines. A hybrid dectric vehicle
(HEV) increases the fud economy and decreases the emissons of the system when compared
to avehicle functioning only on agasoline engine. The greatest benefit of the gasoline engineis
the high energy density? of gasoline, on the order of 12,000 Wh/kg, in contrast with the much
lower energy dengity of batteries, on the order of 500 Wh/kg. This alows the much greater
range of vehicles run on gasoline engines. The benefits of dectric motors include high torque at
low speeds, the absence of on-board emissions, and regenerative braking. Traditiondly, there
are two ways to configure the system, series or pardld.

Series Configuration

In a series configuration, the gasoline engine is connected via a generator to the dectric
motor, and only the eectric motor provides power to the whedls. Torgue produced by the
gasoline engine generates dectric energy in the generator, which is stored in the battery for use
by the motor. In this system, the gasoline engine often runs continudly in its zone of highest
efficiency or lowest emissions, diminating trangent operation of the engine.

Numerous types of control strategies are being employed with series configuration. The

gasoline engine can be controlled to optimize either fuel consumption or emissions production.



Design of the generator-motor system takes into consideration whether or not the car will be
“charge-dependent” or “sdlf-sustaining.”? A charge-dependent car relies on externa electric
input whereas a sdf-sustaining car does not. The charge-dependent car, thus very smilar to a
pure dectric vehicle, releases fewer emissons, but the sdf-sustaining car demonstrates alonger
running range. Of the two, the self-sustaining car requires a generator of alarger capacity and
the charge-dependent car requires a battery of alarger capacity.

There are anumber of other factorsto be taken into consderation in the design and
control of series hybrid dectric vehicles. The engine does not have to run consstently
throughout a driving cycle; thus, the number of timesthat an engine is sarted over the cydeis
an important variable in influencing the production of emissions® Another factor isthe rlation
of the battery’ s state-of-charge and the traction motor output to the input from the gasoline
engine. Ina“themodtat” drategy, the gasoline engine runs a asingle power levd; it is sarted
when the battery’ s state-of -charge reaches a designated minimum and stops when the state-of -
charge has reached an upper set point.* In a“power-follower” strategy, the gasoline engine
follows the immediate demands of the motor output, and the battery’ s state-of-charge remains
constant®.  Because this strategy matches the engin€' s torque to the motor torque second-by-
second, bypassing the need to store the torque in the batteries, battery losses are reduced,
increasing fudl economy.

Parallel Configuration
Inapardld configuration, either the gasoline engine or the dectric motor, or both can

supply torque directly to the whedls. Asagenera principle, the eectric motor is used for



garting and low vehicle speeds, and the gasoline engine provides the power for steady-state
operation. This configuration presents the designer with an even greater number of design
options than the series configuration. Control and control strategy are thus very important.

Contral systems function primarily to match the drivetrain with the driving conditions.
Some principles are common to most parale control systems. For example, the gasoline
engineisnever dlowed to idle. When the vehicle is sopped or when it is decderdting, the
engineis shut off. Only the eectric motor provides torque for dl dow-moving operations. A
minimum vehicle speed is usudly sat to govern the entrance of the gasoline engine. Both the
gasoline engine and the dectric motor are used together for operations that demand high
torque. Regenerative braking is employed.

A number of factors vary among designs. Designers must choose aminimum speed
below which the gasoline engine is turned off. They aso determine a minimum operating torque
as afunction of engine speed for the gasoline engine®. If the torque required to meet the trace,
which is the ingtantaneous torque demand on the vehicle, fals benegth this mark, the excess
torque is used to drive the motor as a generator, recharging the batteries. A parale-configured
hybrid can run the gasoline engine in anumber of ways, the gasoline engine can be used to meet
the trace, it can be used only for steady-state operation, or there can be an intermediate control
strategy.

Comparison of the Two Control Systems
Control gtrategy in both series and pardle configuration is a significant determining

factor for the operations and performance of hybrid eectric vehicles. Variationsin strategy can



produce large variaions in emissions production and fuel economy.* The pardld configuration
isbeing most commonly chosen by automobile manufacturers. The operation of pardld
hybrids more closely resembles the operation of traditiond cars than does the operation of
series hybrids, thus rendering them more appeding to the consumer. Also, the pardld hybrid
has been shown to be 4% more fud efficient than the series hybrid, primarily because the
gasoline engine supplies power directly to the whedss, converting from mechanica power to

electrical power and back again, as occursin the series hybrid.*

Internal Combustion Engine: Fundamentals and Efficiencies®’

The design and success of the hybrid eectric vehicle depends on certain characteristics
of the internd combustion engine. Theinterna combustion engine demongrates highest fudl
efficiency and lowest emissonswhen it isrun a cruisng conditionsin asmal domain of its
torque-goeed curve. Also, the engine s fud efficiency islimited to atheoretical maximum of
around 60% by the 2" law of thermodynamics.

Thisanalyssis made for the four-stroke (Otto cycle) spark-ignition engine, the most
commonly used for automobilestoday. Some hybrid eectric vehicles will use diesd engines,
and these have not been treated extensively in this paper. Like spark-ignition engines, diesd
engines aso operate mogt efficiently in asmdl region of their torque and speed curves - the
characterigtic of engines that mogt justifies the hybridization of the drivetrain. Mog of the

andysis goplies equaly; however, diesdl engines have adightly different thermodynamic cycle.



Basic operating principles

The purpose of internad combustion engines is the production of mechanica power from
the chemica energy contained in the fuel. Each cylinder of the engine contains a piston; it isthe
movement of the piston in response to the combustion of the engine that produces work.
During one cycle, the piston moves through the cylinder four times, each of which iscdled a
groke. Inthefirg stroke, the intake stroke, the piston travels down the cylinder cregting a
vacuum, which pulls air into the cylinder, and fud is added to the air. In the second stroke, the
compression stroke, the piston travels up the cylinder to its highest point, top dead center,
compressing the fudl-air mixture. Then combustion occurs, a spark ignites the gases, and
changes the composition of the mixture, raisng the pressure and the temperature to their highest
vaues. In the third stroke, the expansion, or power stroke, the high pressure of the gases
pushes the piston down to its lowest point in the cylinder, bottom dead center. This produces
the work output of the cycle. Then, during exhaust blowdown, the exhaust valve is opened.
The pressure within the cylinder is higher than aimospheric pressure, so the exhaust gases leave
the cylinder. In the fourth stroke, the exhaust stroke, the cylinder starts full of exhaust gases at
atmospheric pressure. The piston moves from bottom dead center to top dead center, pushing
those gases out of the exhaust valve.

