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and oil mist.

After flowing through the bearing points and
sliding parts, the oil collects below the pis-
ton, connecting rod and crankshaft assem-
bly in the oil pan (sump). The sump is a
reservoir where the ail cools while the foam
dissipates and settles. Engines subject to
high loads are also fitted with an oil cooler.
Engine service life can be prolonged dra-
matically by keeping the oil clean.

Oil filters
Qil filters remove solid particles from the
engine oil (combustion residue, metal
particles and dust) and maintain the lubri-
cating capability of the oil in the intervals
between changes. Oil-filter dimensions
are governed by the degree to which im-
purities are generated in the engine and
by the maintenance intervals prescribed
by the engine manufacturer. Filter mainte-
nance and oil changes should be per-
formed at the same time.

Full-flow filters protect the entire oil cir-
cuit because particles which cause wear

are trapped during their first pass through
the circuit. Fine-mesh paper filters have
proven effective as filtration elements in
full-flow circuits, Their filtration is signifi-
cantly finer than that furnished by strain-
ers or disk filters. Full-flow filters must in-
corporate a bypass valve to prevent inter-
ruptions in oil supply should the filter get
clogged. They should always be installed
in the oil circuit downstream from the
pressure-relief valve. Full-flow filters usu-
ally incorporate replaceable elemeris.

Bypass filters remove only about
5...10% of the oil from the engine’s lubri-
cating system for subsequent return fo
the ail pan after filtering. Most bypess fil-
ters are of the fiber-filling type (deep-bed
filter).

Such bypass filters are recommended
for use only in conjunction with full-flow fil-
ters. The bypass filter can remove ex-
tremely fine particles (primarily soct) not
previously extracted by the full-flow filter,
reducing the concentration of micro-cont-
aminants in the oil.

Force-feed lubrication system

case lo crankcase, 8 To camshaft bearings.

1 Pressure relief valve 2 Oil filter, 3 Gear pump, 4 From main bearing to connecting-rod bearing,
5 Suction strainer, 6 Main oil-pressure line to crankshaft bearings, 7 Return flow from timing-gear
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Empirical values and data for calculation

Comparisons
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Comparative data

Engine Com- —‘ Mean | Power | Weight-| Fuel con- | Torgue
Engine type speed pression | pres- | per liter | to- sumption | increase
ratio sure power
ratio
min-t bar kWit ka/kW | g/kWh %
engine f
Motor- 2-stroke| 4500...12000} 7..9 5..12 | 40..100 | 5..05] 600..350| 5...10
OYCles 4 ctroke| 5000..10000] 8.1 | 7..10|30.70 | 4..05| 350.270| 5..25
Pass. cars NAT) 4500..7500 | 8..12 B..11 | 35..65 a4 350..2501 15...25
SC?) 5000..7000 | 7..9 11..15 1 50...100 | 3...1 380...280 | 12...30
Trucks 2500...5000 | 7..9 8..10 | 20...30 6.3 380..270 | 15..25
Diesel engine for
Pass. cars NA') 3500...5000 | 20...24 7..9 |20..35 5.5 320...240| 13...15
SC?) 3500...4500 | 20..24 9..12 | 30..45 4.2 290...240| 15...25
Trucks NAT) 2000...4000 | 16...18 7..10 | 10...20 9.4 240..210| 10...15
SC?) 2000...3200 | 15..17 | 10..13 | 15..25 8.3 230...205 | 15...30
CAC?) | 1800...2600 | 14...16 | 13..18 | 25..40 5..25| 225..195| 20...40
Special types
Rotary engine 6000..8000 | 7..9 8.1 |35.45 1.5..1| 380..300| 5..15
Stirling engine 2000..4500 | 4.6 - - 1057 300...240 | 20...40
(3as turbine 8000...70000| 4..6 - - 3.1 |1000...300 | 50...100
') Naturally aspirated engine, 2) with supercharging, *) with charge air cooling/intercooling.
Power and torque curves
Diesel engine Gasoline engine
1 Naturally aspirated
engine
2 Turbocharger P
A A '
1 i
° o | }'
= = [
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|
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l
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pedal position
Diesel engine with constant control-rack
travel. My remains roughly constant with n.
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Performance curves (part-load behavior) for a specific control-rack travel or specific accelerator-

Carburetor Sl engine (4-stroke) with ccn-
stant throttle position. M4 drops rapidly as n
increases, Poy remains roughly constant.
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Engine speed n

Torque position

The position on the engine-speed curve
(relative to min-1 for max. output) at which
maximum torque is developed, specified
in% (ﬂMdma;!;nngnn . 100].

Useful speed range
(minimum full-load speed/nominal speed)

Engine type Useful | Torque
speed range| position
Any %
Diesel pass. cars 35..5 15...40
engine for trucks 1.8..3.2 | 10..60
i Spark-ignition engine 4.7 25..35
Torque increase
Engine type Torque
increase
Md in%
Diesel engine Nat. asp. engine | 15...20
Pass. cars sCY) 20..30
SC1) + CAC?) 25..35
Diesel engine Nat. asp. engine | 10..15
Trucks sCY) 15..30
SC1') + CAC?) 25...40
Spark-ignition Nat. asp. engine | 25...30
e SC')+CAC? | 30..35

1) with supercharging, 2) with charge-air cool-
ingfintercooling.

Engine output, atmospheric
conditions

The torque and thus the power output of an

internal-combustion engine are essentially
determined by the calorific content of the
cylinder charge. The amount of air ‘or, more
precisely, of oxygen) in the cylinder charge
provides a direct index of calorific content.
The change which the engine will display at
full power can be calculated as a function of
variations in the condition of the ambient air
(temperature, barometric pressure, humid-
ity), provided that engine speed, air/fuel
(A/F) ratio, volumetric efficiency, combustion
efficiency, and total engine power loss re-
main constant. The A/F mixture responds to
lower atmospheric density by tecoming
richer. The volumetric efficiency (prassure in
cylinder at BDC relative to pressure in am-
bient atmosphere) only remains constant for
all atmospheric conditions at maximum
throttle-valve aperture (full-throtile). Com-
bustion efficiency drops in cold thin air as
vaporization rate, turbulence, and combus-
tion speed all fall. Engine power loss (friction
losses + gas-exchange work + boost power
drain) reduces the indicated power.

Effect of atmospheric conditions

The quantity of air which an engine draws in,
or is inputted to the engine by supercharg-
ing, depends upon the ambient at-
mosphere’s density; colder, heavier, denser
air increases engine output . Rule of thumb:
Engine power drops by approximately 1%
for each 100 m increase in altitude. De-
pending upon engine design, the cold intake
air is normally heated to some decree while
traversing the intake passages, thereby re-
ducing its density and thus the engjine’s ulti-
mate output. Humid air contains lesis oxygen
than dry air and therefore produces lower
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engine power outputs. The decrease is gen-
erally modest to the point of insignificance.
The warm humidity of air in tropical regions
can resultin a noticeable engine power loss.

Definitions of power

The effective power is the engine’s power
as measured at the crankshaft or ancillary
mechanism (such as the transmission) at
the specified min-'. When measurements
are made downstream from the transmis-
sion, the transmission losses must be fac-
tored into the equation. Rated power is
the maximum effective power of the

engine at full throttle. Net power corre-
sponds to effective power.

Conversion formulas are used to zonvert
the results of dynamometer testing to re-
flect standard conditions, thereby nagating
the influences of such factors as time of day
and year while simultaneously allowing the
various manufacturers to provide mutually
comparable data. The procedure converts
atmospheric density — and thus the effec-
tive volume of air in the engine — to defined
“standard conditions” for air mass.

The comparison data in the following
table show the most important standards

used in power correction.

Power correction standards (Comparison)

Standard EEC 80/1269 |{ISO 1585 |JISD 1001 |SAE J 1349 | DIN 70 020
(Date of publication)| (4/81) (5/82) (10/82) (5/85) (11/76)
Barometric pressure during testing (* vapor pressure subtracted)
Dry per* kPa | 99 99 99 99 =
Absolute ppe kPa |- - - - - 101.3
Temperature during testing
Absolute T, K 1298 298 _1298 298 293
Engines with spark ignition, naturally-aspirated and turbo/supercharged
(Correction Oy o, = Al2. Bo6 Oy =A-B0S
factor A =99ppr A=101.3/p=
B =T,298 B =1/293

Corrected power: Py = o + P(KW) (P measured power)
Diesel engines, naturally-aspirated and turbo/supercharged
Atmospheric  fi |fa=A - BY7 (A = 99/per; B = T,/293) as a, for
correction (naturally-aspirated and mechanically-supercharged engines).| Sl engines
Rcioe fa=AVT - B'S (A = 9%ppr; B = 1,/203)

(turbocharged engines with/without charge-air cooling)
Engine fm |40 < g/r <B5: frm=0.036 - (g/r) - 1.14 fon=1
correction glr < 40: fm=03
factor glr>65: fm=12

r = pu/pe Boost pressure response, with p, absolute boost pressure,

e absolute pressure before compressor, ¢ spec. fuel consumption (SAE J 1349).
4-stroke engines: ¢ = 120,000 F/DN, 2-stroke engines: ¢ = 60,000 F/DN,

with F Fuel flow (mg/s}); D Effective stroke volume (I); N Engine speed (min-').

Corrected power: Py = P - £, (kW) (P measured power),

Prescribed accessories

Fan Yes, with electric/viscous-drive fan at max. slip Not
Emissions control system | Yes defined
Alternator Yes, loaded with engine-current draw Yes
Servo pumps No No

Air conditioner No No
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Calculation
Quantity Unit Symbol Unit
ay  Piston acceleration m/s? V. Cylinder compression volume dm®
B Fuel consumption kg/h; dm*/h Ve Injected quantity per pump mm?
bs  Spec. fuel consumption g/kWh stroke
D Cylinder diameter 2 - r mm Vi  Charge volume of a dm®
d, Valve diameter mm cylinder (2-stroke)
F  Force N Ve Charge volume of a dm?
Fe  Gas force in the cylinder N 2-stroke engine
Fy  Piston side thrust N V,, Displacement of a cylinder dm?
F, Oscillating inertial force N Vi Displacement of the engine dm®
F, Rotating inertial force N v Velocity m/s
F: Rod force N ug  Mean velocity of the injected m/s
Fy Tangential force N spray
M Torque N-m vy Gas velocity m/s
M, Oscillating moments N-m Un Mean piston velocity m/s
M, Rotating moments N.-m Umax Max. piston velocity m/s
My Engine torque N-m 7 Number of cylinders =
my  Weight-to-power ratio ka/kW
n  Engine speed min-! o, Injection period (in “crankshaft  ©
np  Injection-pump speed min-! at injection pump)
P Power kW f  Pivotangle of connectingrod ¢
Pay Net horsepower?) kw ¢ Compression ratio -
Py Power output per liter kW/dm® n  Efficiency -
p  Pressure bar e Net efficiency -
pe  Final compression pressure  bar nn  Thermal efficiency =
pe  Mean effective pressure bar v Polytropic exponent of real -
(mean pressure, mean gases
working pressure) o Density kg/m®
p.  Boost pressure bar ¢,« Crank angle (¢, = top dead i
Ppmax Peak cylinder pressure bar center)
r  Crank radius mm ® Angular velocity rad/s
s¢  Injection cross sectionof the mm? A =l Stroke/connecting-rod ratio —
nozzle A Airffuel (AJF) ratio -
S, s Stroke, general mm % =cyle, Adiabatic exponent -
s Piston stroke mm of ideal gases
st Suction stroke of a cylinder
(2-stroke) mm

s¢  Suction stroke, 2-stroke engine mm
S. Piston clearance fromTDC  mm
Ss  Slot height, 2-stroke engine  mm

T  Temperature °C,K

T. Final compression temperature K

T. Boost-air temperature K

Trax Peak temperature in K
combustion chamber

t Time s

vV Volume m®

1} Effective power P.y is the effective
horsepower delivered by the internal-
combustion engine, with it driving the aux-
iliary equipment necessary for operation
(e.g., ignition equipment, fuel-injection
pump, scavenging-air and cooling-air fan,
water pump and fan, supercharger) (DIN
1940). This power is called net engine
power in DIN 70 020 (see P. 415).

Superscripts and subscripts

0,1,2 3,4,5 Cycle values/main valies

0 Oscillating

r Rotating

18t, 2nd 1%, 27 order

A Constant

e Subdivision of main values,
derivations

Conversion of units
(See PP. 19...28)

1ghp-h  =136gkW- h
1gkW-h =0735¢ghp-h

1kp-m =98IN-m=10N-m
iN-m =0.102kp - m=0.1kp-m
1hp =0.735 kW

1 kW =136 hp

1at =0.981 bar = 1 bar

1 bar =1.02at=1at
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Calculation equations

Mathematical relationship between quantities

Numerical relationship between quantities

Swept volume (displacement)
Swept volume of a cylinder

Vh= Higr s, Cf i ] Vi= T-I——d%—& (2‘Stf0ke)

Swept volume of engine
Va=WVh 7, Ve=Vi-z (2-stroke)

Vy=0.785-10%542-¢
Vi, in dm3, d in mm, s in mm

Vy=0.785-108¢2 5.z
Vi indm3, d in mm, s in mm

Compression
Compression ratio

s=h ; Ye (see P. 420 for diagram)
[

Final compression pressure
Pe=po - EY

Final compression temperature
To=Ty- €Y 1

Piston movement (see P. 421 for diagram)
Piston clearance from top dead center

5= ;-]_1 +;‘r - COS - 1{({) % sin? qo]

Crankshaft angle
p=2-m-n-t(@inrad)
Piston velocity (approximation)
. r .
v 2R - r(sm P35 sm2qo)
Mean piston velocity
Up=2-n-5
Maximum piston velocity (approximate,

if connecting rod is on a tangent with the
big-end trajectory; ax = 0)

ilr 3.5 4 4.5
Umax 1.63 Uy | 1.62- Uy | 1.61- Uy

(see P. 422 for diagram)

s e -
Al
o\l N\
|
;T-'D_‘\L
JE=ti
\_BDC /
\\‘_*__/
4-stroke engine 2-stroke engine
o=6-n-t

@in®, ninmin, tins

i (sin +2sin2 )
79700 \""N Pt 5 4

vinm/s, nin min-, , rand s in mm
=S g

Un= 35000 (see P. 422 for diagram)

U IN M/S, n in min-1, s in mm

Piston acceleration (approximation)

o= 2-m-n2-5 (cos ‘p"'lﬁ cos2(,o)

B T
%= 185400 (CDS P+ COSQ@I

oy in m/s2, ninmin-', /, rand s in mm

') See P. 34 for definitions of “mathematical relationships between quantities” and “numerical

relationships between quantities”.
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Calculation equations (continued)

Mathematical relationship between quantities

Numerical relationship between quantities

Gas velocity
Mean gas velocity in the valve section

pd
ST 42 30000
vgin m/s, d, d,, and s in mm, n in min-"

The highest volumetric efficiency values are achieved at mean gas velocities of

90 ... 110 m/s (empirical values).

Fuel supply
Injected quantity per injection pump
stroke
VE = Pe{f 5 be
0 M-z

Mean velocity of injection spray

Vg = M {ad in rad)
Su- O

_ 1000 - Peji - be

Vs 60-0-np-z

Ve in mm3, Pggy in KW, be in g/kW - h
(or also Pey in hp, be in g/hp - h),

g in min-', g in kg/dm?

(for fuels ¢ = 0.85 kg/dm?)