The work output of the cycleis created by the movement of the piston at high pressure
over the displacement volume,

W= f Pdv

Asthe volume under the integral is aways the displacement volume and the pressure



continuoudy changes during the cycle, another parameter is defined: mean effective pressure,

the work per unit displaced volume.

m@:l
Vd

where W is the work of one cycle and 7, isthe displacement volume. The torque of the

engine, the force acting a a moment distance, is defined as

bmep+V
1= L N-m
4x
where bmep is the brake mean effective pressure, the work applied to the crankshaft per unit

displaced volume. The 4x appears in the denominator because, for the four-stroke cycle,
there are two revolutions per cycle. The power of the engine is the rate of work of the engine,

and is defined asfollows:

pP=2xNi=TN
n

where N isthe engine speed in revolutions per minute, rpm, and n is the number of revolutions

per cycle.

Thermal Efficiency
The therma efficiency of the interna combustion engine, determined by the second law

of thermodynamics, is defined as follows:
_W_ Q-0

‘o @
where Q, isthe heat of the reaction, and Q,is the heat released to the environment. Taking

into account some characterigtics of combustion, the mass of the fud, mp, the heeting vaue of

the fud, Ogp, and the combustion efficiency, the percentage of fuel that combusts, 1, the



equation becomes the following:

The eguation that follows is an equivaent way of writing the thermd efficiency equetion for the
Otto cycle engine:
st
wherer, isthe compression ratio and ¥ is the adiabatic compressibility of ar. With typica
vaues of 10 for the compression ratio, and 1.4 for adiabatic compressbility, the theoretica
thermd efficiency is.60. Actud performance of the internd combustion engine is even lower
than this theoretica efficiency because of heet losses, friction, air flow, and air-fuel equivaence
ratio.
An important quantity is the brake specific fue consumption, defined as follows.
P
bsfc= 71’
where ", istherate of fuel flow into the engine and W; is the brake power, the power applied
to the crankshaft.
Island of Minimum Brake Specific Fuel Consumption
The performance map of atypicd internd combustion engine, a graph which plotsthe
brake specific fue consumption over the load and speed ranges of the engine, shows digtinctly a
region of minimum brake specific fud consumption, asseenin Fig. 1. Thisregion typicaly

lands a apoint at mid-load and mid-speed, in the middle of the engine' s speed range and

towards the top of itsload range.
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These magp characteristics can be understood in terms of variations in volumetric
efficiency, fud conversion efficiency, and mechanical efficiency asthe equivadence ratio and the
importance of heat losses and friction change. Starting at the minimum bsfc point, increasing
gpeed at congtant load increases bsfc due primarily to the increasing friction mep at higher
gpeeds, which decreases mechanica efficiency. While grossindicated fuel conversion
efficiency increases as gpeed increases, friction increases dominate. Decreasing Speed at
constant load increases bsfc due primarily to the increasing importance of heat transfer per
cycle (which decreases gross indicated fuel conversion efficiency). Friction decreases,
increasing mechanicd efficiency, but thisis secondary. Any mixture enrichment required to
maintain a sufficiently repeatable combustion process at |ow engine speeds contributes too.
Increasing load at constant speed from the minimum bsfc idand increases bsfc due to the
mixture enrichment required to increase torque as the engine becomes increasingly air-flow

limited. Decreasing load at

i Brale Spraific Fuel Consurstion (o) -
constant speed increases bfc due o e 31 B o
1000 . ;
to the increased magnitude of
— &O B e o
friction (dueto incressed pumping = La1g 3 y
B o= 250 Tgm
work), the increased relative & e
w 40t \ e $
b P 280
- .- = S AT A = -
importance of friction, and W ap oy =
increasing importance of heat i , ,
s 1000 2000 3000 4000 S0QZ A00O
transfer Engine Speed (rpmi

Figure 1 Graph of brake specific fud consumption
showing the “idand” of minimum consumption
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Mechanical Efficiency/Friction Work
As engine speeds increase, the mechanica efficiency of the engine decreases, causing
the increase of brake specific fud consumption. Mechanicdl efficiency is defined astheratio of
work delivered to the crankshaft to work created in the compression and expansion strokes, or
the ratio of brake work to indicated work.
W, W

'nm=.==1—.=

w, W,

Friction work has three mgor components. 1) the friction work of the mechanical bearings, 2)
the pumping work to exhaust gases and induct fresh charge, and 3) the work needed to drive
the engine accessories. For dl three of these components, friction work increases with
increasing engine speed.

Friction of the mechanical bearings can be gpproximated with the following quadratic
equation as afunction of the speed of the engine, N:

Wn‘= C,tC,+N+ C'B*N2

C, isthe congtant for the frictional force components that are independent of speed, like
boundary friction. C,, isthe constant for the components that are proportional to speed, like
hydrodynamic friction, and Cyis the constant for the components that are proportiona to speed
squared, particularly turbulent dissipation. Hydrodynamic friction, the work needed to
overcome the viscous shear of the lubricated components, dominates. All of the following
individual mechanica bearings add to the friction work: water pump and aternator a no
charge; ail pump; vave train; pistons, rings, pins, and rods (without vaves); and crankshaft and

sadls.
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Power requirements of the accessories smilarly increase with increasing engine speed.
The engine fan, the engine generator, and the power-steering pump are magor components.
The fan requirements are the largest and with a direct drive increase with the cube of the speed.

Mechanica efficiency, by definition, is dso sgnificantly affected by the load
requirements, independent of speed. At idling, zero load, mechanicd efficiency is zero, and
increases with increasing load, from O to about 90%. Friction work aso includes pumping
friction, the negative work of the intake and exhaust strokes.  Pumping friction comprises
throttling friction and vave pumping friction, both of which increase with increasing speed at
constant load.
Combustion Efficiency

The combustion efficiency 1, isthe fraction of the energy of the fuel supplied whichiis

released in the combustion process.
"= Hy(Ty-H,(Ty

e m]Q.W

where HR(T‘)—I:;(T‘)isthe net chemical energy reease. Combustion efficiency depends

primarily on the air-fud equivaenceratio, ¢ , which isthe stoichiometric air-fud ratio divided
by the actud ar-fuel ratio. For lean mixtures, whend islessthan unity, 1, is approximately
98%. For rich mixtures,n, decreases approximately as % Asthe equivdenceratiois
decreased below unity, i.e. the fud-air mixture is made progressively leaner than stoichiometric,
the efficiency increases dightly. Asthe equivaence retio increases above unity, i.e. the mixture
is made progressively richer than stoichiometric, the efficiency decreases because of lack of

aufficient air for complete oxidation of the fud.