Bi= 6 Ve

Ug=inm/s, ng in min-', Vg in mm?
Sqinmm2, auin ©

Engine power
P=M-w=2-1-M-n

Pe" = VH *Pe I']':"K
K =1 for 2-stroke engine
K = 2 for 4-stroke engine

Power per unit displacement (power
output per liter)

= Dt

Pa= 3

Weight-to-power ratio

My = -2
P7 Pei

P =M - n/9549
PinkW,MinN-m(=W:-s),

Pﬂr:VH-pevn _ My-n

K-600 ~ 9549
Peii in KW, pe in bar, n in min-1.
My inN-m
P=M-n716.2

Pinhp, Minkp - m, nin min-t

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



419

Internal-combustion engines

Calculation equations (continued)

Mathematical relationship between quantities

Numerical relationship between quantitias

Mean piston pressure (mean pressure, mean working pressure)

4-stroke engine 2-stroke engine

_2.P _ P
P=vn p_VH-n
_4.nM po 2imeM
S Vi

4-stroke engine 2-stroke engine

_ P - P
p=1200 ;-0 p =600 —
pinbar, Pin kW, Vi in dm?3, 5 in min-t

-833-F % P
p_BSSVH-n p =441 Ydi

pinbar, Pin hp, Viin dm3, n in min-!

T - 00608
p=0.12574; p=0.06287

pinbar, Min N -m, Vyin dm?

Engine torque

M, = Vi - pe
97 4 2n

_ VH-pe _ Vu-pe
Ms= 512566 Ms = 5.06284
MginN-m, Viyindms, pein bar

Md - 9549 . Pe[[!‘ﬂ

Md inN - m, Pe" in kW, n in min-!

Fuel consumption?)

B = Measured values in kg/h
be = B/Pygy
be = 1/(H, - Me)

B indm?h or kg/h

Vg= Measured volume on test
dynamometer

g = Elapsed time for measured
volume consumption
B Vi - Og- 3600
: tg - Py

og = Fuel density in g/cm3,
tgins, Vein cm?, Pey in kW.

Efficiency

Mn=1-gv
Ne = Peﬁ/(B L Hu)

Ne = 86/b,

where H, = specific calorific value
42,000 kJ/kg

be in g/(kW - h)

1) Sze P. 337 for the effect of vehicle design measures on fuel consumption.
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Displacement and compression area See P. 417 for diagram and equation.

The diagram below applies to the displacement Vi, and compression space V; of the individual
cylinder, and fo the total displacement Vy, and total compression space V.

T T
osol—|— 1 1 il
0.40 — |
| |
| 1’3
0.30 — . o
.bO
0.25 — oA
0.20 Q&ﬁ
o Ll Ll KA
Ems_ —_ ""4'_/ '/"/" |/
a // / / 7
é 0.12 = // ...I ,//1
¢ 0.10
s AP
O 008~ A vl / v a4
{/ // A ;’ ////
0.06 — ./,//////7 /
005/ — VAL A/ /%
~ / / ( // 1A 1
004/ ////’/ 7 /5//: 1|
/ V/{/// f ;// EDE
WA T
////‘I //(f// . ' . |
| .
2% ditlisiinm
0.2 03 04 05 0.7 1.0 1.4 20 30 40dm?

Displacement Vj,

Example:
An engine with a displacement of 1.2 dm® and a compression ratio £ = 8 has a
compression area of 0.17 dm?2.
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Piston clearance from top dead center See P, 417 for equation.
Conversion of degrees crank angle to mm piston travel.
T T T L L L L T Ll 1 [ &1
1 | I I Tt
o |
: T / / L J50°
sop | | | | | | / pdl Vailll
| oA AT
// // |
45°
/ /
| LA A 7
40 | V4 p / s ol
' / )l/ 1// |/
i /I // i ,/: —A40° &
| K A ] AT °
- 4 ¥ | |
5 L ! | / | | || / | Q
3 30l | /11 A1 ] 2
F | i / [ P
5 | ' g 4 ' . ®
g | r i PAREEP L
é'é =g ' 1A é
| ~ o
g r ,/ i ,// - ' — =
2 20| / A 1 A // A
3 o / i -/-/ | /,_./ ~ ||
(o i 1 |
.y Eall
/1A : | ; | 25°
Yy, |/ / L
10 /t'/ [P __.-/"'— -
) Tl Lo 1 P L Lt
1 ! —— —-.-"."‘T-—T—-
;"‘,/ - : ;=-| = | 1 | [ s 15°
= T | | | 10°
0 = — -5°
50 100 150 200 mm
Stroke s
Example:

The piston clearance from top dead center is 25 mm for a stroke of 140 mm &t 45°
crankshatft.

The diagram is based on a crank ratio //r = 4 (/ connecting-rod length, r one half of the
stroke length). However, it also applies with very good approximation (error less than
2%) for all ratios I/ between 3.5 and 4.5.
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422

See P, 417 for 2quation,

Piston velocity
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120 140 160 mm

70 80 90 100

60

50

Stroke s

Example:

13 m/s for stroke

8 m/s and maximum piston velocity Unax

86 mm and at an engine speed of n = 2800 min-1.

Mean piston velocity v,

A

The diagram is based on Upax = 1.62 U, (see P. 417).
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Charge density increase in the cylinder with turbo/supercharging

Increase in density on supercharging as a function of the pressure ratio in the compressor, the
compressor efficiency and the intercooling rate for charge-air cooling (CAC).

el
I (31

> P2lPs i fﬁ
Q - i quf
5 B
@ . 1642 i
T c . R

- 19 Lot
& © bR
S o R P
3= 44w M
@5 1. ) 3 it
3 g ‘

@ e o '
85 2
o E 1.2 65
%3 difference :
= AT = TZ—T1 - ..
§ = (= 25°C) :
2 o3 i e /O I folo B e )

2.2 1.8 1.4 1 1.4 1.8 2.2
Compression ratio p,/p, Increase in density p>/p,

palny =T = Pressure ratio during crankcase compression, 020, = Increase in density,

oy = Densily upsiream of compressor, 0> = Density downstream of compressor in kg/m3
T,/T» = Intercooling rate, T» = Temperature before CAC, T>' = Temperature after CAC in K
N = Isentropic compressor efficiency

Final compression pressure and temperature

Firal compression temperature as a function Final compression pressure as a function
of the compression ratio and the intake of the compression ratio and boost
teraperature. pressure.
°C bar[™¢=20 £=16

1S _ €=13

© 700} g=20 120

3 ©

®© e=16 ;

:{isoo— s w| 30 e=10

v w

w @

2 500 e=10| § 80

2 £=8 S £=8

@ 400 — 7 60+

el p

= o

£ 300C g 40+

(s} s}

e ]

€ 200— 20

[T

| l | | | 0 | 1 l |
-20° 0° 20° 40° 60° °C 0 1 2 3 4  ba
Intake temperature Charging pressure p.

1= Te~27315K, To=Ts- €™, n=1.35 Pe=pL-€" n=1.35

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



424

External-combustion engines

Reciprocating-piston engine with external
combustion (Stirling engine)

Operating concept and
efficiency

Cycle sequence: In phase |, the power
piston (bottom), or working piston, is at
its lowest position and the displacer (top
piston) is in its highest; all of the working
gas is expanded in the “cold” area be-
tween the two pistons. During the transi-
tion from phase | to phase I, the power
piston compresses the working medium
in the cold chamber. The displacer re-
mains in its uppermost position. During
the transition from phase Il to phase Ill,
the displacer moves down to push the
compressed working medium through the
heat exchanger and into the regenerator”
(where it absorbs the stored heat) and
from there into the heater (where it is
heated to maximum working tempera-
ture). Because the power piston remains
in its lowermost position, the volume does
not change.

After being heated the gas enters the
“hot” area above the displacer. During the
transition from phase lll to phase IV the
hot gas expands; the power piston and
displacer are pushed into their lowermost
positions and power is produced. The
cycle is completed with the transition from
phase IV back to phase I, where the

displacer's upward motion again propels
the gas through the heater and into the re-
generator, radiating substantial heat in
the process. The residual heat is ex-
tracted at the heat exchanger tefore the
gas reenters the cold area.

Thus the theoretical cycle largely corre-
sponds to isothermal compression (the
working gas is cooled back down to its ini-
tial temperature in the heat exchanger
after adiabatic compression), isochoric
heat addition via the regenerator and
heater, quasi-isothermal expansion (the
working gas is reheated to its initial condi-
tion in the heater after adiabatc expan-
sion) and isochoric heat dissipation via
the regenerator and heat exchanger.

The ideal cycle shown in the p-V and
T-§ diagrams could only be achieved if -
as described — the movement of the
power and displacer systems were dis-
continuous.

If both pistons are connected to a shaft,
i.e., via a rhombic drive, they carry out
phase-shifted sinusoidal movements
leading to a rounded work diagram with
the same cycle efficiency — similar to the
efficiency of the Carnot cycle - but with
sacrifices in power and net efficiency.

The Stirling engine cycle

Four states of discontinuous power-piston and displacer movement. 1 Power piston,
2 Displacer, 3 Cold space, 4 Hot space, 5 Heat exchanger, 6 Regenerator, 7 Heater.

1 v
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Theoretical Stirling erigine cycle as shown in the p-V and T-S diagrams.
P T
3
Theater + 2 4
2
4
1 Theat ex -
| 1 changer A
Vhot | Veold ! 14 §

Design and operating
characteristics

Modern Stirling engines are double-act-
ing engines with (forinstance) 4 cylinders
operating with a defined phase shift. Each
cylinder has only one piston whose top
surface acts as a power piston, and
whose bottom surface acts as a displacer
for the following cylinder. The heat ex-
changer, regenerator and heater are lo-
cated between the cylinders.

In order to maintain an acceptable ratio
between power and displacement, the en-
gines run at high pressures of 50 to
200 bar, variable for purposes of load con-
trol. Gases with low flow losses and high
specific heats (usually hydrogen) must be
used as working fluids. Because the heat
exchanger must transfer all of the heat
which is to be extracted from the process
to the outside air, Stirling engines require

considerably larger heat exchangers than
IC-engines.

Advantages of the Stirling engine: very
low concentrations of all the pollutants
which are subject to legislation (HC, CO
and NO,); quiet operation without com-
bustion noise; burns a wide variety of dif-
ferent fuels (multifuel capability); fuel con-
sumption (in program map) roughly equiv-
alent to that of a direct-injection diesel
engine at comparable speeds.

Disadvantages: high manufacturing costs
due to complicated design; very high op-
erating pressures with only moderate
power output relative to the unit's volume
and weight; expensive load-control sys-
tem required; large cooling surface and/or
ventilation power required.

Double-action Stirling engine
1 Heater, 2 Regenerator, 3 Heat exchanger.

Heat balance of Stirling engine
t Residual heat loss
L 1 Exhaust heat
o aust he ]
80 /
601 Coolant heat
40+
A | Useful power
0 1 1
25 50 75 bar
Mean cycle pressure pm
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Internal-combustion engines

Wankel rotary engine

The rotary engine is an unconventional
piston powerplant in which the crankshaft
rmechanism is replaced by an eccentric
drive unit operated by a rotary piston. The
piston forms the combustion chambers as
it proceeds through its trochoidal rotation
pattern.

Viewed from the side, the rotor is a
triangle with convex sides. Located within
the water-cooled housing is the oval —
or more precisely: hourglass shaped —
piston chamber (epitrochoid). As the
rotor turns, its three apices follow the wall
of the housing to form three mutually-
sealed, variable displacement chambers
(A, B and C) spaced at 120° intervals.
Each of these chambers hosts a com-
plete four-stroke combustion cycle during
each full rotation of the rotor, i.e. after one
full rotation of the triangular rotor, the
engine has completed the four-stroke
cycle three times and the eccentric shaft

has completed an equal number of rota-
tions.

The rotor is equipped with bcth face
and apex seals. It incorporates a con-
centric internal ring gear and the bear-
ings for the engine shaft's eccentric. The
rotary piston’s internal ring geer turns
against a housing-mounted gear: this
gear runs concentrically relative to the
eccentric shaft. This gear set transmits
no force. Instead, it maintains the rotary
piston in the trochoidal orbit pattern re-
quired to synchronize piston and eccen-
tric shatft.

The teeth of the gear set act in accor-
dance with a 3:2 conversion ratio. The ro-
tor turns at two thirds of the shafts angu-
lar velocity and in the opposite direction.
This arrangement produces a relative ro-
tor velocity that is only one third of the
shaft's angular velocity relative to the
housing.

tion.)

Design and operating concept of the Wanke! rotary engine

1 Rotor, 2 Internal gearing in rotor, 3 Spark plug, 4 Fixed pinion, 5 Running surface of eccentric.
a) Cell A takes in air-fuel mixture, cell B compresses the mixture, and the combustion gases C are
exhausted from cell C. (Depressions in the rotor flanks allow gas to pass by the trochoidal restric-

b) Cell A is filled with fresh gas, the combustion gases expand in cell B, thereby turning the eccen-
tric shaft via the rotor, combustion gases continue to be exhausted from cell C. The next phase of
combustion is again that shown in figure a), whereby cell C has taken the place of cell A. Thus the
rotor, by turning through 120° of one rotation, has carried out the complete four-stroke process at
its three flanks. During this process, the eccentric shaft has made one complete rotation.
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Internal-combustion engines

Gas exchange is regulated by the pis-
on itself as it moves past slots in the
iousing. An alternative to this arrange-
nent — with peripheral intake ports
Jcated along the apices’ trochoidal path
- is represented by intake ports in the
ide of the block (side ports).

Considerably higher gas velocities and
ngine speeds are made possible by the
ack of restrictive gas passages and the
tbsence of reciprocating masses. Every
otary engine can be completely balanced
nechanically. The only remaining irregu-
arity is the uneven torque flow, a charac-
eristic of all internal-combustion engines.
{owever, the torsional force curve of
1 single-rotor engine is considerably
smocther than that of a conventional
single-cylinder engine, due to the fact that
he power strokes occur over 270° of the
sccentric shaft's rotation. Power-flow con-
sistency and operating smoothness can
oth be enhanced by joining several ro-
ary pistons on a single shaft. In this con-
ext, a three-rotor Wankel corresponds

to an eight-cylinder, reciprocating-piston
engine. The torque curve can be made to
assume the characteristics of a throttled
engine or a racing engine by changing the
timing (location) and shape of the intake
ports.

Advantages of the rotary engine: ccm-

plete balancing of masses; favorable 1or-
sional force curve; compact design; no
valve-gear assembly; excellent tractabil-

ity.

Disadvantages: less than optimal com-
bustion chamber shape with long flame
paths, high HC emissions, increased fuel
and oil consumption, higher manufacur-
ing costs, diesel operation not possible,
high location of output shaft.

Design of a twin rotary engine
1 Rctor, 2 Hydraulic torque convertor, 3 Automatic clutch.
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Internal-combustion engines

(zas turbine

In the gas turbine, the individual changes
of state during the cycle take place in spa-
tially separate components (compres-
sors, burners and turbines), which com-
rmunicate with one another via flow-con-
ducting components (diffusers, spirals
and the like). These changes of state
therefore occur continuously.

Operating concept,
comparative cycle and
efficiency

In automotive gas turbines, the intake air
is drawn in continuously through a filter
and noise attenuator prior to condensa-
tion in a radial compressor and subse-
quent warming in a heat exchanger. The
heat exchanger in current automotive
units is usually designed as a rotating re-
generator.

The compressed and preheated air
then flows into the burner where it is di-
rectly heated through injection and com-
bustion of gaseous, liquid or emulsified fu-
els. Energy from the compressed and
heated gases is then transmitted to one,
two or three turbine stages on one to
three shaft assemblies. The radial- or
axial-flow turbines initially drive compres-
sors and auxiliary assemblies, which then
relay the remaining power to the drive-
shaft via a power turbine, reduction gear
and transmission.

The turbine usually incorporates ad-
justable guide vanes (AGV turbine) de-
signed to reduce fuel consumption at idle
and in part-load operation whilst simulta-
neously enhancing tractability during
acceleration. In single-shaft mechines,
this necessitates an adjustment mecha-
nism at the transmission.

Aiter partial cooling in the expansion
phase the gases flow through the gas
section of the heat exchanger, where
most of their residual heat is discharged
into the air. The gases themselves are
then expelled through the exhaust pas-
sage, whereby they can also supply heat
for the vehicle’s heating system.

The thermal efficiency and wilh it the
fuel consumption of the gas turbine are
largely determined by the maximum pos-
sible operating temperature (burner exit
temperature). The temperatures ihat can
be achieved using highly heat-resistant
cobalt- or nickel-based alloys do rot allow
fuel consumption that is comparable with
present-day piston engines. It will need
the changeover to ceramic materials be-
fore similar or even better fuel efficiency
can be achieved.

The comparative thermodynamic cycle
for the gas turbine is the constant-pres-
sure or Joule cycle. It consists of isen-
tropic compression (process 1 — 2), iso-
baric heat addition (process 2 — 3}, isen-
tropic expansion (process 3 — 4) and
isobaric heat dissipation (process 4 —1).
High levels of thermal efficiency are only
available when the temperature increase
from T, to T, supplied by the heat
exchanger, is coupled with a thermal dis-
charge (4 — 4'). If heat is completely

Characteristic operating temperatures (orders of magnitude) at various
positions in metallic and ceramic automotive gas turbines at full load

Measuring point Metal turbine Ceramic furbine
Compressor exit 230°C 250°C
Heat-exchanger exit (air side) 700°C 950°C
Burner exit 1000°C...1100°C | 1250°C...1350°C
Heat-exchanger inlet (gas side) 750°C 1000°C
Heat-exchanger exit 270°C 300°C

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



429

Internal-combustion engines

?Iermodynam!c comparative cycle as shown in the p-V and T-S diagrams.
2 3
p
Pg
1 4
0
0 Ve

exchanged, the quantity of heat to be
added per unit of gas is reduced to

Gasd=Cp- (Ta—To)=cp (T3—Ty)
and the quantity of heat to be removed is

Jrem = Cp* (Te - T!) =0Cp (T2~ T1)-
The maximum thermal efficiency for the
gas turbine with heat exchanger is:
Nin=1= Orem/Qaga=1-(To~T1 (Ts-Ta)

X or

Wherepgj}h = (Tz}fT]) £-1= {Tg}Ta} ‘-1
and Tg = T3 - (T1/T5) it follows that

T}'m = 1 s (TZJ{TS}

Current gas-turbine powerplants aciieve
thermal efficiencies of up to 35%.

Advantages of the gas turbine: clean
exhaust without supplementary emis-
sions-control devices; extremely smooth
running; multifuel capability; good static
torque curve; extended maintenance
intervals.

Disadvantages: manufacturing costs
still high, poor transitional response,
higher fuel consumption, less suitable for
low-power applications.

Gas turbine

1 Filter and silencer, 2 Radial-flow compressor, 3 Burner, 4 Heat exchanger, 5 Exhaust port,
6 Reduction gearset, 7 Power turbine, 8 Adjustable guide vanes , 9 Compressor-turbine,
10 Starter, 11 Auxiliary equipment drive, 12 Lubricating-oil pump.
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Engine cooling

Engine cooling

Air cooling

Cooling air is routed by dynamic pressure
and/or a fan around the finned external
walls of the cylinder casing. Flow restric-
tors and fan-speed control, etc., can be
amployed to regulate the current in re-
sponse to variations in temperature and
load factor. Power consumption is 3...4 %
of total engine output. Suitable sound-
proofing measures can be employed to
obtain both consistent engine tempera-
tures and noise levels comparable to
those of liquid-cooled engines. Heat ab-
sorbed by the engine’s oil is dispersed by
an air-cooled oil cooler mounted at a suit-
able position in the air stream.

Water cooling

Water cooling has become the standard
in both passenger cars and heavy-duty
vehicles.

Pure water is no longer employed as
coolant; today's coolants are a mixture of
water (drinking quality), antifreeze (gener-
ally ethylene glycol), and various corro-
sion inhibitors selected for the specific ap-
plication. An antifreeze concentration of
30..50% raises the coolant mixture’s
boiling point to allow operating tempera-

tures of up to 120°C at a pressure of
1.4 bar in passenger cars.

Radiator designs and materials

The cores of the coolant radiators in mod-
ern passenger cars are almost always
made of aluminum, which is also being
used in an increasing number o heavy-
vehicle radiators throughout the world.
There are two basic assembly variations:
brazed and mechanically joined radiators.

For cooling high-output engines, or
when space is limited, the best solution is
a brazed, high-performance flat-tube and
corrugated-fin radiator layout with mini-
mal aerodynamic resistance on the air-in-
take side.

The less expensive, mechanizally-as-
sembled finned-tube system is generally
employed for applications with less pow-
erful engines or when more cpace is
available.

When the radiator is assemtled me-
chanically, the cooling grid is formed by
mounting stamped fins around round,

~ oval and flat-oval tubes. The fins are cor-

rugated and/for slotted at right angles to
the direction of air flow.

Turbulators are applied in all types of
radiators to enhance the thermal transfer
on the coolant side (i.e. in the pipes) pro-
vided the attendant pressure losses re-
main within acceptable limits. On the cool-
ing-air side, corrugations and gills provide

Passenger-car
cooling system
1 Radiator tank,
2 Transmission-fluid
cooler,
3 Gasket,
4 Engine-coolant
radiator,
5 Side brace,
6 Base,
7 Oif tank,
8 Engine-oil cooler,
9 VISCO® coupling,
10 Fan.
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improved thermal transfer in the fins.

The radiator tank ensures that the
coolant is distributed throughout the
block. These tanks are made of fiber-
glass-reinforced polyamides, and are in-
jection molded with all connections and
mountings in a single unit. They are
flange-mounted to the radiator core.

Radiator design
Regardless of operating and environmen-
tal conditions, the radiator must continue
to provide reliable thermal transfer by dis-
charging engine heat into the surrounding
air, Different methods can be applied to
detarmine radiator capacity. The cooling
capacity required for a specific radiator
cari be determined empirically, using
comparisons with reference units of the
same design, or calculations based on
correlation equations for thermal transfer
and flow-pressure loss can be employed.
Aside from reliable cooling, other prior-
ities in radiator design include minimizing
the power required to operate the fan and
maintaining low aerodynamic drag. The
mass of the cooling air stream is a deci-
sive factor, as there is an inverse relation-
ship between fan and radiator capacities:
A more powerful fan with higher energy
consumption allows a smaller radiator,
and vice versa. In addition, the tempera-
ture differential between the surrounding
air and the coolant should be as large as

possible, an objective that can only be
achieved by maximizing coolant tempera-
ture, which in turn entails a corresponding
increase in system pressure.

Regulation of coolant temperature

A motor vehicle’s engine operates in a
very wide range of climatic conditions and
with major fluctuations in engine load fac-
tors. The temperature of the coolant-- and
with it that of the engine — must be -equ-
lated if they are to remain constant within
a narrow range. An efficient way to com-
pensate for varying conditions is to install
a temperature-sensitive thermostat incor-
porating an expansion element to regu-
late temperature independent of pressure
variations in the cooling system. The ther-
mostat responds to drops in coolant tem-
perature by activating a valve to increase
the amount of coolant bypassing the radi-
ator. This method provides consistent op-
erating temperatures, good venicle-
heater performance and helps lower
emissions while also reducing engine
wear.

Further possibilities are permitted
when a map thermostat is used. An elec-
tronically controlled thermostat cliffers
from purely expansion-element-regt lated
thermostats in that it has a larger logic
content. When the wax element is heated
in the map thermostat, which can be con-
trolled by the engine-management sys-

Electronic control of coolant temperature

Air-temperature | ’
ma =2
B - Logic unit I I
Load map Electronically
controlled
v v thermostat

Speed map

nT : A
Coolant-tem- & > 6}‘%
perature map | T i XD

an
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tem, an increased coolant temperature is
simulated such that an optimum tempera-
ture level is set.

Coolant expansion tank

The expansion tank provides a reliable
escape channel for pressurized gases,
preventing cavitation of the kind that
tends to occur on the suction side of the
water pump. The expansion tank’s air vol-
ume must be large enough to absorb the
coolant's thermal expansion during rapid
pressure buildup and prevent the coolant
from boiling over.

Expansion tanks are injected-molded in
plastic (generally polypropylene), al-
though simple designs can also be in-
flated to shape. The expansion tank can

Visco coupling TE20-K2

1 Basic body, 2 Cover, 3 Primary disk,

4 Magnet bearing, 5 Solenoid coil, 6 Sole-
noid, 7 Permanent magnet, 8 Stop plate,
9 Intermediate disk, 10 Coupling bearing,
11 Flanged shaft, 12 Valve-lever spring.

10

form a single unit with the radiator tank, or
the two can be joined in a flange or plug
connection. It is also possible to install the
expansion tank at a remote location.

The position and shape of “he filler
opening can be used to limit capacity,
thus preventing overfilling. A sight glass or
an electronic level sensor can be em-
ployed to monitor the level of the coolant,
or the expansion tank can be rnanufac-
tured in undyed, transparent plastic. How-
ever, colorless polypropylene is sensitive
to ultraviolet rays; it is thus important that
the expansion tank not be exposed to
direct sunlight.

Cooling-air fan

Because motor vehicles also req.ire sub-
stantial cooling capacity at low speeds,
force-air ventifation is required for the ra-
diator.  Single-piece injectior-molded
plastic fans are generally employed in
passenger cars; injection-molded fans
with drive-power ratings extending up to
20 kW are likewise now used in ommer-
cial vehicles. Fans with more modest
power ratings are mostly driven electri-
cally by DC and EC motors (up tc 600 W),
Although blade design and arraaigement
can be selected to provide relatively quiet
operation, the noise levels of such fans re-
main substantial due to their conisistently
high rotation speeds. Using electric mo-
tors for cooling in mid-size cars and larger
vehicles would entail excessive costs. On
these vehicles, the fan is powered directly
by the engine, via a drive belt, or, in heavy
trucks, the fan is attached direclly to the
crankshaft, dispensing with an intermedi-
ate drive element.

The fan-control arrangement requires
particular attention. Depending 1ipon ve-
hicle and operating conditions, the unas-
sisted air stream can provide sufficient
cooling up to 95% of the time. 't is thus
possible to economize on the fuel which
would otherwise have to provide: the en-
ergy to drive the fan. Electric fans use a
multistage or continuous control system
for this purpose, i.e. the fan is only acti-
vated above precisely defined coolant
temperatures by means of electric tem-
perature switches or by the engine elec-
tronics.

The fluid-friction or viscous-drive fan
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(VISCO® coupling) is a mechanical-drive

arrangement of proven effectiveness for

application in both passenger cars and
heavy vehicles. It basically consists of
three sections: the engine-powered pri-
mary (or input) disk, the internally-acti-
vated secondary (or output) section, and
the control mechanism.

Control can be effected by two meth-
0Cs:

—Firstly, the pure temperature-depen-
dent, self-regulating coupling, which
varies its speed infinitely through a
himetallic element, an operating pin and
a valve lever by means of the amount of
silicone oil located in the working cham-
ber. The controlled variable is the tem-
perature of the air leaving the radiator,
and thus indirectly the temperature of
ihe coolant.

- Secondly, the electrically activated cou-
pling; this coupling is electronically con-
irolled and electromagnetically actu-
ated. Instead of just one controlled vari-
able, a wide range of input variables is
used for control purposes. These are
usually the temperature limits of the var-
ious cooling media.

An intermediate disk divides the sec-
ondary section into a supply chamber and
a working chamber through which the
fluid circulates. There is no mechanical
connection between the working chamber
and the primary disk, which rotates freely
within it. Torque is transmitted through the
internal friction of the highly-viscous fluid
and its adhesion to the inner surfaces.
Trere is a degree of slippage between in-
put and output.

Intercooling (charge-air
cooling)

Cooling the boost air reduces both the
thermal loads placed on the engine and
the exhaust-gas temperatures, with atten-
dant benefits in NOy emissions and fuel
consumption. It also inhibits preignition in
spark-ignition engines. Basically speak-
ing, both the engine coolant and the ambi-
ent air can be employed to cool the boost
air. An air-to-coolant intercooler can be in-

stalled in virtually any location, a benefit
associated with this water-cooled unit's
modest dimensions. However, without an
auxiliary cooling circuit, this type of system
can only cool the charge air down almost
to the temperature of the engine conlant.

For these reasons air-to-air intercoolers
have become the configuration of choice
in both passenger cars and heavy vehi-
cles. These intercoolers can be mounted
in front of, beside or above the engine ra-
diator, or at a completely separate: loca-
tion. A separately-mounted intercooler
can utilize either the unassisted vehicle
air stream or its own fan. Extra effort is re-
quired to ensure adequate air supply
when the intercooler is to be located to
the front of the engine radiator. The ad-
vantage of this location lies in the fact that
the fan ensures sufficient air flow across
the intercooler at low vehicle speeds. A
disadvantage is that the cooling air is itself
heated in the process: The capacity of the
engine radiator must therefore be in-
creased accordingly.

The system of corrugated aluminum
fins and tubes employed for the inter-
cooler core is similar to that used in the ra-
diator for the engine coolant. Wide tubes
with internal fins provide superior perfor-
mance and structural integrity in actual
practice. Owing to the high level of ther-
mal-transfer resistance on the cha-ge-air
side it is possible to hold the fin density on
the cooling-air side to a minimum. The dif-
fusion rate ®is a particularly important in-
tercooler property. It defines the relation-
ship between boost-air cooling effiziency
and the boost-air/cooling-air temperature
differential:

D= (g —t1a) / (tie — toe)

The equation’s elements are:

¢ Diffusion rate

t1e Boost-air intake temperature,

114 Boost-air exit temperature,

f¢ Cooling-air intake temperature.,

For passenger cars: ©=04..0.7;
For commercial vehicles: @ =0.65. .0.85.
Whenever possible, the plenum chamber
is injection-molded in fiberglass-rein-
forced polyamide as a single casting in-
corporating all connections and mounts.
Plenum chambers which are subject to in-
creased stresses, e.g. the charge-air inlet
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system, are injection-molded from highly
heat-resistant PPA or PPS. The plenum
chamber is flange-mounted on the radia-
tor core. Plenum chambers which feature
undercut shapes or are intended for high-
temperature applications are die-cast in
aluminum, and welded to the core.

Oil and fuel cooling

Qil coolers are often needed in motor ve-
hicles to cool both engine oil and gear oil.
They are used when the heat losses from
the engine or transmission can no longer
be dissipated via the surface of the oil pan
or the transmission with the result that the
permitted oil temperatures are exceeded.

Fuel coolers are installed in modern
diesel assemblies in order to cool down to
a permissible level the excess diesel fuel
from the return which heats up during the
injection process.

Qil coolers generally take the form of
aluminum oil-to-air or oil-to-coolant cool-
ers, which can be installed either adjacent
to the engine-coolant radiator in the cool-
ing module or separately. Separately
mounted units depend upon the unas-
sisted air stream or an extra fan for cooling.

Oil-to-air coolers mostly consist of a
system of flat tubes and corrugated fins
with a high power density, or of a system
of round tubes and flat fins. Turbulence in-
serts are soldered into flat-tube systems
for strength reasons (high internal pres-
sures).

Stainless-steel disk coolers and alu-
minum forked-pipe coolers are used to
cool lubricating oil and engine coolant in
passenger cars. However, aluminum
stack designs have entered the market
and proven successful over the last few
years.

Disk coolers have their own casing and
are mounted between the engine block
and the oil filter. Forked-pipe coolers have
no casing and must therefore be inte-
grated in the oil-filter housing or in the oil
pan.

Disk-stack oil coolers are made up of
individual disks which are turned and
arranged on top of each other. Turbulence
inserts are inserted between the individ-
ual disks.

If only a modest cooling output is re-
quired (e.g. cooling of transmission fluid
in automatic transmissions), aluminum
flat-tube coolers can be used for passen-
ger cars and commercial vehicles. They
are installed in the outlet tank of the en-
gine radiator.

An oil-to-air cooler is used to cocl trans-
mission fluid in more powerful heavy vehi-
cles. The unit is mounted in fron: of the
engine radiator in order to ensure good
ventilation.

Lube oil in heavy vehicles is generally
cooled by stainless-steel disk packs or
aluminum disk-stack coolers which are
accommodated in an extended coolant
duct in the engine block. If conditions are
favorable, neither a casing nor additional
lines are required.