13

The equivdenceratio is varied to adjust to the operating conditions of the vehicle.
Maximum power and load demands an increasein ¢ above stoichiometric conditions.
Maximum mean effective pressure occurs when ¢ is between 1 and 1.1, dightly rich of
stoichiometric. At wide-open throttle, maximum power occurs wheng isnear 1.1. Mixture
requirements are different for full-load (wide-open throttle) and for part-load operation. For
full-load operation, complete utilization of the inducted air to obtain maximum power for agiven
disolaced volume is the criticd issue. The engine runs on arich mixture. When less than the
maximum power & a given speed is required, efficient utilization of the fue isthe critica issue,
and the engine runs lean.

Mixture requirements are usudly discussed in relation to steady and transent engine
operation. Steady operation includes operation at a given speed and load over severa engine
cycdeswith awarmed-up engine. Transent operation includes engine starting, engine warm-up
to steady State temperatures, and changing rapidly from one engine load and speed to another.
Whenever the engine operates at trangent conditions, valves are adjusted to provide arich
equivaence ratio. Therefore, operating the engine under any transent conditions necessarily
reduces its fuel economy by lowering its combustion efficiency.

Volumetric Efficiency
Volumetric efficiency is an overdl measure of the effectiveness of afour-stroke cycle

engine and its intake and exhaust systems as an air-pumping device. It is defined asfollows

My

'n =
' PV

wherem,, isthe mass of the air inducted into the cylinder, p, is amospheric pressure, and 7,
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is the displacement volume. 1t measuresthe ratio of the air massinducted into the cylinder to
the maximum air mass possible, determined by air density and the displacement volumein the
cylinder.

Volumetric efficiency strongly depends on the speed of the engine, pesking at an
intermediate speed and falling off at the extremes, based on a number of factors which affect the
ar flow rate. Independent of speed, and setting an overal maximum volumetric efficiency, are
quasi-dtatic effects, such as fud vapor pressure. The presence of gaseous fud (and water
vapor) reducesthe air partia pressure below the mixture pressure. At low engine speeds,
charge heating and backflow decrease volumetric efficiency. Hesting of the chargein the
manifold and cylinder has a greater effect at lower engine speeds due to longer gas residence
times. Backflow becomes a problem when theinlet valveis closed late, a technique used to
boost charging at high speeds; at low speeds, backflow decreases volumetric efficiency.

At higher engine speeds, friction flow and choking decrease the volumetric efficiency.
Frictiona flow losses increase as the square of engine speed (here 5 isthe mean piston
speed):

- A
P P=P8 D M <I:>’
At higher engine speeds, the flow into the engine during a least part of the intake process
becomes choked. Once this occurs, further increases in speed do not decrease the flow rate

sgnificantly so volumetric efficiency decreases sharply. The induction ram effect rasesthe

curve a higher speeds. Intake or exhaust tuning can increase the volumetric efficiency over

part of the engine speed range.
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Heat Transfer

Theinternd combustion engine operates at extremely high temperatures in the cylinder.
High engine temperatures are necessary to produce high work output. Hest transfer occurs
between the working fluid, the walls of the intake system, combustion chamber, and exhaust
system, and to the coolant. Three modes of hest transfer play arole in the engine: conduction,
convection, and radiation, athough radiation is negligible. The magnitude of heat transfer
affects the engine' s specific power and efficiency. Asyou increase heat transfer per a unit of
fuel, the gas temperatures and pressure in the cylinder decrease, decreasing the work output,
and the fuel efficiency decreases. At lower engine speeds, alonger amount of time elapses per
cycle, dlowing greater heat trandfer. The relaive importance of heet transfer is greatest at low
gpeeds and loads. If the engine remains at a certain peed, as you lower the load, you decrease
the maximum temperatures in the cylinder, decreasing the work load. The rate of heet transfer
a so decreases, but, the relative importance of the heat transfer to the work load increases.

Hesat transfer depends on a number of variables, including engine size, equivaence
ratio, speed, load, brake mean effective pressure, spark timing, compression ratio, and
materids. Of these, peed and load have the grestest effect. The peak hest flux in an Sl engine
occurs at the mixture equivaence ratio for maximum power N=1.1, and decreases as N is
leaned out or enriched from thisvalue. However, as afraction of the fue’s chemical energy,
the heat transfer per cycleisamaximum at N= 1.0 and decreases for richer and leaner
mixtures.

Emissions
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The combustion of fud in the engine necessarily produces emissons. The most harmful
by-products of the combustion process are hydrocarbons, carbon monoxide, oxides of
nitrogen, sulfur, and solid carbon particulates. The mgor causes of emissons are non-
stoichiometric combustion, dissociation of nitrogen, and impuritiesin the fud and air. Hybrid
electric vehicles reduce emissons by reducing both the amount of fuel used and by reducing the
amount of time that the engine burns fud via non-stoichiometric combustion. The production of
emissonsis aso astrong function of the operating conditions of the engine; and hybrid eectric
vehicles permit less variation in the operating conditions of the engine while often optimizing
those conditions for the minimization of the release of emissons.

The production of both hydrocarbon emissions and carbon monoxide emissions
depends greatly on the equivaenceratio, ¢ , as shown in Figure 2. Fud-rich air-fud ratio does

not have enough oxygen to react with al the carbon and hydrogen, and emissonsincrease

above soichiometric values. The engine runs

on arich air-fue ratio during engine startup, NOY

to ensure that the engine starts, and during sz
rapid acceleration under load, to demand the
highest power out of the engine. The

production of nitrogen oxides is afunction of
Ly N 3

DR SR K I I
the equivalencerétio is dightly lean of Equivalcnee Ratio &

Ameunt of Cinizsions in Fxhaust Noor

temperature in the cylinder, and peaks when

Figure 2 Emissonsin the engine as a function of

goichiometric. equivalence ratio®
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Varidion of the equivaence ratio facilitates the engine' s successful performance under
numerous operating conditions. For power operation at wide-open-throttle, increasing the
equivaence ratio gives maximum power. For idling and low engine speeds, when the throttle is
mostly closed, alarge exhaust resdud is created, which leads to poor combustion. Making the
fud-air ratio richer helpsto compensate. Start-up of a cold engine demands a very high air-fuel
ratio to ensure that there will be enough fuel vapor for combustion. Thisis alarge source of

emissons.

Electric Motors 8?°

Electric motors demonstrate a number of features that are desirable for application to
persond trangportation. Electric motors have avery high drivetrain efficiency, at least 90%.
They dso produce high torque at low speeds, afeature which has many applicationsin the
varied driving conditions and need for quick acceleration of persond trangportation.

Early dectric vehicles and hybrid eectric vehicles employed dc motors, but these are
rarely used anymore. Now, hybrid eectric vehicles most frequently employ polyphase ac
motors, because of the severd advantages they offer over dc motors, such as 1) they operate
without a commutator, and so require virtudly no maintenance, 2) they are rdaively smdl and
light in weight, for agiven voltage, power and speed rating. 3) they are less expensive.” Of
these, the permanent magnet synchronous motor and the ac induction motor are most frequently
used. As batteries provide only dc current, the use of ac motors requires a system to convert

dc current to ac current, a system of controls.
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Electric motors operate on three fundamenta laws of eectromagnetism: Ampere's
circuit law, Ampere sforce law, and Faraday’s law. Ampere scircuit law relates a current to

the magnetic fied it creetes,
OH xdi

where H isthe magnetic fidd, dl isan dement of length, and | is the current passing through the
bounded area. It isintegrated over the path. The magnetic field circles around the current.
Ampere sforce law Sates,
F=ixB

wheref isthe vector force per unit length on the wire, | isthe current in the wire, and B isthe
vector flux dengty dueto|. Faraday’s law describes the emf produced by changing flux. Itis
asfollows

v=n%* vV
where v isthe tota induced voltage in the cail, n isthe number of turnsin the cail, ¢ isthe
time-varying magnetic flux.

All éectric motors are made of a stator, which does not rotate, and arotor, which can
rotate, and an air gap between them to permit motion. They are composed of two circuits, the
fidd circuit, whose current produces the magnetic flux in the motor, and the armature circuit,
that carries the current from the battery. Depending on the type of motor, the field circuit can
be on ether the rotor or the ator, and the armature is dways on the opposite. Power is

crested in the motor by the interaction of the magnetic flux and the current; the basic equation
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for power in dl motorsisasfollows
P=1x0

where 1 isthetorque, and w isthe rotationa speed in radians/second. Steady energy
transformation, both from eectrica energy to mechanica energy and from mechanica energy to
electrica energy, requires both torque and rotation.
Synchronous Motors

In three-phase synchronous motors, the dc field current is placed on the rotor, which is
adc eectromagnet, and the armature circuit is placed on the stator and carries three-phase
currents. The flux on therotor is controlled by the dc field current. The stator is composed of
digtributed coils placed in dots on its inner surface. Torque is generated through a displacement
inthe rotor and stator poles. The Stator flux rotates due to the three-phase currents and torque
is devel oped when the e ectromagnet on the rotor is rotating at the same speed.? That speed,
caled the synchronous speed, depends on the number of stator poles, P, and the electrica
frequency, & , asis determined from the
following relationship:

[k Al

o, = % spatia radians/second naechamical

S %
The rotor and stator fluxes always rotate in " / \ | s e
' ﬂ:;-'tl ) J eleuiricul
synchronism. The two fluxes are separated e | ) E putir
by aphysical angle, the rotor-stator power e

angle, 8. Developed torque depends on

Figure 3 Schemétic diagram of abasc
the flux magnitudes, the angle betweenthe  synchronous motor®
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fluxes, and the geometry of the machine:
Tan®r= =7 EeB inbes
where R, |, and g are the air-gap radius, length, and width respectively. The generd equation
for arotating flux waveis
B(.9,)=Booslots %(em— 8]
whereB, isthe magnetic flux on therotor, P is the number of poles, 8, isthe angle of
maximum total flux density, and® _, is the position of the flux maximum &t t=0.

The synchronous motor has no starting torque, asiit requires that the rotor and stator
both be rotating a synchronous speed in order to produce torque. Although this seemslike a
magor limitation of synchronous motors, this problem can be diminated by adding circuitry to
cause the excitation of the windings to advance in step with the rotor. Use of this technique
with a synchronous motor cregates the eectronically commutated motor.

The synchronous machine dso dso functions as a generator. An externad mechanicdl
drive provides torque to the rotor, and a dc field current must be kept on therotor. The
electrica frequency is determined by the speed of the mechanica drive:

0= (D)0,
and the voltage of the generated power is controlled in part by the field current.

A synchronous motor runs a very high efficiencies, and has only one mgjor source of
losses The power supplied to the dc fidld circuit supplies rdaively smdl resgtive lossesin the
fidldwinding. When running as amotor, dl of the input dectrica power, minus the ochmic

losses in the fidd winding, is tranformed into mechanica power. Similarly, when running asa
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generator, dl of the mechanica power istransformed into eectrical power except the power to

resdivelosesin the fidd winding. Thisresultsin avery high efficiency:
= Pm= 'PG _le.m
P P

€ €

The losses are very small compared to the input power, so 1y usualy has avauein the 90"

M

percentile.
AC Induction Motors

In induction motors, the field circuit is on the Stator, the armature circuit is on the rotor,
and the rotor poles are induced by transformer action. Both the stator poles and the rotor
poles rotate at synchronous speed, but the rotor rotates physicaly a a speed dightly less than
synchronous speed and dows down as the load torque and power requirements increase.

The stator isidentical to a stator of a synchronous machine: three phases, P poles,
snusoida mmf and flux ditribution, and synchronous speed. In induction motors, the stator
cariesthefiedd. The rotor is much different; in induction maotors, the rotor is an iron cylinder
with large embedded conductors, which are shorted to dlow the free flow of current. The
gtator flux induces an ac current in the each of the rotor conductors, and an ac voltage is
induced in the rotor to drive the currents. The currentsin the conductor produce a magnetic
flux, ER, and combined with the stator flux, B ¢ they produce athird flux, Em., arotor-stator
flux, which produces the devel oped torque, which opposes the torque used to cause rotation.
The developed torque, T, , is proportiond to the induced currents and the sine of the power
angle, and hence varies with dip speed, © , , the angular velocity in the negative direction of the

rotor conductors relative to the stator flux.
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Taw= "1 2 )sin@ p)
Many of the features of the induction motor depend on the dip speed or the dip, which

isthe normalized dip speed:

mA m:_mm

£=——=

o ("))

Mechanica speeds below synchronous

T pical
torgjue-spead
surve lor an
ndnction
oL

speed produce motor action, because torque

is developed in the same direction as

Lo e

rotation. Mechanical speeds above

synchronous speeds produce generator

action because the devel oped torque is

spood

opposite therotation. In order to drive the Figure 44

rotor, externa mechanica torque isrequired. Regenerative braking is achieved by lowering the
frequency of the Sator current so thet it islower than the rotor frequency, creating postive dip,
and generator action.* Regenerative braking is one of the features of the electric motor that
makes the hybrid dectric vehicle exploits to become more fud-efficient.

The characterigtic torque-speed curve for the induction motor indicates two of the most
important features of the motor for gpplication to vehicle use. Even at no peed, thereisa
gtarting torque, o the motor can start and accelerate itself. Near synchronous speed, the
torque islinear function of dip, and thisregion, caled the smdl-dip region, isthe normd
operating region of the motor.