Cooling-module technology

Cooling modules are structural units
which consist of various cooling and air-
conditioning components for a pasisenger
vehicle, and include a fan unit complete
with drive, e.g. a hydrostatic or electric
motor or a Visco® coupling.

In principle, module technology features a
whole range of technical and economic
advantages:

—optimum layout and alignment of the
components to the fan's power output,
—thus improved efficiency in the passen-
ger car, or smaller and more inexpen-

sive components can be realized.

The optimum layout of the individual com-
ponents and their coordination with each
other are made possible by exact knowl-
edge of the characteristic curves for the
fan, the fan-drive and the heat-excnanger.
This prevents e.g. the backflow of cooling
air, which would reduce the effective
cross-sectional area of the cooler.

Intelligent
thermomanagement

Future developments are heading in the
direction of operationally optimized regu-
lation of different heat flows.

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



Engine cooling 435

Thermomanagement involves opera-
tionally optimized cooling by means of the
demand-compatible regulation and alloca-
tion of material and heat flows. Thus the
cooling-air flow must be regulated by the
fan and radiator-blind actuators in such a
way that only the minimum throughput that
is actually required for heat dissipation
passes through the cooling-air system (de-
mand-triggered regulation). This minimum
throughput must then be made available
by suitable routing elements to the heat
exchangers which require cooling air. This
philosophy is to be applied to all material
flows such as coolant, cooling air, engine
and gear oil, charge air and fuel. For this
corcept to be successfully implemented, it
is essential that new actuators be used in
the cooling-air system and fluid circuits
such as e.g. controllable fans, pumps,
valves, flaps, throttling and routing ele-
ments, and that they be incorporated in a
microprocessor-controlled control system.

Exhaust-gas cooling

Because of the introduction of new,
stricter exhaust-emission regulations for

diesel engines, new technologies for re-
ducing emissions have become the focus
of engineers’ attention.

One such technology is cooled ex-
haust-gas recirculation (EGR), which al-
lows the reduction of emissions at the
cost of only a minimum rise in fuel con-
sumption.

The EGR system is accommodated in
the high-pressure area of the engine. The
exhaust gas to be recirculated is removed
from the main flow between the cylinder
and turbine, cooled by the engine ccolant
and then reintroduced to the fresh air after
the intercooler. The EGR system consists
of a valve which regulates the amount of
exhaust gas to be recirculated, thz ex-
haust lines, and the exhausi-gas-to-
coolant heat exchanger.

Because of its location in the high-pres-
sure area, the exhaust-gas heat ex-
changer is subject to extreme ope-ating
conditions. For instance, the exhaust-gas
temperature can reach up to 400°C for
passenger cars and up to 700 °C for com-
mercial vehicles, a fact which makes it im-
perative to use heat-resistant mater als.

Cooled exhaust-gas recirculation (schematic)

6 Turbine, 7 Compressor.

1 Engine, 2 Exhaust-gas heat exchanger, 3 Water connection, 4 Intercooler, 5 EGR valve,
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Fuel filters

Fuel filters

Injection systems for spark-ignition and
diesel engines are sensitive to the small-
est impurities in the fuel. Damage can be
caused above all by particulate erosion,
abrasion and water corrosion. The ser-
vice life of the fuel-injection system is only
guaranteed by a specific minimum purity
of the fuel supplied to the components ex-
posed to wear.

The function of the fuel filter is to re-
duce particulate impurities. The neces-
sary filter fineness is defined by the re-
quirements of the fuel-injection system.
As well as guaranteeing protection
against wear, the fuel filter must feature
an adequate particulate retention capac-
ity. Filters with insufficient capacity to re-
tain contaminants are liable to become
clogged before the end of the official re-
placement interval. This will result in a re-
duction in fuel delivery and thus a drop in
engine power. It is therefore essential to
install a fuel filter that is custom-tailored to
the relevant injection system. Using un-
suitable filters has at best unpleasant and
at worst very costly consequences (re-
placement of components up to and in-
cluding the entire injection system).

Fuel filters for gasoline
injection systems

Fuel filters for spark-ignition engines are
located between the fuel tank and the fuel
pump and/or on the pressure side down-
stream of the fuel pump. The preferred
design is the in-line filter. In addition,
easy-change filters screwed to a base,
and housing filters with non-metal filter el-
ements are used. Components such as
the pressure control valve can be inte-
grated in the filter head.

The filter element consists of radial or
spiral vee-shaped filter media. Modern fil-
ter media for gasoline consist of mixtures
of superfine pulp and polyester fibers. The
filter media are always deep-bed filters
where particulates are predominantly re-
tained on the inside of the medium. The
filtration efficiency in once-through opera-
tion for a particulate fraction of between

3and 5 pum (ISO/TR 13353: 1994 Part 1)
is 20...50% depending on the injection
system. The structure of the mixed-fiber
medium and the filter area determine the
particulate retention capacity and “hus the
maintenance interval. The design of new
fuel filters for spark-ignition enginzs is in-
creasingly tending towards maintenance-
free service-life concepts (e.qg. filter in the
in-tank fuel-pump unit).

Fuel filters for diesel injection
systems

Because of the significantly higher injec-
tion pressures, considerably higher de-
mands are placed on the wear-protection
performance of modern diesel injection
systems compared with gasoline injection
systems. This ensures reliability, low fuel
consumption and compliance with emis-
sion limits over the entire service life of
the vehicle (up to 1,000,000 km for com-
mercial vehicles). Depending on the fuel
contamination and application, this re-
quires a filtration efficiency in once-
through operation for a particulate fraction
of between 3 and 5 pm of 70...>95%
(ISO/TR 13353: 1994, Part 1). Less se-

In-line gasoline filter
1 Radial vee-shaped filter element.
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vere filtration stipulations apply to in-line
injection pumps since they are connected
to the engine lube-oil circuit.

As well as high levels of superfine par-
ticulate separation, the fuel filter is ex-
pecled to feature a particulate-retention
capability which will permit compliance
with the maintenance intervals as stipu-
lated by the vehicle manufacturer. This
can only be achieved by using special fil-
ter mediums, e.g. in multilayer form with
synthetic microfiber layers. These filter
mediums apply a fine prefilter effect, and
guarantee maximum particulate-retention
capability by separating the particulates
inside the particular filter layer.

A second essential function of the
diesel filter is to separate emulsified and
free water in order to prevent corrosion
damage. An effective water separation of
>93% at rated flow (ISO 4020) is ab-
solutely essential for distributor injection
pumps and common-rail systems. Water
separation takes the form of coalescence
on the filter medium. The separated water
collects in the water chamber in the bot-
tom of the filter housing. Conductivity
sensors are used to monitor the water
level, and the water is drained off manu-
ally via a drain plug.

Diesel fuel is more heavily contami-
natad than gasoline (particularly due to
products which result from the aging
process). Diesel filters are therefore de-
signed as easy-change filters. Screw-on
easy-change filters with radial or spiral
vee-shaped filter elements are widely
used. Fuel filters with aluminum/plastic
and fully plastic housings are being in-
creasingly used. Only a non-metal filter
element remains as a replacement part.

I¥ particularly exacting demands are
placed on wear protection and/or mainte-
nance intervals, there are filter systems
whrch have a prefilter that is adapted to
the fine filter. In addition to the “microfil-
tration” and “water separation” functions,
modern diesel filters combine “fuel pre-
heating” (using electrical, coolant, or fuel-
recirculation methods) to prevent clog-
ging due to paraffin during winter opera-
tion, maintenance indication by way of a
differential-pressure  measurement, and
manual pumping for filling/venting after
the filter is replaced.

Diesel filter with water drain

1 Filter cover, 2 Fuel inlet, 3 Paper filter
element, 4 Housing, 5 Water collecting
chamber, 6 Water drain plug, 7 Fuel outlet.
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Air supply

Air filters

The air filter serves to inhibit internal wear
by preventing air-borne dust from being
drawn into the engine.

On paved roads, the dust content of the
air averages 1 mg/m3, however, on un-
paved roads and on construction sites the
dust content can be high as 40 mg/m?.
This means that — depending on roads
and operating conditions — a medium-
sized engine can draw in up to 50 g of
dust over 1,000 km.

Passenger-car air filters

In addition to filtering the air, passenger-
car air filters preheat the intake air and
regulate its temperature, as well as damp-
ing the air-intake noise. Intake-air temper-
ature regulation is important for the oper-
ation of the vehicle and for the composi-
tion of the exhaust gases. The
temperature of the intake air may differ
under part-load and full-load operating
conditions.

The required amount of hot air is drawn
in in the vicinity of the exhaust and added
to the cold intake air at the filter inlet by
means of a flap-valve mechanism. The
regulating mechanism is usually an auto-
matic arrangement employing either a
pneumatic vacuum unit connected to the

Central passenger-car air filter

1 Fresh-air intake, 2 Warm-air intake
3 Outlet for warm/fresh air mixture,
4 Vacuum unit.

intake manifold or an expansion element.
The constant regulated intake-air temper-
ature improves engine performance and
fuel consumption, and decreases the per-
centage of pollutants in the exhaust
gases as a result of better fuel manage-
ment and distribution of the air-fuel mix-
ture. Preheating the intake air also short-
ens the warm-up phase of the engine af-
ter it is started, particularly in cold
weather. It also prevents ice from forming
in the carburetor.

Passenger-car air filters employ paper
cartridges and can be mounted either
centrally or at the side of the engine com:-
partment. This type of filter is cnaracter-
ized by a high retention factor which, to a
large extent, remains insensitive to fluctu-
ations in load. Cartridge replacement is a
simple operation performed at ihe inter-
vals specified by the vehicle's manufac-
turer. Passenger-car air filters must be

Side-mounted passenger-car air filter
1 Fresh-air intake, 2 Warm-air intake,
3 Outlet for warm/fresh air mixture.

Paper air filter with cyclone for commer-
cial vehicles

1 Air inlet,

2 Air outlet,

3 Cyclone vanes,
4 Filter element,
5 Dust bow.
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specially matched to each engine type in
order to optimize power output, fuel con-
sumption, intake-air temperature and
damping.

Commercial-vehicle air filters

Most of the air filters used in heavy vehi-
cles are of the paper-element type, al-
though oil-bath filters are employed in
some applications. Paper filters exhibit
high filtering efficiency in all load ranges
and increased flow resistance as the
amount of dirt retained by the filter in-
creases. To save space, a cyclone pre-
filter is often integrated in the air-fitter
housing fitted with a paper element. The
filter is serviced by either replacing the fil-
ter element or emptying the dust cup.

Paper air filters often incorporate main-
tenance indicators to show when the filter
needs servicing.

The servicing information provided by
the manufacturer of the vehicle or the
equipment must be followed. Servicing
can be simplified, according to the inten-
sity of engine-air pulsation, by using spe-
cially matched automatic dust-unloading
valves.

Cyclones increase filter service life and
extend the maintenance intervals. The cy-
clone vanes rotate the air, causing the
majority of dust particles to be separated
from the air before reaching the down-
stream air filter. Cyclones can be installed

upstream of both paper air filters and oil-
bath air filters. They cannot be used alone
as engine air filters because their filtering
efficiency is inadequate.

Intake-noise damping
The intake noise of passenger-car and
commercial-vehicle air filters mus: be
damped in order to comply with egal
regulations pertaining to the overall vehi-
cle noise level. Noise damping is
achieved almost exclusively by designing
the air filter to act as a reflection sound
absorber having the specialized shape of
a Helmholtz resonator; see P. 451.

Assuming that the air filter is of suffi-
cient size, intake noise can generaly be
damped by 10 to 20 dB (A). A good em-
pirical value for 4-stroke engines is 15 to
20 times the displacement of one cylinder.
In special cases in which the noise af par-
ticular frequencies is excessive, supple-
mental dampers must be used.

The resonance frequency of an intake
damper is

¢ | Anm

fU = E’ﬂ.’ : ‘1|| -V
Where
¢ Speed of sound in air
I Length of the intake manifold
Am Mean cross section of the intake man-

ifold

vV Filter volume

| Intake-noise damping

Damping curves of an intake-noise damper

Demper resonance f, = 66 Hz.

1 Theoretical damping curve without taking
into account pipe resonances.

2 Curve of measured damping response
with low sound energy density and without
parallel flow (loudspeaker measurement).

3 Measured damping response with high sound
energy density and with parallel flow (mea-
surement at the engine).

Air filter with intake pipe

| Length of intake pipe,

An Mean cross-section of intake pipe,
V Filter volume.

|

V  Am

dB
+50

+40

+30
+20

+10

Damping

-10
-20

Frequency f
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Charging systems

Turbochargers and
superchargers for internal-
combustion engines
(self-charging)

By compressing the air inducted for com-
bustion in the internal-combustion (IC)
engine, and thereby increasing its mass,
charging systems also increase the out-
put obtained for a given displacement at a
given engine speed. The “compressors”
generally used for IC engines are of three
basic types: the mechanically-driven
supercharger, the exhaust-gas turbo-
charger and the pressure-wave super-
charger.

Mechanical superchargers compress
the air using power supplied by the engine
crankshaft (mechanical coupling between
engine and supercharger), while the tur-
bocharger is powered by the engine’s ex-
haust gases (fluid coupling between en-
gine and turbocharger).

Although the pressure-wave super-
charger also derives its compression
force from the exhaust gases, it requires a
supplementary mechanical drive (combi-
nation of mechanical and fluid coupling).

Superchargers (mechanically driven)
These fall into two categories: mechani-
cally-driven  centrifugal superchargers
(MKL) and mechanically-driven positive-
displacement superchargers (MVL).

The turbo-type supercharger for the
MKL corresponds to the exhaust-gas tur-
bocharger in its essential configuration.
This type of device is very efficient, pro-
viding the best ratio between unit dimen-
sions and flow volume. However, the ex-
treme peripheral velocities required to
generate the pressure mean that drive
speeds must be very high. As the sec-
ondary drive pulley (2:1 conversion ratio
relative to primary drive) does not rotate
fast enough to drive a centrifugal super-
charger, a single-stage planetary gear
with a 15:1 speed-increasing ratio is em-
ployed to achieve the required peripheral
speeds. In addition, a transmission unit
must be included to vary the rotational
speeds if the pressure is to be maintained
at a reasonably constant level over a wide
range of flow volumes (~ engine speed).

Mechanical centrifugal supercharger (MKL)
(schematic)

1 Variable-speed primary pulley, 2 Variable-
speed secondary pulley, 3 Solenoid clutch,

4 Step-up planetary-gear set, 5§ Compressor,
6 Air intake, 7 Air outlet.
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The necessity of using extreme rotational
speeds, and the technical limits imposed
on the transmission of drive power, mean
that the centrifugal supercharger’s range
of potential applications is limited fo
medium- and large-displacement diesel
and gasoline passenger-car engines.

This design has not been extensively em-

ployed for mechanical superchargers.
Positive-displacement  superchargers

(MVL) operate both with and without in-

ternal compression. Internal-compres-

sion superchargers include the recipro-
cating-piston, the screw-type, the rotary-
piston and the sliding-vane compressor.

The Roots supercharger is an example of

a unit without internal compression. All of

these positive-displacement suparcharg-

ers share certain characteristics as

shown in the graphic illustraticn for a

Roots supercharger.

- The curves for the constant rotational
speed np = in the graph of p./p;
against V are extremely steep, indicat-
ing that increases in the pressure ratio
pIps are accompanied by only slight re-
ductions in the mass-flow volume V.
The precise extent of the drop in flow
volume is basically determined by the
efficiency of the gap seal (backflow
losses). It is a function of the pressure
ratio p2/ps and of time, and is not influ-
enced by rotational speed.
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- The pressure ratio pa/p; does not de-
pend upon the rotational speed. In other
words, high pressure ratios can also be
generated at low mass-flow volumes.

- The mass-flow volume V remains inde-
pendent of the pressure ratio, and is,
roughly formulated, directly proportional
to rotational speed.