Developed power, the power converted from eectrical to mechanica form, depends



on the devel oped torque and the mechanica speed:

Py,=0 xTy,=(1-80,Ty,

The mechanical input power needed to turn the rotor against the devel oped torqueis

Pe=Pp=0 T4, =80 Ty,
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wherePy isthe rotor copper loss, the power converted into losses because the resitive loss is

the only energy-conversion mechanism at work. The air-gap power, the power crossing the air

gap from the stator to the rotor is the sum of the developed power and the rotor-copper |osses:

P“=PM +Pp=0 T,

Power flow in the induction motor includes three sources of losses. From the input power to

the stator, there are losses from the heating of the copper and iron in the stator, Pg. Power

between the stator and the rotor isthe air-gap power. In the rotor, power is converted to

losses Py, that depends on the slip speed asPR=sP¢. Developed power isthen

PM=(1—s)P¢. Therearedso
mechanicd losses, P, , which are
subtracted from developed power to
yield the output power, P, , .
Induction motors have more
ingtances of losses than synchronous
motors, because of the copper losses

in the rotor, which do not appear in
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synchronous motors. The efficiency of induction motorsis as follows:
_ P, _ P -(PytPptP)
P P

€ €

N

Even though the induction motor has more sources of losses than the synchronous motor, the
effidency isill quite high.
Motor Control

Electronic control of motorsis essentid for their gpplication to vehicle use for primary
reasons. 1) the motor must be matched to the varying load demands of vehicular operation, and
2) most motors employed in the vehicles will run off ac current, but battery current isdc,
requiring a device to transform dternating current to dc current. The advent of solid-state
devices, specificdly the transistor, the silicon-controlled rectifier (SCR), and gate-turnoff
thrysistors led to the re-emergence of eectric vehiclesin the 1970's’. They provided the
rugged and reliable power control needed for vehicles.

Synchronous machines dways run a synchronous speed, which is determined by the
electricd frequency and the number of poles. Both the rotor and the Stator fluxes rotate at this
same speed. The only way to vary the synchronous speed isto vary the frequency of the
excitation of the stator windings.

The induction motor is not a congtant-speed machine as the synchronous motor is. The
speed of the rotor must be less than the speed of the Stator, synchronous speed, in order to
develop atorque. The speed varies with the load on the rotor; speed decreases as the load

increases. Speed can dso be varied by varying the frequency of the Sator excitation. In both,
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torque can be increased by increasing the amplitude of the current.

Batteries provide a single constant voltage between two terminds;, inverters are
necessary to mimic the balanced three-phase snusoidal voltages, with controllable amplitude
and frequency, that run ac motors. Mogt inverters obtain a set of three voltages using asystem
of switching elements; the switches make the three voltage waveforms 120 degrees “ out of
phase” with each other in the sense that each of the three leads one of the other two a one third
of acycle and lags the other by onethird of acycle®. The switching of the eementsis designed
50 that the fundamental components of the three output voltages produce the desired motor
response. A problem is caused by the higher harmonics, which cause undesired heeting and
torque variation. Filtering the input harmonics degrades the efficiency and the power factor;
and higher harmonicsin the output waveforms increase losses in the motor and produce no
torque.

For these reasons, pulse-width modulation is employed in the inverter; it shiftsthe
harmonicsto high

frequenciesthat are

eesily filtered by the

inductance of the motor. .
g

The idea of pulse-width

modulation isto chop

pieces out of thewaveto Figure 6 Pulse-width modulation in an inverter?
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contral the fundamentd in the output. The width of each conduction interva isequa to alarge
fraction of the repetition period.’

It is dso important to regulate the current. As voltage dips below the rated voltage,
current can increase Sgnificantly, causng magnetic saturation.  Motor controllers thus vary
gpplied voltage in proportion to frequency to keep the current roughly congtant; thisis called
congtant voltghertz drive.

A Generic Control Strategy

Hybrid eectric vehicles attempt to capitalize on the complementary characteristics of
the interna combustion engine and the dectric motor in order to minimize fud consumption and
the production of emissons. There are numerous ways to configure the system and dsrategize
the control system. The following isageneric control srategy. It is chosen both for its
characterigtics of minima fue

consumption and emissions G
Cingaline
chzing

production, and because this system

can makethe HEV performina o
Torque- | [Teans- i
very similar manner to the traditiondl P compler LEs1on
car, an important reason for Silo Iverer e SATIETY
’ Cenerator pack
widespread acceptability in the + +— l I

consumer market. _ o _
Figure 7 Schematic diagram of ageneric parale control

Figure 7 shows the systent’
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schematic diagram for this control strategy. In this pardld-configured system, both the engine
and the motor provide torque to the whedls. For the most part, the internal combustion engineis
used for the high-energy demands on the car, because of the rlaively high specific energy level
of gasoline. The engine is set to operate as much as possible in the region of lowest brake
specific fud consumption, and to minimize trangent engine operation. The eectric motor is
used mogtly for the high power demands on the car, because it produces high torque at low
gpeeds, and because it demondtrates a high drivetrain efficiency over theits range of torques
and speeds. When the motor is not in use providing motive power, it can be run as a generator
for two purposes. In regenerative braking, the generator converts torque from the whedlsin
order to decelerate the vehicle and store this energy in the battery. The vehiclesare dso
equipped with friction brakes for safety purposes. Also, the generator can convert torque from
the gasoline engine to dectrica current; this is done to maintain the state of charge of the battery
to adesrable leve, and dso, to demand higher torque from the engine to keep it in its zone of
highest efficiency.

A system of dectronic controls (equipped with computer technology) and mechanica
controls matches the driving conditions for the vehicle to the appropriate drivetrain or
combination of drivetrains. The following represents atypicd system: 1) sarting the vehicle,
(speeds from O to gpproximately 10 mph): eectric motor only (in thisway, the engineis
restricted from idling and low speeds, part-load conditions where combustion efficiency is very

low); 2) braking: engine is shut off and motor runs as a generator (engine is again restricted
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from idling, and energy is recaptured and stored that would be wasted in a vehicle without
regenerative braking capacity); 3) cruising conditions. engine only; 4) rgpid acceeration and
climbing hills. engine and motor together to account for eevated power demands. Inthis
fashion, hybrid eectric vehicles have been shown to double fud economy over a comparable
traditiona automobile and halve the production of emissons.

No universd control srategy isin use. The design of HEV's permits grest flexihility,
alowing the designersto optimize for a number of different benefits, such as fuel economy,
emissions, cost of the vehicle, and safety. Comparison of the three HEV  concept cars
produced by the automobile manufacturers and displayed at the January, 2000 Detroit Auto
Show revedsthislarge variability in design. In the GM Precept, the eectric motor powersthe
front whedl's and the gasoline engine powers the rear whed's. Toyota employs the “Prius Hybrid
System” using a continuoudy variable transmisson, and both an e ectric motor and a separate
generator. Hybrids could be programmed to learn the driving patterns of its owner and adjust to
them for maximum improvements in emissions and fuel economy™. A number of other systems
are possible.

Conclusion

HEV s capitdize on the complementary characteristics of the gasoline engine and the
eectric motor. Hybridization of the drivetrain combines the high efficiency of the eectric motor
with the high energy dendity of gasoline. The HEV diminatesthe idling of the engine and amsto

run the engine only in theidand of minimum brake specific fud consumption. The HEV dso
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prevents the engine from operating at trandgent conditions. The eectric motor demondrates
high torque a low speeds, a characteritic that makes it suitable to the variable conditions of
driving, and dlowsiit to provide power efficiently. In a parale-configured hybrid, the most
common configuration of the system, either the gasoline engine, the eectric maotor, or both can
provide torque directly to the whedls. A system of mechanica and dectrica controls matches
the drivetrain to the driving conditions. This method has been shown to have the consumption
of fud and the production of emissons.

Although HEV's are not zero-emission vehicles, but till produce emissions and
consume gasoline, the remarkable improvements in emissions and fuel consumption that they
demondtrate will secure them a solid position on the road to more environmentdly friendly
vehicles. HEV technology is the most advanced and developed out of the group of persond
transportation technology that isin the works. Many people expect that hydrogen fud cdll
technology will eventualy become the best choice for environmentaly friendly persond
trangportation, but much research lies ahead before that can happen. HEV's are the most likely

technology to appear and make alarge impact on the consumer market.
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Appendix: The Article
Preface
This article trand ates the scientific treatment of the principles explained above into the
language of the non-scientific and lesstechnica. The article is nonethedless scientificaly
accurate. It'saudienceis the non-scientific adult community. A generic HEV is described,
with pardld configuration, and with the performance modeed on the conventiond car; thisis

the type of HEV | consder the most likely to mass-produced.

A Lesson in the Physics of Hybrid Electric Vehicles
Half gas, hdf dectric, hdf fud use, hdf the emissons: the remarkable
characteristics of the brand-new hybrid-electric car.

But isit redly brand-new? The car as we know it was not necessarily a shoo-in to be
our car. At theturn of the last century, engineers were racing to develop a persona
trangportation vehicle to replace the horse-and-buggy, and a number of ideas werein the air.
Three mgor types of these horsaless vehicles were in the race: the gasoline-engine vehicle, the
electric vehicle, and the seam-powered vehicle. For a number of years they were
neck-to-neck, each with its own particular advantages and disadvantages. Even then, the
eectric vehicle suffered from the familiar problem of amuch shorter range than the other two
cars. And even then, a number of engineers built hybrid-eectric cars to combine the high

efficiency of the dectric motor with the large energy-storage capacity of gasoline, extending the
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range of the eectric and making the entire vehicle more energy-efficient. The first one gppeared
in Philadelphia as early as 1897. These hybrids offered their own particular advantage - one
that we ve since outgrown. In the days of the cranky and difficult internal combustion engines,
and reliable dectric motors, hybrids boasted a security measure - if you were out on atrip, and
the engine stalled or refused to start, you could rely on the trusty eectric motor to get you
home!

The ideato incorporate both gasoline and dectric under one hood is no 20th century
innovation - rather, it is arediscovery of acentury-old concept. What urged usto this
rediscovery? Design strategies during the last few decades have increasingly been influenced
by environmenta congderations, pecificaly, the need to reduce the engine' s contribution to air
pollution, and the need to reduce automotive fuel consumption’. An electric car - which neither
releases emissons nor consumes gasoline - is often touted as the answer; but its perennid
weakness obstructs the path to wide acceptance: limited range. It rendersthe car too
inconvenient for most people - we need a car that can make long trips. Thisrecdls the line of
thinking that led to the first hybrid eectric, and S0 it leads today’ s car manufacturers to the
same conclusion.

Everyone knows that the gasoline engine won that early race, and people began to
forget that there had ever been any competition. Why did it win? It was not that it was any
fagter than the others. Gasoline is a very potent fud, storing large amounts of energy in a

relatively lightweight package. However, the engine was only about 20% efficient in converting
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this energy to the energy of motion. An dectric motor is about 90% efficient is converting the
energy in batteries to mechanica energy. Choosing the gasoline engine was a choice of high
energy over high efficiency. Gasoline had become widdy available and rdatively chegp - it was
common enough and cheap enough to justify the enging sinefficient conversion'®. With the
enormous number of cars the earth now supports (around 600 million) the validity of this reason
has expired - snce gasoline is a non-renewable energy source, the low efficiency of the engine
isno longer dismissble. So if one of the mgor reasons why we origindly chose the
gasoline-powered vehicle no longer applies, perhaps we should be urged towards a new
choice.

Thefirst HEV derived from a perceptive observation about the choice between the
gasoline vehicle and the dectric vehicle: the two complement each other. The benefits of the
electric motor include zero emissions and high efficiency of converting energy into motion.
However, present battery technology limits the range of pure eectric vehicles - even massve
batteries sore reatively little energy. The strengths of the gasoline engine include the high
energy density of gasoline (300 to 400 timesthat of beatteries), the resulting longer range, the
extensve infrastructure supporting it, and the whole century of development that has rendered it
refined and reliable. But foss| fuels are both a blessing and a curse; dthough they were the
preferred energy source for the 20Mcentury, they cannot continue to predominate. There are
two environmenta limiting factors: the production of greenhouse gases and the recognition that

fosdl fuds are a non-renewabl e resource.
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Inan HEV, ether the gasoline engine or the el ectric motor can be used to provide
power to the whedls directly, dlowing the car to match the driving conditions to the most
suitable source of energy, either the gasoline engine, or the eectric motor, or both.  So, the
HEV uses the gasoline engine for the high-energy demands of cruising and long trips. It usesthe
electric motor for high-power conditions of Sarting, accderating, and climbing hills. And, inthe
meantime, the HEV haves the consumption of fud and the production of emissions.

Half Gasoline

In order to understand how the HEV works, it is necessary to examine each of the
componentsin alittle more detail. An engine converts chemica energy stored in the fud to the
mechanica energy of driving. Gasolineis combudtible: in the presence of oxygen, it reacts with
it, breaking down into a number of different, smaller compounds, and releasing the energy of
the bonds. This energy takes the form of pressure and heat. The smaler compounds are the
exhaust gases; and the energy is trandferred by the engine into mechanica work.