- The unit retains stability throughout its
operating range. The positive-displace-
ment compressor operates at all points
of the pa/p;-V graph as determined by
supercharger dimensions.

The two twin-bladed rotary pistons of
the Roots supercharger operate without
directly contacting each other or the hous-
ing. The size of the sealing gap thus cre-
ated is determined by the design, the
choice of materials and the manufacturing
tolerances. An external gear set synchro-
nizes the motion of the two rotary pistons.

In the sliding-vane supercharger, an ec-
centrically-mounted rotor drives the three

centrally mounted sliding vanes; the ec-
centric motion provides the internal com-
pression. The extent of this internal com-
pression can be varied for any given ec-
centricity by altering the position of the
outlet edge A in the housing.

The spiral-type supercharger employs an
eccentrically-mounted displacement ele-

ment which is designed to respond to ro-
tation of the input shaft by turning in a
double-eccentric oscillating pattern. In se-
querice, the working chambers open for
charging, close for transport and open
once again for discharge at the hub. The
spirals can be extended beyond the
length shown in the illustration to provide
internal compression.

The displacement element is driven
by a belt-driven, grease-lubricated auxil-
iary shaft, while the input shaft is lubri-
cated by the engine's oil circuit. Radial
sealing is via gaps, while lateral sealing
strips provide the axial seal.

Program map of a Roots supercharger

Pressure ratio pa/p,

] 1
50 100 150 200mdh
Volumetric flow V

Cross-section through a Roots
supercharger
1 Housing,

2 Rotary
piston.

Cross-section through a sliding-vane
supercharger

1 Housing, 2 Rolor, 3 Vanes, 4 Shaft,

5 Outlet edge A.

Cross-section through a spiral-type

supercharger

1 Air intake into

second working

chamber,

2 Drive shaft,

3 Displacer 4

guide, f il

4 Air intake into 1. \ il | 5
6

primary working
chamber,

5 Housing,

6 Displacer.
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The rotary-piston _supercharger incor-
jporates a rotary piston moving about an
internal axis. The driven inner rotor (rotary
piston) turns through an eccentric pattern
in the cylindrical outer rotor. The rotor ra-
tios for rotary-piston superchargers are ei-
ther 2:3 or 3:4. The rotors turn around
fixed axes without contacting each other
or the housing. The eccentric motion
makes it possible for the unit to ingest the
maximum possible volume (chamber 1) for
compression and discharge (chamber Il).
The internal compression is determined
by the position of the outlet edge A.

A ring and pinion gear with sealed
grease lubrication synchronizes the mo-
tion of the inner and outer rotors. Perma-
nent lubrication is also employed for the
roller bearings. Inner and outer rotors use
gap seals, and usually have some form of
coating. Piston rings provide the seal
between working chamber and gear case.

Superchargers on IC engines are
usually belt-driven (toothed or V-belt).
The coupling is either direct (continuous
engagement) or via clutch (e.g., solenoid-
operated clutch, actuation as required).
The step-up ratio may be constant, or it
may vary according to engine speed.

Mechanical positive-displacement su-
perchargers (MVL) must be substantially
larger than their centrifugal counterparts
(MKL) in order to produce a given mass
flow. The mechanical positive-displace-
ment supercharger is generally applied
to small- and medium-displacement en-
gines, where the ratio between charge

volume and space requirements is still ac-
ceptable.

Exhaust-gas turbochargers

The exhaust-gas turbocharger (ATL) con-
sists of two turbo elements: a turhine and
a compressor installed on a single shaft.
The turbine uses the energy of the ex-
haust-gas to drive the compressor. The
compressor, in turn, draws in fresh air
which it supplies to the cylinders in com-
pressed form. The air and the mass flow
of the exhaust gases represent the only
coupling between the engine and the
compressor. Turbocharger speed does
not depend upon engine speed, but is
rather a function of the balance of drive
energy between the turbine and ihe com-
pressor.

Exhaust-gas turbochargers are used
on engines in passenger cars, trucks and
heavy-duty engines (marine and locomo-
tive power plants, stationary power gener-
ators).

The typical engine-performance curves
for this type of application are illustrated
in a compression graph (P. 441), valid for
all displacements, in which the surge line
separates the stable operating range on
its right from the instable range. tis obvi-
ous that the instable range presents no
difficulties provided that the coect tur-
bocharger is selected, as all of the points
representing potential operating condi-
tions lie either on the engine operating
curves (full load) or below them (part-load
operation).

Cross-section through a rotary-piston Compression graph with typical engine
supercharger operation curves valid for all displacements
1 Housing,
2 Outer rotor, 4.0 /
3 Inner rotor, = =y
4 Outlet edge A, _35} ;’: - ggg%: /. Ship
5 Chamber I, + % 3‘ - 150m/ N
6 Chamber Il 1 | a0t = S ; i
Y o /
w iy
- 2.5} Truck
5 /.r / \
2 2.0t 7 /
o & y Passeear}—
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Different applications require various
sonfigurations. However, all exhaust-gas
urbochargers have practically the same
najor components: the turbocharger rotor
ind shaft assembly, which combine with
he bearing housing to form the so-called
>ore assembly, and the compressor hous-
ng. Other components such as turbine
wusing and control elements vary ac-
sording to the specific application.

Piston rings are installed on both the
axhaust and intake sides to seal off the
searing housing's oil chamber. In some
specal applications sealing is enhanced
oy trapped air or a compressor-side car-
son axial face seal. Friction bearings are
jenerally used, installed radially as either
foating double plain bushings or station-
ary plain-bearing bushings, while multi-
Jle-wedge surface bushings provide axial
support. The turbocharger is connected
0 the engine’s lube-oil circuit for lubrica-
ion, with oil supply and return lines lo-
cated between the compressor and tur-
sine housings. No additional cooling
arranigements are provided for the bear-
ing housing on standard units. The tem-
peratures can be maintained below criti-
cal levels using devices such as a heat
shield, and by thermally isolating the
bearing housing from the hot turbine
housing, supplemented by incorporating
suitable design elements in the bearing

housing itself. Water-cooled beating
housings are employed for exhaust-jas
temperatures in excess of 850°C. The
rear wall of the compressor seals the
compressor side of the bearing housing.

The housing of the radial compressor is
generally made of cast aluminum. A by-
pass valve can be integrated in the hcus-
ing for special applications. This bypass
valve is used exclusively in Sl-engine su-
percharging and prevents pumping on the
compressor side when load is swiftly re-
moved from the engine.

Turbine housings differ substantially ac-
cording to intended use. Casting materi-
als for turbine housings range from GGG
40 fo NiResist D5 (depending upon ex-
haust-gas temperature). Exhaust-gas tur-
bochargers for trucks incorporate a twin-
flow turbine housing in which the two
streams join just before reaching the im-
peller. This housing configuration is =m-
ployed to achieve pulse turbocharging, in
which the pressure of the exhaust-gas is
supplemented by its kinetic energy.

In contrast, in the case of constant-
pressure turbocharging, only the p-es-
sure energy of the exhaust-gas is utilized,
and single-flow turbine housings can be
employed. This configuration has become
especially popular for use in conjunction
with water-cooled turbine housings on
marine engines. The exhaust-gas tur-

Truck exhaust-gas turbocharger with twin-flow turbine housing

1 Compressor housing,
2 Compressor wheel,

3 Turbine housing,

4 Rotor,

5 Bearing housing,

6 Incoming exhaust gas,
7 Exhaust-gas discharge,
8 Atmospheric fresh air,
9 Compressed fresh air,
10 Qil supply,

11 Qil return.

9

10
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Boost-pressure regulation via exhaust-
side boost-pressure control valve
(wastegate)

1 Engine, 2 Exhaust-gas turbocharger,

3 Wastegate.

Variable turbine geometry

(schematic diagram)

1 Turbine housing, 2 Adjusting ring,

3 Control cams, 4 Adjustable guide blades,
5 Guide blades with adjusting lever,

6 Air intake.

bochargers on heavy-duty engines often
incorporate a nozzle ring upstream from
the turbine. The nozzle ring provides a
particularly smooth and consistent flow to
the impeller while allowing fine adjust-
ment of the flow through the turbine.
Exhaust-gas turbochargers for passen-
ger cars generally use single-flow turbine
housings. However, the car engine’s wide
min-' range means that some form of tur-
bocharger governing mechanism is re-
quired if the boost pressure is to be main-
tained at a relatively constant level

throughout the engine’s operating range.
Standard practice presently favors regu-
lating flow on the exhaust side, whereby a
portion of the engine’s exhaust gases is
routed past the turbine (bypass) using a
governing mechanism (wastegate) which
can be in the form of a valve or a flap.

In today's production turbochargers,
the wastegate is actuated pneumatically,
i.e. with negative pressure or overpres-
sure. Here the necessary conirol pres-
sure is tapped off directly or in timed
mode from the turbocharger or as timed
negative pressure from the vehicle electri-
cal system.

With appropriate microelectronic sup-
port, boost-pressure control can be
effected as a function of the engine pro-
gram maps. Future wastegates will be
electrically or electronically actuated.

The available energy is exploited more
efficiently by governing systems incorpo-
rating turbines with variable blad2 geome-
try. With this system, the turbine s flow re-
sistance is modified continuously to
achieve maximum utilization of the ex-
haust energy under all operating condi-
tions.

Of all the potential designs, adjustable
guide blades have achieved general ac-
ceptance, as they combine a wide control
range with high efficiency levels

An adjusting ring is rotated to provide
simple adjustment of the blade angle. The
blades, in turn, are swiveled to the desired
angles using adjusting cams, or directly
via adjusting levers attached to the indi-
vidual blades. The pneumatic actuator
can operate with either vacuum or posi-
tive pressure. Microelectronic ccntrol sys-
tems can exploit the advantages of vari-
able turbine-blade geometry by providing
optimal boost pressure throughout the
engine’s operating range.

Aside from the variable turbine with ad-
justable guide blades, the turbinz with ad-
justable control spool VST has gained
acceptance in small-capacity car engines
(see illustration). The mode of operation
of the VST provides that, analogously to
the fixed turbine, initially one flow channel
determines the ram performance (spool
position 1).
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When the maximum permissible boost
pressure is reached, the spool opens con-
tinuously in an axial direction and ex-
posss the second flow channel (posi-
tion 2). Both channels together are con-
figured in such a way that by far the
largest part of the exhaust-gas mass flow
is routed through the turbine. The remain-
ing quantity is routed past the impeller in-
side the charger by further displacement
of the control spool (position 3).

Multistage supercharging

Multistage supercharging is an improve-
ment on single-stage supercharging in
that the power limits can be significantly
extended. The objective here is to im-
prove the air supply on both a stationary
and a non-stationary basis and at the
same time to improve the specific con-
sumption of the engine. Two supercharg-
ing processes have proven successful in
this respect.

Sequential supercharging

Because of the expensive charger switch-
ing equipment, sequential supercharging
is predominantly used in ship propulsion
systems or generator drives. In this case,
as engine load and speed increases, one
or rnore turbochargers are cut in to the
basic supercharging process. Thus, in
comparison with a large supercharger,
which is geared to the rated power, two or
more supercharging optima are achieved.

Two-stage controlled supercharging

This supercharging process is used in
motor-vehicle applications on account of
its simple control response. Two-stage
controlled supercharging involves the se-
rial connection of two turbochargers of dif-
ferent sizes with a bypass control system
and ideally a second intercooler.

Tne exhaust-gas mass flow from the
cylinders initially passes into the exhaust
manifold. From this point, there is the pos-
sibility of either expanding the exhaust-
gas mass flow through the high-pressure
turbine (HP) or diverting a partial mass
flow through the bypass line. The entire
exhaust-gas mass flow is then used again
by the downstream low-pressure turbine
(LP).

Operation of VST supercharger with
adjustable spool

a) Spool position 1 (only left channel open),
b) Spool position 2 (both channels open),
¢) Spool position 3 (both channels and
bypass open).
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The entire fresh-air mass flow is initially
precompressed by the low-pressure
stage and ideally intercooled. The flow is
then further compressed and intercooled
in the high-pressure stage. As a result of
the precompression, the relatively small
HP compressor works on a higher pres-
sure level so it is able to generate the re-
quired air mass flow.

At low engine speeds, i.e. small ex-
haust-gas mass flows, the bypass re-
mains fully closed and the entire exhaust-
gas mass flow expands through the HP
turbine. This results in a very rapid and
high build-up of boost pressure. As en-
gine speed increases, the expansion
work is continuously switched to the LP
turbine whereby the bypass cross-section
is enlarged accordingly.

Two-stage controlled supercharging
thus enables infinitely variable adaptation
on the turbine and compressor sides to
the requirements of engine operation.

Pressure-wave superchargers

The pressure-wave supercharger exploits
the dynamic properties of gases, using
pressure waves to convey energy from
the exhaust-gas to the intake air. The
energy exchange takes place within the
cells of the rotor (known as the cell rotor
or cell wheel), which also depends upon
an engine-driven belt for synchronization
and maintenance of the pressu-e-wave
exchange process.

Inside the cell rotor, the actual energy-
exchange process proceeds at the speed
of sound. This depends upon exhaust-
gas temperature, meaning that it is
essentially a function of engine torque,
and not engine speed. Thus the pressure-
wave process is optimally tailorec to only
a single operating point if a constent step-
up ratio is employed between engine
and supercharger. To get around this
disadvantage,  appropriately-designed
“pockets” can be incorporated in the for-
ward part of the housings. These achieve
high efficiency levels extending through a
relatively wide range of engine operating

Schematic structure of two-stage
controlled supercharging

1 HP stage (high pressure),

2 LP stage (low pressure),

3 Intake manifold,

4 Exhaust manifold,

5 Bypass valve,

6 Bypass line.

Pressure-wave supercharger

1 Engine, 2 Cell rotor, 3 Belt drive,

4 High-pressure exhaust-gas,

5 Pressurized air, 6 Low-pressure air intake,
7 Low-pressure exhaust outlet.

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



447

Charging systems

concditions and provide a good overall
boost curve.

The exchange of energy occurring
within the rotor at the speed of sound
ensures that the pressure-wave super-
charger responds rapidly to changes in
engine demand, with the actual reaction
times being determined by the charging
processes in the air and exhaust tracts.

The pressure-wave supercharger’s cell
rotor is driven by the engine’s crankshaft
via & belt assembly. The cell walls are ir-
regularly spaced in order to reduce noise.
The cell rotor turns within a cylindrical
housing, with the fresh air and exhaust-
gas tracts feeding into the housing’s re-
spective ends. On one side are low-pres-
sure air intake and pressurized air, while
the high-pressure exhaust and low-pres-
sure exhaust-gas outlet are located on
the other side.

The accompanying gas-flow and state
diagrams illustrate the pressure-wave
process in a basic “Comprex” at full load
and moderate engine speed. Developing
(or unrolling) rotor and housing converts

the rotation to a translation. The state
diagram contains the boundary curves for
the four housing openings in accordance
with local conditions. The diagrams for the
ideal no-loss process have been drewn-
up with the assistance of the intrinsic
characteristic process.

The pressure-wave supercharger'’s ro-
tor is over-mounted and is provided with
permanent grease lubrication, with the
bearing located on the unit's air side. The
air housing is of aluminum, the gas hous-
ing of NiResist materials. The rotor with
its axial cells is cast using the lost-wax
method. An integral governing mecha-
nism regulates boost pressure according
to demand.

F Direction of rotor rotation.

—— Mach curves
~~ Particle paths

Gas-flow diagram (a) and state diagram (b) for pressure-wave supercharger
A Exhaust-gas outlet, B Exhaust-gas intake, C Air intake, D Air outlet, E Residual air, fresh air,
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Exhaust systems

Exhaust-system purpose

The exhaust system reduces the pollutant
constituents of the exhaust gas generated
by combustion in the engine. The remain-
ing exhaust gas is then discharged as qui-
etly as possible at a convenient point on
the vehicle. The engine power should be
reduced as litlle as possible during the
process.

Exhaust-system design

A passenger-car exhaust system serves
here as our example. It consists basically
of three main components (although
some of these are also found in commer-
cial-vehicle exhaust systems):

The catalytic converter serves as the
exhaust-gas cleaning device for spark-ig-
nition (SI) engines, and the oxidation cat-
alytic converter for diesel engines. It is
mounted as close as possible to the en-
gine so that it can quickly reach its oper-
ating temperature and therefore be effec-
tive in urban driving. When installed as
retrofit equipment it is fitted in place of the
front muffler (front silencer), whose
acoustical functions it also assumes in
addition to its exhaust-gas cleaning func-
tion. The resulting acoustical changes in
the vehicle must meet legal requirements.

Depending on the size of the vehicle
and the engine, one or several mufflers
are used. In V-engines the left and right

cylinder banks are frequently run sepa-
rately, each being fitted with its own cat-
alytic converter or muffler, ard only
brought together at the end of the vehicle
in one large muffler.

The exhaust pipes are the third and last
component in the exhaust systern. They
combine the exhaust-gas outlets in the
cylinder head into one or more pipes
(manifolds), and also connect the cat-
alytic converter(s) and the muiflers to
each other. The length and cross-section
of the pipes, as well as the type of junction
used, influence the vehicle's performance
characteristics and acoustic behavior. Ex-
haust systems for vehicles with larger
swept volumes are therefore often fitted
with twin pipes. The pipes, the catalytic
converter and muffler are connected to
the main body of the system by reans of
insert connections and flanges. Many
original-equipment systems are welded
into one complete unit for faster mounting.

The entire exhaust system is con-
nected with the underbody of the vehicle
via flexible suspension elements. The fix-
ing points must be carefully selected, as
otherwise vibration can be transmitted to
the bodywork and generate noisz in the
passenger compartment. The exhaust-
system noise at the exhaust-emission
point (tailpipe) can also cause bodywork
resonances.

The total volume of the passenger-car
muffler system is approximately three to
eight times the engine’s swept volume.

Exhaust systems
a) Without, b) With catalytic-converter system.

1 Front muffler, 2 Catalytic-converter system, 3 Center muffler, 4 Rear muffler.
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Depending on swept volume and type of
muffler, the exhaust system weighs be-
tween 8 and 40 kg.

Catalytic converters

The catalytic-converter housing is of heat-
resistant, high-quality steel. It contains
actively-coated ceramic monoliths. In or-
der to compensate for the differing coeffi-
cients of thermal expansion of steel and
ceramics, and to protect the sensitive
monolith against bumps and vibrations, a
flexible mounting is used. Two different
typas of mounting have been developed:

The wire-knit mounting, of highly heat-
resistant stainless steel, is insensitive to
extreme exhaust-gas temperatures and to
pronounced gas pulsations in the high-
speed range. Because of its poor heat-in-
sulation qualities, the pipes and the body
of the catalytic converter must often also
be insulated.

The swelling-mat mounting has come
to the forefront in application. This mount-
ing is made of ceramic fiber felt, com-
posed of aluminum silicate fibers and ex-
panding mica particles. The two sub-
stances are combined using acrylic latex.
Under the influence of temperature the
matting expands and presses the mono-
lith into an immovable position. As the
swell matting is a good insulator, there is
no need for additional insulation. How-
ever, if the exhaust gases cause exces-
sive heating, the pressure on the mono-
liths can reach such a level that there is

the danger of fracture. If the exhaust-gas
temperatures are not high enough, the
pressing force exerted on the monoalith is

_ insufficient, allowing the monolith to move

and possibly be destroyed. Exhaust-gas
pulsation may lead to erosion in the swell
matting.

In order to restrict linear expansion and
to achieve better mixing of the exhaust
gases, several monoliths are frequently
used in one catalytic converter. The
shape of the inflow funnel into the cat-
alytic converter must be designed care-
fully, so that the exhaust gases flow
through the monolith evenly. The exter-
nal shape of the ceramic body depends
on the space available underneath the ve-
hicle, and may be triangular, oval or
round.

The metal catalytic converter is zn al-
ternative to the ceramic monolith. It is
made of finely corrugated, 0.05 mm thick
metal foil, wound and hard-solderec in a
high-temperature process. As in the case
of the ceramic catalytic converter, the: sur-
face is coated with catalytically effective
material. As a result of its thin walls, more
channels can be accommodated in the
same area. That means less resistance to
the exhaust gas, which is beneficial with
regard to performance optimization in
high-performance vehicles.

Catalytic converters also have an
acoustic effect. As a result of the narrow
ceramic pipes in the monolith, numerous
small sound sources are formed. The

Dual-bed three-way catalytic converter

4 Heat-insulated double shell.

1 Lambda sensor for lambda closed-loop control, 2 Menolith, 3 Wire-knit mounting,
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sound waves are thereby partially extin-
guished by interference or are damped by
friction.

When designing the exhaust system,
careful catalytic-converter matching is im-
perative, as its high level of flow resis-
fance has a considerable influence on the
system'’s vibration characteristics as well
as on the performance of the engine (see
also Catalytic Afterburning, page 521).

Mufflers

Mufflers (or silencers) are intended to
smooth the exhaust-gas pulsations and
make them as inaudible as possible.
There are basically two physical princi-
ples involved: reflection and absorption.
Mufflers also differ according to these
principles. However, they mostly com-
prise a combination of reflection and ab-
sorption. As mufflers together with the
pipes of the exhaust system form an os-
cillator with natural resonance, the posi-
tion of the mufflers is highly significant for
the quality of sound-damping. The objec-
tive is to tune the exhaust systems as low
as possible, so that their natural frequen-
cies do not excite bodywork resonances.
To avoid structure-borne noise and to pro-
vide heat insulation against the under-
pody of the vehicle, mufflers often have
double walls and an insulating layer. De-
pending on the space available under-
neath the vehicle, mufflers are produced
either as “winding cups" or from half-
shells.

Reflection mufflers consist of chambers
of varying lengths which are connected
together by pipes. The differences in the
cross-sections of the pipes and the cham-
bers, the diversion of the exhaust gases,
and the resonators formed by the con-
necting pipes with the chambers, produce
muffling which is particularly effective at
low frequencies. The more such cham-
bers are used, the more efficient is the
muffler.

Reflection mufflers cause a higher ex-
haust-gas backpressure, as a rule have
greater power loss, and are heavier,

Absorption mufflers are constructed
with one chamber, through which a perfo-
rated pipe is passed. The chamber is
filled with sound-deadening material. The
sound enters the absorption material

through the perforated pipe and is con-
verted into heat by friction. The absorp-
tion material usually consists of long-fiber
mineral wool (basalt or rock woo!) with a
bulk density of 120...150 g/I. The level of
muffling depends on the bulk dersity, the
sound-absorption grade of the rnaterial,
and on the length and coating-thickness
of the chamber. Damping takes place
across a very broad band, but only begins
at higher frequencies. The shapa of the
perforations, and the fact that the pipe
passes through the wool ensures that the
material is not blown out by the pulsation
of the exhaust gas. Sometimes the min-
eral wool is protected by a layer of stain-
less-steel wool around the perforated
pipe.

Absorption mufflers are principally
used as rear mufflers.

Muffier (silencer) principles
a) Absorption muffler,

b) Reflection muffler,

c) Combination of a) and b).

a
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Acoustic tuning devices

A number of different components can be
used to remove disturbing frequency ar-
eas of the noise emitted from the failpipe.

The Helmholtz resonator damps sound
in its natural frequency range and func-
tions as a suction resonator. It is a
through-flow resonator and amplifies at its
natural frequency, but thereafter it has a
broad damping range.

Pipes perforated with holes work in a
similar way to a watering-can rose. The
one large sound source, the pipe, is con-
verted info many small sound points,
formed by the perforations. A broad-band
filter effect occurs as a result of interfer-
ence and swirling of the exhaust gas.

Vienturi_nozzles damp low-frequency
sound. They must be designed so that the
flow speed in the nozzle throat is always
below the speed of sound. The funnel
must be set at a specific angle, as other-
wise hissing noises occur.

Soct filters

in order fo remove solid particles (particu-
lates) from diesel-engine exhaust gas,
soot! filters are in development. Various
kincls of filter system are used, e.g., steel-
wocl filters, ceramic-monolith filters, ce-
ramic-coil filters etc.

The ceramic-monolith filter currently
represents the best compromise with re-
gard to the requirements made of the fil-
ter. In contrast to the flow-through cat-
alytic-converter monoliths, the channels
for the soot filter are alternatingly opened
and closed, so that the particle-laden ex-
haust gas is forced to flow through the un-
coated, porous walls of the honeycomb
structure. The particles are deposited in
the pores. Depending on the porosity of
the ceramic body, the effectiveness of
these filters ranges from 70 to 90 %.

In order to guarantee full functioning of
the filters they must be regenerated at
certain intervals. Two cleaning processes
are possible; in both cases the soot parti-
cles are burnt away:

In the chemical process, additives in
the fuel reduce the flammability of the
soot particles to the usual exhaust-gas
temperature. The secondary emissions
arising as a result of the additives may
have a disadvantageous effect.

In the thermal process, a high-power
heating element is connected, which
raises the exhaust-gas temperature to ap-
prox. 700°C. The regeneration is most
simply carried out with the engine
switched off. The filter regeneration point
is ascertained either via a time control or
an aneroid box. If it is necessary to re-
generate the filter while the vehicle is run-
ning, two filters can be fitted which are al- 0
ternatingly either filtering or being regen- R
erated. This is, however, very cost- e i1k
intensive. A further possibility is to civert i i
the exhaust gases via a sound muffler ¢
during regeneration, whereby the exaust '
gases are emitted unfiltered for approx.
5% of the journey. Heating elements are
also being developed which permit simul-
taneous regeneration and filtering of en-
gine exhaust gases (full-flow regenera-
tion).

Ceramic soot filter (principle)
1 Exhaust input, 2 Ceramic plug,
3 Cell partition, 4 Exhaust-gas exit.
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Engine management
for spark-ignition (SI)
engines

Requirements

Sl-engine torques

The power output P from a spark-ignition
(S1) engine is determined by the available
clutch torque and the engine speed.

The clutch torque is produced from the
torque generated by the combustion
process, reduced by the friction torque
(friction losses in the engine) and the
charge-cycle losses, and the torque re-
quired for operating the auxiliary systems.

The combustion torque is generated in
the power cycle and determined by the
following variables:

- the air mass that is available for com-
bustion once the intake valves have
closed,

- the fuel mass available at the same
time, and

- the point at which the ignition spark ini-
tiates combustion of the air/fuel mix-
ture.

Primary function of engine
management

The primary function of engine manage-
ment is to adjust the torque generated by
the engine. For this purpose, all the vari-
ables that influence the torque arz con-
trolled in the various engine-management
subsystems.

Cylinder-charge control

In Bosch engine-management systems
with an electronic accelerator pedal
(EGAS), the required charging of the en-
gine cylinders with air is determined and
the throttle valve opened accordingly in the
“cylinder-charge control” subsystem. In
conventional injection systems, the driver
directly controls the opening of the throttie
valve by pressing the accelerator pedal.

AJ/F mixture formation

In the “mixture formation” subsystem, the
associated fuel mass is calculated and
from this the necessary injection tirne and
the optimum injection point are deter-
mined.

Ignition

In the “ignition” subsystem, the crankshaft
angle is determined at which the ignition
spark ignites the mixture at the correct
time.

Orivetrain torques
1 Auxiliary systems
(alternator, A/C

compressor etc.),
2 Engine,
3 Clutch, 1 2
4 Transmission.

Air mass (fresh gas chargeL
Fuel mass

torque

s

Combustion Engine

=)

»Engine >

()

el

Dive
Trans- | t0rque

Clutch

Spark advance angle
(ignition point)

Load change and friction

Auxiliary systems

—

orque _torque
= = Clutch =1 rission

Clutch losses and clutch ratio

Transmission losses and transmission ratio
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The objective of this management sys-
tem is to make available the torque re-
quasted by the driver, and at the same
time to satisfy the exacting demands
placed on exhaust emissions, fuel con-
sumption, power output, comfort and
safety.

Cylinder charge

Constituent elements

The gas mixture in the cylinder after the
intake valves have closed is termed the
cylinder charge. This charge consists of
the: supplied fresh A/F mixture and resid-
ua exhaust gas.

Fresh A/F mixture

The constituent elements of the fresh mix-
ture drawn in are fresh air and the fuel
suspended in it. The majority of the fresh
air flows through the throttle valve; addi-
tional fresh mixture can be drawn in
through the evaporative-emissions con-
trol system (if fitted). The air supplied via
the: throttle valve and present in the cylin-
der after the intake valves have closed is
the decisive factor in the work performed
at the piston during combustion, and thus
in the torque delivered by the engine.

Measures for increasing maximum torque
and maximum engine power therefore al-
most always necessitate an increase in
the maximum possible cylinder charge.
The theoretical maximum charge i3 pre-
determined by the piston displacement.

Residual exhaust gas

The share of residual exhaust gas in the

charge is formed

- by the exhaust-gas mass which re-
mains in the cylinder and is nct dis-
charged during the period when the ex-
haust valve is open, and

- in systems with exhaust-gas recircula- =«
tion (EGR), by the mass of the recircu- ‘[
lated exhaust gas.

The residual exhaust-gas share is deter- .
mined by the charge cycle.

The residual exhaust-gas mass does
not contribute directly to the comb ustion
process but does influence ignition and
the course of the combustion process.
This residual exhaust-gas share can
therefore be perfectly desirable when the
engine is in part-load operation.

In order for a desired torque to be gen-
erated, the reduction in the fresh-mixture -
volume (due to the residual-gas quantity) i
must be compensated for by increasing
the throttle-valve opening. This reduces |

Cylinder charge in the Sl engine

1 Air and fuel vapor,

2 Purge valve with variable valve-opening
cross-section,

3 Connection to evaporative-emissions
control system,

4 Exhaust gas,

&§ Exhaust-gas recirculation valve (EGR valve)
with variable valve-opening cross-section,

6 Air mass flow (ambient pressure py;),

7 Air mass flow (intake-manifold pressure ps),

8 Fresh A/F-mixture charge
(combustion-chamber pressure pg),

9 Residual exhaust-gas charge
(combustion-chamber pressure pg),

10 Exhaust gas
(exhaust-gas back pressure p,),
11 Intake valve,
12 Exhaust valve.
o Throttle-valve angle.
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the engine's pumping losses, and fuel
consumption drops as a result. A specifi-
cally introduced residual exhaust-gas
share can likewise influence combustion
and thus the emission of nitrogen oxides
(NOy) and unburnt hydrocarbons (HC).

Control

In a spark-ignition engine with external
mixture formation, the power output is
proportional to the air mass flow drawn in.
In future, it will also be possible to directly
control the direct-injection Sl engine oper-
ating with lean A/F mixtures via variation
of the injected fuel mass.

Throttle valve
The throtile valve is used when the engine
power, and thus (at a specific engine
speed) the engine torque, are to be con-
trolled by means of the air mass flow.
When the throttle valve is not fully open,
the air drawn in by the engine is throttled,
thereby reducing the torque generated.
This throttling effect is dependent on the
position and thus on the opening cross-
section of the throttle valve.

The maximum engine torque is
achieved when the throttle valve is fully
open (see Fig.).

Charge cycle
he charge cycle of fresh A/F mixture and

residual exhaust gas is controllecl by the
appropriate opening and closing of the in-
take and exhaust valves. The cam: on the
camshaft determine the points at which
the valves open and close (valve timing)
and the course of the valve lift. Tris influ-
ences the charge-cycle process and thus
also the amount of fresh A/F mixture
available for combustion,

The valve overlap, i.e. the overlapping
of the opening times of the intake and ex-
haust valves, has a decisive impact on the
residual exhaust-gas mass in the cylinder.
This situation involves “interior” exhaust-
gas recirculation. The residual exhaust-
gas mass can also be increased by “exte-
rior" exhaust-gas recirculation. In this
case, an additional EGR valve connects
the intake manifold and exhaust manifold.
When the valve is open, the engine draws
in a mix of fresh A/F mixture and exhaust
gas.