The engine capitdizes on afundamenta physica principle: the equivalence of heat and
work. Both are different forms of energy. The engine takes alarge amount of hest, produced
by the combustion of gasoline, and produces useful work - mechanica movement. An
automohile engine creates this work through the movement of a piston within acylinder. For
the spark-ignition engine, the piston sweeps down the cylinder, and air and fud follow the
piston into the cylinder. Next, the piston moves up the cylinder, compressing the fuel-air

mixture, raising its pressure and temperature. This makes the mixture easier to combust. Next,
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combustion: the spark-plugs send a spark through the mixture, igniting it. This exploson pushes
the piston down the cylinder. This movement creates the work of the engine: the piston is
attached to the crankshaft, which transfers this movement to the whedls. Laglly, the piston
moves back up the cylinder, pushing the exhaust gases out of the cylinder. That completesthe
cycle. Since the piston has moved through the cylinder four times during the cycle, it is often
cdled afour-groke cycle. Inadiesd engine, the cycleisalittle different, but the principles of
combustion are the same.

Any use of the engine brings adong inefficiencies much greater than those in the dectric
motor. Thelaws of physics place adtrict upper limit on the efficiency of the engine - there will
never be an engine as efficient as the electric motor, for nature deniesit. Thisisnot aproblem
to be fixed by clever engineering. An engine converts heet that came from the combustion of
gasoline to work to move the car forward, relying on the equivaence of heat and work. But the
2nd law of thermodynamics limits the quantity of heeat that can be converted to work, and this
maximum hovers at around only 50%. Even anided engine can only produce haf the amount
of work from alarger amount of heat. Any time you fill up the tank, about haf the energy
stored in that gasoline can never be used to drive the car - hdf of the energy isinaccessble
because of the 2nd law! Thereisno way around it. Electric energy does not have such
restraints - amagjor reason to move away from heat engines.

A consumer, looking for anew car, notices one thing about fuel economy immediately:

every car on the market advertises two numbers for fuel economy, not one. Urban driving gets
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the lower of the two numbers, and highway driving gets a higher number. It isaunivers: every
single car on the market has two different figures for these driving conditions, and urban driving
isaways lower. Traffic jams, lights, pedestrians, and road-work characterize the choppy
moation of urban driving. This“stop and go” driving has lower fud economy partialy because of
the large amount of time that the engine idles. Whenever the engine is not producing power,
such as when the car is stopped or during braking, it is still running and using fuel, essentidly
wadting it. In fact, braking acts as a double culprit. If the purpose of the engineis to convert
fud energy (tored in the gasoline) to mechanical energy (the energy of movement), then
braking, by its very purpose of dowing the car, subverts that purpose. In braking the energy of
forward motion of the car is disspated as heet in the brake pads. All thistime, too, fud is
added to the engine to keep it running.

Idling and braking contribute to the greater fudl consumption of urban driving, but that is
not the only reason why the engine uses

less gas during highway driving. Let us
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maximizes the engine sfud efficiency - the engineis designed to be most efficient on the
highway. The graph depicts the fuel consumption contours over the ranges of the engine's
gpeed and load - notice that the region of lowest fud consumption isavery digtinct and small
region, “an idand,” within the entire range of the engine' s operation. Furthermore, straying from
this region causes dramétic increases in fuel consumption. Thus the engine performsiits job
mogt efficiently only under specific conditions of speed and load, which correspond to cruising
on the highway.

A peek under the hood revedls that the actua engineis a maze of pipes, wires, and
ded: dl these mysterious pieces don't relate well to the relative smplicity of the basic principles
of the engine. But the engine must aso facilitate its own operation: it must have vaves and
manifold for the air to enter the cylinder and for the exhaudt to exit; it must have asmilar system
for gasoline to enter, it must have a cooling system to keep the engine a functiona
temperatures, and it must have a system for lubricating al of the moving parts. Although the
basic principle of the engineisrdaively smple, the actud design of the engineis tortuoudy
complicated. And al of these systlems bring dong their own inefficiencies - afact that limitsthe
engineto asmdl region of speed and load where it can be the mogt efficient. For example, the
intake manifold, the engine system that provides the air into the cylinder, triesto fill each
cylinder completdly with ar for each cycle of the engine. If it provides less air than the
maximum, less fuel can combust. But when alot of power is demanded from the engine, not

enough air can move quickly enough through al the pipes, and the engine gasps for more air
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than it can get. Inthiscase, not al of the fud burns, and the engine s efficiency is lower.
Friction of dl of the moving partsin the engine, and transfer of heat to the cooling systems, like
the fan and the radiator, also decrease greetly the efficiency of the car.

Even some of the engineers building the earliest gasoline-powered cars, (those with
sengitive noses) recognized amgjor drawback of their engines. In Detrait, in 1897, an engineer
named Barton Peck commented about his car, “There is one great obstacle that must be
overcome and thisis the offensive odor from gasoline that has been burned and is discharged
into theair. Itisasickening odor and | can readily see that should there be any number of them
running on the street, there would be an ordinance passed forbidding them'®.” Mr. Peck’s
prediction of alaw banning carsfdl through - now the world has 600 million of them - but his
observation on exhaugt was full of foresght. Emissons from the world's swelling fleet of cars
causes environmenta problems such as urban air pollution and globa warming - and thisisthe
magor forcein favor of eectric cars. A pure eectric has no tailpipe, visud evidence that it
releases no emissons. (Electric cars are not completely innocent - if the initia source of their
eectricity isafossl fud burning dectric plant, then some emissons are released into the
amosphere. These are usudly of less concern, though, because of the higher pollution controls
at power plants.)

Any combustion of foss| fuels leads to the production of emissons. But, not dl types
of combustion are created equd. Different levels of emissons are created depending on the

ratio of gasolineto air that is used for combustion. Mogt of the time, the engine runs lean, with a
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little more air then is necessary, because thisis more fud-efficient and creates a smaler amount
of emissons. But lean-running engines do not get the most power out of the engine. Pressing
down hard on the gas peda to accelerate forces extra gasoline into the cylinder, speeds up the
engine, and gets more work out of it. It dso bumpsit out of the idand of minimum fuel
consumption. Accelerating adds more gasoline to the engine than there is air, using afue-rich
mixture in which there is not enough air to react with dl of the gasoline, and not al of it the
gasoline combusts. For acceleration, this tactic increases the power output of the engine.
Fud-rich mixtures dso coax the engine into turning over when it might want to gdl, for
example, when it isfirgt sarting up or when it must suddenly do much more work. Any sort of
trangent engine condition (when the demands on the engine are changing) or high-power
demand on the engine requires a fud-rich mixture. And fud-rich mixtures smultaneoudy waste
fud and increase emissions Any fuel that does not burn is vaporized and released in the
exhaust. Thisisone of the greatest sources of emissionsin the car.
Half Electric

The other mgor component of an HEV is an eectric motor. The ideato use eectric
power for persona transportation dates back 120 years - and an dectric vehicle (a man-sized
tricycle powered by amotor)™© predated the first gasoline vehicles. Today, this idea seems
new, but it is atogether logical. Electricity and eectric motors take part inextricably in daily life
- an dtempt to imagine life without dectricity conjuresimages of barbarians, wood stoves, and

candidlight. With the advent of eectric power came innumerable and clever waysto useit.
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Electric motors, which convert dectrica energy to mechanica energy, the energy of movement,
supply much of our need for mechanica energy. Electric fans, stereos, hair dryers, vacuum
cleaners (and endless others) dl rely on eectric motors. They have ardatively smple design,
are enormoudly common, and well-understood. Since the dawn of the dectric age, engineers
have been gtriving to apply the success of the eectric motor to persond transportation.