Supercharging
The obtainable torque is proportional to

the charge of fresh A/F mixture. It s there-
fore possible to increase the maximum
torque by compressing the air in the cylin-
der by means of dynamic supercharging,
mechanical supercharging, or exhaust-
gas turbocharging (P. 392).

Throttle map of an Sl engine
= — = Intermediate position of throtile valve.

Throttle valve fully open

Fresh A/F-mixture charge —=

Throttle valve
fully closed

min.
Idle

max.
Speed —

Torque curve for turbocharged engine
compared with naturally aspirated engine
at same rated power

1 Turbocharged engine, 2 Naturally aspirated
engine.
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Fuel delivery with
electric fuel pump

Function

The electric fuel pump must deliver suffi-
cient quantities of fuel to the engine and
maintain enough pressure for efficient in-
jection under all operating conditions. Es-

motor commutator and interference-
suppression elements (inductance: coils,
with condensers in some applications).
- the electric motor with armature and
permanent magnets. Electronically
commutated (EC) fuel pumps are being
developed for use with special fuels
which feature for instance marked elec-
trolytic effects, and for use in other en-

sential requirements include: vironments which have negative effects g
- maintaining flow rates between 60 and on carbon-brush and commutator as- -ﬁ
200 liters/h at the rated voltage, semblies. I
- maintaining fuel-system pressures of - a positive-displacement or flow-type 25
300...450kPa, pump assembly. {2
— the ability to pressurize the system dur- e
ing operation at 50...60% of the rated  Positive-displacement pump '[
voltage, important for cold-starting re-  As the positive-displacement unit's pump i
sponse. element rotates it draws in fluid through ...
the suction side and through a sealed .
In addition, the electric fuel pump is in-  area on its way to the high-pressure side. £
creasingly being used as the presupply  Electric fuel pumps fall into two cate-
pump for modern direct-injection sys-  gories, the roller cell and the internzl-gear
tems, both for gasoline and for diesel en-  unit. Positive-displacement pumps pro-
gines. For gasoline direct-injection sys-  vide good performance in high-pressure
tems, at times pressures of up to 700 kPa  (400kPa and above) systems. They also
must to be provided. This, together with  perform well at low supply voltages, i.e.
the very high viscosity range when pump-  the flow rate curve remains relatively “flat”
ing diesel fuel, signifies new challenges  and constant throughout a wide range of
facing the hydraulic and electric systems  operating voltages. Efficiency ratings can
of the electric fuel pump. be as high as 25%. The unavcidable
pressure pulses may cause noise; the ex-
Design tent of this problem varies accorcing to
The electric fuel pump consists of: the pump’s design configuration and
— the end cover including the electrical  mounting location. Yet another disadvan-
connections, non-return valve (to main-  tage may be encountered with hct fuel,
tain system pressure) and the hydraulic ~ when the unit tends to pump gas instead
discharge fitting. Most end covers also  of fuel, leading to reduced flow rates
include the carbon brushes for the drive-  (problem potential varies according to in-
Electric fuel pump (example)
1 Impelfer, 2 Pump section, 3 Electric motor, 4 Connection cover.
e I
o
3&

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




456 Engine management (spark-ignition engines)

stallation location). Standard positive-dis-
placement pumps usually incorporate pe-
ripheral primary circuits to deal with this
problem by discharging the gas.

While the flow-type pump has to a large
extent replaced the positive-displacement
pump in electronic gasoline injection sys-
tems for performing the classical function
of the electric fuel pump, a new field of ap-
plication has opened up for the positive-
displacement pump in terms of the above-
mentioned presupply for direct-injection
systems with their significantly increased
pressure requirements and viscosity
range. This is especially true for the pre-
supply of diesel and biodiesel.

Flow-type pumps

Designs based on the principles used for
the peripheral pump and the side-channel
pump have become the standard for elec-
trc fuel pumps, with a slight preference
for the side-channel pump as this tends to
provide higher pressures and improved
efficiency. An impeller equipped with nu-
merous peripheral vanes rotates within a
chamber consisting of two fixed housing
sections. Each of these sections features
a passage along the path of the impeller's
vanes, with the openings on one end of
the passage on a plane with the suction
openings. From here they extend to the
point where the fuel exits the pump at sys-
tem pressure. Within the passage is a
baffle element designed to prevent inter-
nal leakage. A small gas-discharge orifice
(not necessary in diesel applications) lo-
cated at a specified angular distance from
the suction opening, improves perfor-
mance when pumping hot fuel; this orifice
fecilitates the discharge of any gas bub-
bes which may have formed (with mini-
mal leakage).

The pulses reflected between the im-
peller vanes and the fluid molecules result
in pressurization along the length of the
passage, inducing a spiral rotation of the
fluid volume in the impellers and in the
passages.

Because pressurization is continuous
and virtually pulse-free, flow-type pumps
are quiet in operation. Pump design is
also substantially less complex than that
of the positive-displacement unit. Single-
stage pumps generate system pressures

Electric fuel-pump designs
a) Roller-cell pump,

b) Internal-gear pump,

c) Peripheral pump,

d) Side-channel pump.
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extending up to 450 kPa. Still higher sys-
tem pressures, as will become necessary
for brief periods in future for highly super-
charged engines, and for engines with
gesoline direct injection (see above), are
possible, but under continuous-duty con-
ditions such pressures would overload to-
dey’s conventional electrical systems

(parmanent-magnet DC motors with con-

ventional electromechanical commuta-

tion) and would result in a significantly re-
duced service life. The following remedial
measures are being considered:

— High-pressure operation only when re-
quired — demand control of the electric
fuel pump, e.g. with the aid of a timing
module or another upstream device.

— Equipping of the fuel-pump motor with a
carbon commutator in place of the con-
ventional copper commutator so as to
safeguard the service life also at high
current and additionally with corrosive
and/or high-viscosity fuels.

- For applications where the wide range
of operating conditions and fuels place
particularly high demands on the
pump's versatility, work is proceeding
on electronically commutated (EC) fuel-
pump drives. Such an electrical system
features unlimited service life.

The efficiency ranges between 10 and ap-
prox. 20 %. The fuel systems of newly de-
signed vehicles with spark-ignition en-

gines rely almost exclusively on flow-type
pumps for fuel delivery.

Electric fuel pumps: integration in
injection system and in fuel tank
Whereas the first electronic fuel-injection
systems almost always featured electric
fuel pumps designed for in-line irstalla-
tion outside the tank, current and more re-
cent applications tend to have in-tank in-
stallation as a standard feature. The elec-
tric fuel pump is one of the elements
within the in-tank units now being de-
signed to include an increasingly wide ar-
ray of components such as: the suc:ion fil-
ter, a fuel-baffle chamber to maintain de-
livery during cornering (usually with its
own “active” supply based on a suction-jet
pump or a separate primary circuit in the
main electric pump), the fuel gaugz sen-
sor, and a variety of electrical and hy-
draulic connections.

Another advance is the returnless fuel
system (RLFS), usually in the form of an
in-tank unit with an integral fuel-pressure
regulator designed to maintain a continu-
ous return circuit within the in-tank as-
sembly. A pressure-side fine-mesh fuel fil-
ter can also be incorporated in this unit.
Further functions will in future be inte-
grated in the delivery module, e.g. diag-
nostic devices for tank leakage, timing
module for fuel-pump control.

5 Fuel-gauge sensor, 6 Suction strainer.

In-tank unit: complete integrated assembly for returnless fuel systems
1 Fuel fitter, 2 Electric fuel pump, 3 Suction-jet pump (regulated), 4 Fuel-pressure regulator,
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A/F-mixture formation

Influencing variables

Air-fuel (A/F) mixture

To be able to operate, a spark-ignition en-
gine requires a specific air-fuel mixture ra-
tio. Ideal theoretical complete combustion
is available at a mass ratio of 14.7:1. This
is also termed the stoichiometric ratio.
l.e.: an air mass of 14.7 kg is needed to
burn a fuel mass of 1 kg. Or expressed as
a volume: 1 [ fuel burns completely in
roughly 9500 [ air.

The specific fuel consumption of a spark-
ignition engine is essentially dependent
on the mixture ratio of the A/F mixture. It
is necessary to have an excess of air in
order to ensure genuine complete com-
bustion, and thus as low a fuel consump-
tion as possible. Limits are imposed
though by the flammability of the mixture
and the available combustion time.

The A/F mixture also has a decisive im-
pact on the efficiency of the exhaust-gas
treatment systems. State-of-the-art tech-
nology is represented by the three-way
catalytic converter. This, though, needs a
stoichiometric A/F ratio in order to operate
with maximum efficiency. Such a catalytic
converter helps to reduce harmful ex-
haust-gas constituents by more than
98 %.

The engines available today are therefore
operated with a stoichiometric mixture as
soon as their operating status permits
this.

Certain engine operating states require
mixture corrections. Specific corrections
of the mixture composition are necessary
e.g. when the engine is cold. The mixture-
formation (carburation) system must
therefore be in a position to satisfy these
variable requirements.

Excess-air factor

The excess-air factor A (lambda) has
been chosen to designate the extent to
which the actual air-fuel mixture differs
from the theoretically necessary mass
ratio (14.7:1):

A= Ratio of supplied air mass to air re-
quirement with stoichiometric combus-
tion.

A=1: The supplied air mass corre-
sponds to the theoretically necassary air
mass.

A< 1: There is an air deficiency and thus
a rich mixture. Maximum power output at
4=0.85...0.95.

A > 1: There is an excess of air or a lean
mixture in this range. This excess-air fac-
tor is characterized by reduced fuel con-
sumption and reduced power output. The
maximum value for A that can be achieved
— the so-called “lean-burn limit" - is very
heavily dependent on the engine design
and on the mixture-formation system
used. The mixture is no longer ignitable at
the lean-burn limit. Combustion misses
occur and this is accomparied by a
marked increase in uneven running.

Spark-ignition engines with marifold injec-
tion achieve their peak power output at an
air deficiency of 5...15% (A = 0.95...0.85),
and their lowest fuel consumption at an air
excess of 10..20% (A =1.1...1.2).

Effect of excess-air factor A on power P
and specific fuel consumption b.

a Rich mixture (air deficiency),

b Lean mixture (air excess).
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The graphs show the dependence of
power output, specific fuel consumption
and pollutant buildup on the excess-air
factor for a typical engine with manifold in-
jection. It can be deduced from these
graphs that there is no ideal excess-air
factor at which all the factors assume the
most favorable value. For engines with
manifold injection, excess-air factors of
A= 0.9...1.1 have proven effective in real-
izing “optimal” consumption at “optimal”
power output.

Engines with direct injection and
charge stratification involve different com-
bustion conditions such that the lean-burn
limit is significantly higher. These engines
can therefore be operated in the part-load
renge with significantly higher excess-air
factors (up to A = 4).

For the treatment of exhaust gas by a
three-way catalytic converter, it is ab-
solutely essential to adhere exactly to
A =1 with the engine at normal operating
temperature. In order to do so, the air
mass drawn in must be precisely deter-
mined and an exactly metered fuel mass
added to it.

For optimum combustion in today’s
common manifold-injection engines, not
only is a precise injected fuel quantity
necessary, but also a homogeneous A/F
mixture. This necessitates efficient fuel
atomization. If this precondition is not sat-
isfied, large fuel droplets will precipitate
on the intake manifold or the combustion-

Effect of excess-air factor A on pollutant
composition in untreated exhaust gas

HC NOXx

Relative guaniity of
CO; HC; NOx

1 L 1 1 L 1 1
06 08 10 1.2 14
Excess-air factor A

chamber walls. These large droplets can-
not fully combust and will resull in in-
creased hydrocarbon emissions.

Mixture-formation systems

It is the job of fuel-injection systems, or
carburetors, to furnish an A/F mixture
which is adapted as well as possible to
the relevant engine operating state. Injec-
tion systems, especially electronic sys-
tems, are better suited to maintaining nar-
rowly defined limits for the mixturs com-
position. This is advantageous with
regard to fuel consumption, driving perfor-
mance and power output. The result of in-
creasingly stringent exhaust-emissions
legislation in the automotive sector is that
today, injection systems have comrpletely
superseded carburetors.

Today, the automotive industry almost
exclusively uses systems in which the
mixture formation takes place outside the
combustion chamber. However, svstems
with interior mixture formation, i.e. where
the fuel is injected directly into the com-
bustion chamber, already formed the ba-
sis of the first gasoline injection systems.
These systems are increasing in impor-
tance as they are very well suited to re-
ducing fuel consumption even further,
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Schematic of a carburetor system

1 Fuel tank, 2 Fuel supply pump, 3 Fuel filter, 4 Carburetor, 5 Intake manifold.

Carburetors

Carburetor systems

The fuel is transported from the fuel tank
to the carburetor by a fuel pump (gener-
ally a diaphragm unit) powered by the
camshaft or distributor shaft. The system
is designed to limit the maximum supply
pressure. A fine-mesh fuel filter can be in-
stalled upstream or downstream from the
pump as required.

Carburetor types

Downdraft carburetors

Downdraft carburetors are the most com-
mon type. Designs featuring optimized
float chamber and metering-jet configura-
tions result in efficient units. These de-
signs work in conjunction with the corre-
sponding intake-manifold layouts for opti-
mum mixture formation and distribution.

Horizontal-draft carburetors
Horizontal-draft carburetors (familiar as
fixed-venturi and constant-depression
units) are useful for minimizing engine
height.

Constant-depression carburetors fea-
ture venturi cross sections which vary in
size during operation to maintain essen-
tially constant vacuum levels at the fuel
outlet. The variation in intake cross sec-

tion is provided by a pneumatically-actu-
ated plunger; attached to the plunger is a
needle which regulates the fuel quantity.

Venturi configurations
The single-throat carburetor with one ven-
turi is the least expensive design.

The two-stage carburetor feafuring two
venturis provides convenient turing for in-
dividual applications and has become the
standard in 4-cylinder applications. The
first barrel controls part-throttle operation,
while the second venturi opens for maxi-
mum power.

The double-barrel carburetor features
two carburetor sections sharing a single
float chamber and operating in parallel,
making it ideal for use on 6-cylinder en-
gines. The two-stage four-barrel carbure-
tor has four venturi fed from a single float
chamber.

Design and operating principles

The driver uses the accelerator pedal to
vary the throttle valve’s aperture so that
the airflow into the engine is varied and
with it the engine’s power outpu'. The car-
buretor varies the amount of fuel metered
to the engine to reflect the current intake
air flow. Together with the needle valve,
the float regulates the fuel flow to the car-
buretor while maintaining a constant fuel
level in the float chamber.
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Airflow is monitored by an air funnel de-
signed to induce a venturi effect. The pro-
gressively narrower diameter increases
the velocity of the air, producing a corre-
sponding vacuum at the narrowest point.
The resulting pressure differential relative
to the float chamber — which can be fur-
ther augmented with a boost venturi — is
exploited to extract fuel from the float
chamber. The jets and metering systems
adapt fuel delivery to airflow.

Fuel-metering systems

Thz fuel is metered by the main jet. Cor-

rection air is added as a delivery aid to the
fuel through side orifices in the venturi
tube.

Idle and progression system

At idle, the vacuum which the air stream
produces at the fuel outlet is not sufficient
to withdraw fuel from the main system.
For this reason, there is a separate idle
system with an outlet located downstream
from the throttle valve at the point of max-

imum vacuum. The emulsion required for
idling emerges from the idle circuit after
initial processing by the idle fuel and air-
correction jets.

During transitions to the main metering
system the throttle valve controls a series
of orifices, or a slit, drawing fuel from the
idle circuit.

Other systems

These basic devices are supplemented
by a range of additional systems. These
are designed to adapt carburetor perfor-
mance for warm operation (part-throttle
control, full-throttle enrichment), to com-
pensate for fuel accumulation with n the
intake-manifold during acceleration (ac-
celerator pump) and to meet the special
engine requirements encountered during
starting and in the warm-up phase. Other
supplementary systems include lambda
closed-loop mixture control and devices
to deactivate the fuel supply during trail-
ing-throttle operation.