A formidable obstacle has thus far succeeded in thwarting their hopes. Electric vehicles
have alimited range - a problem of beatteries, not of motors. Detached, thankfully, from the
mains, eectric cars must store the eectric energy they require onboard, in their batteries. But
the batteries we know and use cannot store enough energy for most peopl€' s trangportation
needs. That isaseparateissue. The viability of the eectric motor for persona transportation
becomes clear when the problem of batteries can be bypasses, asin the HEV, which does not
rely solely on batteries for energy storage.

The function of the gasoline engineisto convert chemica energy to mechanica energy.
Similarly, an dectric motor converts eectrica energy (from an eectric current) to mechanica
energy. Although these are smilar functions, the actua processis very different. Anéectric
motor is more smple, fundamental, and elegant than an engine. The dectric motor runs at
about 90% efficiency, wadting very little energy. Furthermore, this high efficiency is
characterigtic of the motor over the entire range of vehicle operations - alarge contrast to the
gasoline engine.

The concept for the motor developed from an observation by an English scientit,
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Michedl Faraday. He discovered the fundamenta connection between electricity, magnetism,
and force through an experiment involving a current-carrying wire, magnets, and a beaker full of
mercury. With the wire running down the middle of the beaker, and the magnet placed
aongsde the wire in the beaker, the magnet revolved continuoudy around the wire, sweeping a
circular path through the mercury. Why? This mysterious movement ssems from aphysica
principle that links these three seemingly digtinct physical processes. eectricity, magnetism, and
movement. The presence of eectrica current moving in one direction, plus amagnetic fied
perpendicular to the current, causes aforce that acts perpendicular to both of them, the force
which caused the magnet to revolve around the wire. The dectric motor capitaizes on this
principle. For acar, thisisthe mechanica energy which can then be used to drive the whedls
and propel the car.

Electric motors have aremarkable characterigtic - they are able to produce high torque
even at low speeds. That means that e ectric motors can turn the car’ s axle quite powerfully
even when they are just starting.  They do not have be turning over very quickly in order to
produce torque - in fact, they do not have to be turning over at al. Simply sending current
through a gtill motor sartsit, dmost immediately, to produce high torque. Even our present cars
take advantage of thistrait - in the eectric starter. The dectric Sarter employs a motor to drive
the engine through the first low-speed revolutions, because the engine can't dart itself. Thus, in
amanner of speaking, the dectric Sarter turns every conventiond car into an HEV! The

electric motor not only startsitself, it can aso produce high torque soon theresfter, making it
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well suited to the demands of vehicle acceleration.

No engine can start with exhaust gases and convert them back to gasoline and
oxygen. If that were true, the world’ s problems with both energy supply and air pollution would
be solved immediately! No engine works backwards - but an electric motor can. It works
backwards, as a generator, taking the energy of movement and returning it to eectrica energy
inacurrent. Faraday’s experiment could have easly worked in reverse.  If he had turned off
the current in the wire, making the magnet stop revolving around it, grabbed hold of the magnet
and dirred it around in the opposite direction, thiswould have caused a current to flow down
the wire, towards the battery, charging it! Here, mechanica energy generates electrica energy.
The presence of an eectric motor in the car transforms the nature of braking from the
disspation of energy to regenerative braking - braking that regenerates current to be stored in
the batteries. The same energy can later be used to accelerate the car. This feature grestly
enhances the efficiency of the car during urban driving with its many sops and garts. Itisa
feature of eectric motors, and therefore applicable to dl eectric cars, including HEVs.
The Hybrid Electric Vehicle

A hybrid dectric vehicle (HEV) isintelligent. Not only doesit balance an dectric
motor and a gasoline engine, but it manages to use aminimum amount of fue and rdease a
minimum amount of emissons. (And it doesdl of thiswithout any effort on the part of the
driver). The HEV can turn the engine and the motor on and off, aslong as one of them is

powering the car. When the engineison, it runs, as much as possible, initsidand of minimum
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fud consumption, getting as much energy as possible out of the gasoline. If not dl of the energy
is needed to drive the car, some of it can be stored in the battery, and saved for later. The HEV
never letsthe engineidle - at astop light for ingtance - it just turnsit off. The car runs electric
for sarting, for dow-speeds, and for high-power needs, like rapid accelerating or climbing
gteep hills. The dectric motor iswel suited to these gpplications, whereas the engine would use
up the most fud and release the most emissions during high-power operations. Smart!’ Thisis
the key to the success of the HEV in reducing fue consumption and emissions over atraditiond
car. Having identified that these high-power operations cause the mgority of emissons and
wadted fud, the HEV prevents the engine from operating in these Situations, turns on the motor,
and consequently eliminates the greatest chunk of emissions - wasted fuel!

An HEV inteligently gets around the individua problems associated with the gasoline
engine and the dectric vehicle. It diminishes the production of emissons and the use of
fud. The problem of baiteries for the eectric vehicle is conquered. An HEV chargesitsdf - it
never hasto be plugged in. When not in use providing power, the motor can run as a generator
to transfer energy from regenerative braking and from the gasoline engine to the batteries. The
only recharging necessary is refuding by going to the gas gaion. Also, thereis not the same
demand on the batteries as there would be in an éectric vehicle, where the batteries must store
all the energy the car needs. These batteries are smdler, and only have to be able to provide
for the high-power uses. Similarly, the enginefor aHEV issmadler thanit would bein a

traditiond car, asit doesn’'t have to provide as much horsepower. (Again, this makes it more
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fud-efficient - most engines are too big for mogt of their uses))

S0, in the year 2000, we are waiting for the introduction of hybrids into the mainstream
automobile market. It's now more than a century after the first HEV was built in Philadelphia.
That car had an unfortunate fate. On itsfird trip, its designer got out of the car, and caught his
foot on one of the wires. This sent an arc of dectric current through the gas tank, igniting dl the
gas, and the first HEV was engulfed in flamesl Do not teke thisasa sign! That disgppointed
engineer lacked technology that has since been developed to carefully control éectric currents
and voltages. Modern HEV srely on this technology and the computer technology that
intelligently controls dl of the different e ements of the HEV to produce its remarkable results.

The HEV isthe environmentdly friendly car of the near future.
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