Schematic of a two-stage carburetor
a) Primary stage, b) Secondary stage.

1 Idle cutoff valve, 2 Accelerator pump, 3 Idle circuit, 4 Choke, 5 Boost venturi,

6 Main systems with venturi tubes, 7 Full-throttle enrichment, 8 Float, 9 Fuel supply,

10 Needle valve, 11 Bypass plug, 12 Idle mixture screw, 13 Throttle valves, 14 Venturi wall,
15 Part-throttle control valve, 16 Venturi chamber,
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Electronically-controlled carburetor
system (ECOTRONIC)

Basic carburetor

The basic carburetor is restricted to the
throttle valve, float system, idle and tran-
sition systems, main system and choke.
An idle-air control system with a choke-
activated needle jet is also provided.

Additional components and actuators
The throttle-valve actuator is an electrop-
neumatic servo device for controlling the
cylinder charge. The actuator's plunger
moves the throtile valve via a lever at-
tached to the carburetor’s throttle shaft.
The choke valve actuator is a final-con-
trol element designed to adapt the mix-
ture in response to variations in engine
operating conditions. This unit closes the
choke valve to enrich the mixture by rais-
ing the pressure differential (vacuum) at
the main jets while simultaneously in-
creasing flow rates from the idle circuit.

Sensors
The throttle-valve potentiometer monitors
ihe throttle valve’'s position and travel.
One temperature sensor monitors the en-
gine's operating temperature while a sec-
ond sensor can be installed if necessary
1o monitor the temperature within the in-
lake manifold.

The idle switch serves to identify trail-
ing-throttle operation; it can be replaced

by appropriate software in the electronic
control unit (ECU).

Electronic control unit (ECU)

The ECU's input circuit converts ir coming
analog signals into digital form. The
processor performs further operations
with the input data in order to calculate
output values with reference to the pro-
grammed data map. The output signals
control several functions, includirg regu-
lation of the servo elements that operate
the choke valve and main throttle valve.

Basic functions

The basic carburetor determines the pri-
mary functions of the system. The idle,
transition and full-throttle systems all con-
tribute to matching performance to the
programmed curves. The base calibra-
tions can be intentionally “lean”, as the
choke-valve control can provide a correc-
tive enrichment.

Electronic functions

Electronic open and closed-loop control
circuits regulate a number of secondary
operations within the ECU. Several of
these are illustrated below. Further func-
tions may include: ignition contrcl, trans-
mission-shift control, fuel consumption
displays and diagnosis capabilities.

Schematic of an electronically controlled carburetor (ECOTRONIC)
1 ECU, 2 Temperature sensor, 3 Carburetor, 4 Throttle actuator, 5 Choke actuator, 6 Choke: valve,
7 ldle switch, 8 Throttle valve, 9 Throttle potentiometer.
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Gasoline injection systems

Systems for external A/F mixture
formation

Gasoline injection systems for external
mixture formation are identified by the fact
that the air-fuel mixture is created outside
the combustion chamber (in the intake
manifold).

Single-point injection (SPI)

Single-point injection is an electronically
controlled injection system in which an
electromagnetic fuel injector injects the
fuel intermittently into the intake manifold
at a central point ahead of the throttle
valve. The Bosch single-point injection
systems are called Mono-Jetronic and
Mono-Motronic.

Multipoint injection (MPI)

Multipoint injection creates the ideal pre-
conditions for satisfying the demands
placed on a mixture-formation system. In
multipoint injection systems, each cylin-
der is assigned a fuel injector, which in-
jects the fuel directly ahead of that cylin-
der's intake valve. Examples of such sys-

tems are KE- and L-Jetronic with their re-
spective variants.

Mechanical injection system:

The K-Jetronic system operates without a
drive and injects the fuel continuously.
The injected fuel mass is not deterrnined
by the fuel injector but rather prespecified
by the fuel distributor.

Combined mechanical-electronic
injection system:

KE-Jetronic is based on the mechanical
basic system of K-Jetronic. Thanks "0 the
extended acquisition of operating data,
this system facilitates electronically con-
trolled supplementary functions in order
to adapt the injected fuel quantity more
exactly to the different engine operating
states.

Electronic injection systems:
Electronically controlled injection systems
inject the fuel intermittently with electro-
magnetically actuated fuel injectors. The
injected fuel mass is determined by the in-
jector opening time (for a given pressure
drop across the injector).

Single-point fuel injection
1 Fuel,

2 Air,

3 Throttle valve,
4 Intake manifold,
5 Injector,

6 Engine.

AL

Multipoint fuel injection
1 Fuel,

2 Air,

3 Throttle valve,

4 Intake manifold,

5 Injectors,

6 Engine. 2 &
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Examples: L-Jetronic, LH-Jetronic, and
Motronic as an integrated engine man-
agement system.

The high standards required of a vehi-
cle's smooth running and exhaust-emis-
sions necessitate high demands being
made on the A/F mixture composition of
2ach working cycle. Precisely timed injec-
tion is significant as well as precise me-
tering of the injected fuel mass in accor-
dance with the air drawn in by the engine.

In modern multipoint injection systems,
therefore, not only is each engine cylinder
assigned an electromagnetic fuel injector
but also this fuel injector is activated indi-
vidually for each cylinder. In this way, both
the fuel mass appropriate to each cylinder
and the correct start of injection are cal-
culated by the control unit (ECU). Inject-
ing the precisely metered fuel mass di-
rectly ahead of the cylinder intake valve(s)
at the correct moment in time improves
mixture formation. This, in turn, helps to a
large extent in preventing wetting of the
intake-manifold walls with fuel, which can
result in temporary deviations from the
desired lambda value during transient en-
gine operation. The advantages of multi-
point injection can thus be fully exploited.

Direct injection (DI)

1 Fuel,

2 Air,

3 Throttle-valve (EGAS),
4 Intake manifold,

5 Injectors,

6 Engine.
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The engine intake manifolds thus carry
only the combustion air and can therefore
be optimally adapted to the gas-dynamic
requirements of the engine.

Systems for internal A/F mixture
formation

In direct-injection systems for internal mix-
ture formation, the fuel is injectec! directly
into the combustion chambers by electro-
magnetically actuated fuel injectors. Each
cylinder is assigned a fuel injector. Mixture
formation takes place inside the cylinder.
To ensure efficient combustion, it is es-
sential that the fuel be finely atomized
when leaving the injectors.

In normal operation, a direct-injection
engine draws in only air and not an air-
fuel mixture, as is the case in conven-
tional injection systems. Herein lies an
advantage of this new system: no fuel can
precipitate on the intake-manifold walls.
With external mixture formation, the air-
fuel mixture is generally present through-
out the entire combustion in a homoge-
neous state and in a stoichiomeiric ratio.
On the other hand, formation of the mix-
ture in the combustion chamber permits
two completely different operating modes:

Stratified-charge operation

In stratified-charge operation, the: mixture
only has to be combustible in the area
around the spark plug. The remaining
section of the combustion chamber thus
only contains fresh mixture and residual
exhaust gas without unburnt fuel. In the
idle and part-load ranges, this craates an
altogether highly lean mixture ard thus a
reduction in the fuel consumption.

Homogeneous operation

In homogeneous operation, as with exter-
nal mixture formation, there is a homoge-
neous mixture throughout the entire com-
bustion chamber; and the entire fresh air
available in the combustion chamber
takes part in the combustion procedure.
For this reason, this operating mode is
used in the full-load range.

MED-Motronic is the management sys-
tem for direct-injection gasoline engines.
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Single-point injection
systems

Single-point fuel injection has advanced
beyond the compact fuel-injection system
stage to become part of a comprehensive
engine-management system.

The various single-point injection sys-
tems differ in the design of the central-in-
jection unit. All systems feature an injector
located above the throttle plate; they differ
from multipoint injection units in that they
frequently operate at low pressure
(0.7...1 bar). This means that an inexpen-
sive, hydrodynamic electric fuel pump can
be used which is generally in the form of
an in-tank unit. The injector is flushed
continuously by the fuel flowing through it
in order to inhibit the formation of air bub-
bles. This arrangement is an absolute ne-
cessity in such a low-pressure system.
The designation “Single-Point Injection
(SPI)" corresponds to the terms Central
Fuel Injection (CFl), Throttle Body Injec-
tion (TBI) and Mono-Jetronic (Bosch).

Mono-Jetronic

Mono-Jetronic is an electronically con-
trolled, low-pressure single-point injection
system for 4-cylinder engines, and fea-
tures a centrally located solenoid-con-
trolled fuel injector. Atthe heart of the sys-
tem is the central injection unit, which
uses the throttle valve to meter the intake
air while injecting the fuel intermittently
above the throttle valve. The intake mani-
fold then distributes the fuel to the individ-
ual cylinders. Various sensors monitor all
important engine operating data, which
are then are used to calculate the trigger-
ing signals for the injectors and other sys-
tem actuators.

Central injection unit

The injector is located above the throttle,
in the intake-air path, in order to ensure
homogeneous mixtures and consistent
cylinder-to-cylinder distribution. The fuel
spray is directed into the sickle-shaped
orifice between the housing and throttle
plate, whereby fuel wetting of the intake-
tract walls is inhibited to a great extent,
and the high pressure differential pro-

Schematic of a Mono-Jetronic system

1 Fuel tank, 2 Electric fuel pump, 3 Fuel filter, 4 Pressure regulator, 5 Injector, 6 Air-temperat.re
sensor, 7 ECU, 8 Throttle actuator, 9 Throttle potentiometer, 10 Canister-purge valve, 11 Carbon
canister, 12 Lambda sensor, 13 Coolant-temperature sensor, 14 Ignition distributor, 15 Battery,
15 Ignition switch, 17 Relay, 18 Diagnostic connector, 18 Central injection unit.
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motes optimum mixture formation. The in-
jector operates at a system pressure of
1 bar (referred to atmospheric pressure).
Efficient fuel atomization ensures consis-
tently good mixture distribution, even in
the critical full-load range. Injector trigger-
ing is synchronized with the ignition
pulses.

System control

In addition to the engine speed n, the
rnain actuating variables for the injection
system can include the air volume/air
mass flow, the absolute manifold pres-
sure, and the throttle position a. The
(a/n) system applied with Mono-Jetronic
can meet stringent emission require-
ments when used in conjunction with
lambda closed-loop control and a 3-way
catalytic converter. A self-adaptive sys-
tem employs the signal from the lambda
sensor as a reference to compensate for
component tolerances and engine
changes, thus maintaining high precision
throughout the service life of the system.

Adaptation functions

The injection time is extended to provide
additional fuel for cold starts and during
the post-start and warm-up phases.
When the engine is cold, the throttle actu-
ator adjusts the throttle position to supply
more air to the engine, thus maintaining
idle speed and exhaust emissions at a
constant level. The throttle potentiometer
recognizes the change in throttle position
and initiates an increase in the fuel quan-
lity via the ECU. The system regulates the
enrichment for acceleration and full-throt-
ile operation in the same way. The over-
run fuel cutoff provides reductions in fuel
consumption and in exhaust emissions
during trailing-throttle operation. Adaptive
idle-speed control lowers the idle speed
and stabilizes it. For this purpose, the
ECU issues a signal to the servomotor to
adapt the throttle-valve position as a func-
tion of engine speed and temperature.

Mono-Jetronic central injection unit

1 Pressure regulator, 2 Air-temperaturz
sensor, 3 Injector, 4 Upper part (hydra lics),
5 Fuel supply, 6 Fuel return, 7 Insulafcr plate,
8 Throttle valve, 9 Lower part.

Multec central infection unit (Opel)

1 Pressure regulator, 2 Injector, 3 Fuel return,
4 Stepper motor for idle-speed contro!,

5 To intake manifold, 6 Throttle vaive,

7 Fuel inlet.
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Multipoint injection systems

K-Jetronic

Operating principle
- Continuous injection,

— Direct air-flow measurement.

K-Jatronic is a mechanical system which
does not require an engine-driven injec-
tion pump. It meters a continuous supply
of fuel proportional to the quantity of air
being drawn into the engine.

Because of direct air-flow measure-
ment, K-Jetronic also takes into account
changes caused by the engine and per-
mits the use of emission-control equip-
ment, for which precise intake-air moni-
toring is an essential requirement.

Operation
The intake air flows through the air filter,

the air-flow sensor, and the throttle valve,
before entering the intake manifold and
continuing to the individual cylinders.

The fuel is delivered from the fuel tank
by an electric (roller-cell) fuel pump. It
then flows through the fuel accumulator
and fuel filter to the fuel distributor. A
pressure regulator in the fuel distrioutor
maintains the fuel at a constant system
pressure. The fuel flows from the fuel dis-
tributor to the injectors. Excess fuel not re-
quired by the engine is returned to the
tank.

Mixture-control unit
The mixture-control unit consists of the
air-flow sensor and the fuel distributor.

Air-flow sensor

The air-flow sensor consists of an air fun-
nel and a pivoting air-flow sensor plate . A
counterweight compensates for the
weight of the sensor plate and pivct as-

Schematic of a K-Jetronic system

1 Fuel tank, 2 Electric fuel pump, 3 Fuel accumulator, 4 Fuel filter, 5 Warm-up regulator, 6 Injector,
7 Intake manifold, 8 Electric start valve, 9 Fuel distributor, 10 Air-flow sensor, 11 Frequency valve,
12 Lambda sensor, 13 Thermo-time switch, 14 Ignition distributor, 15 Auxiliary-air valve,

16 Throttle switch, 17 ECU, 18 Ignition switch, 19 Battery.
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sembly. The sensor plate is displaced by
the air flow, while the control plunger in
the fuel distributor exerts hydraulic coun-
terpressure to maintain the system in a
balanced state. The position of the air-
flow sensor plate provides an index of in-
take air flow, and is transmitted to the fuel
distributor’s control plunger by a lever.

Fuel distributor

The amount of fuel supplied to the indi-
vidual cylinders is regulated by varying
tha aperture of the metering slots in the
fuel-distributor barrel. The number of rec-
tangular-shaped metering slots in the bar-
rel corresponds to the number of engine
cylinders. The specific size of the meter-
ing-slot aperture depends on the control-
plunger’s position. In order to ensure con-
stant pressure drop at the slots for various
flow rates, a differential pressure regula-
tor is located downstream of each meter-
ing slot.

Fuel injector
1 Hexagon, 2 Rubber molding, 3 Fine-mesh
clrainer, 4 Valve body, 5 Valve needle.

Fuel distributor in mixture-control unit

1 Diaphragm, 2 To injector, 3 Control plunger,
4 Melering slot, 5 Differential-pressure
regulator.

Injector

The injector opens automatically at a
pressure of approximately 3.8 bar, and
has no metering function. It provides effi-
cient mixture formation by opening and
closing at a frequency of approx. 1500 Hz
(“chatter”).

Itis held in place by a rubber molding. It
is pressed, not screwed, into pcsition.
The hexagon serves to brace the injector
when the fuel-supply line is screwed on.

Warm-up reqgulator
The warm-up regulator is controllecl by an
electrically-heated bimetallic element; it
enriches the mixture in the warm-up
phase by reducing the counterprassure
(control pressure) exerted against the
control plunger. A reduction in this control
pressure means that the stroke of the air-
flow sensor plate for a given air flow in-
creases (reflected by a correspondingly
larger metering-slot aperture). The result
is a richer mixture during warm-up.
Where desired, the warm-up regulator
can be expanded to incorporate the fol-
lowing functions:
- full-throttle enrichment,
— acceleration enrichment,
— altitude compensation.

Auxiliary-air valve

The auxiliary-air valve, controlled by ei-
ther a bimetallic spring or an expansion
element, supplies the engine with addi-
tional air (which is monitored by the air-
flow sensor, but bypasses the throttle
valve) during the warm-up phase. This
supplementary air compensates for the
cold engine’s higher friction losses; it ei-
ther maintains the normal idle speed or in-
creases it in order to heat the engine and
exhaust more quickly.

Electric start valve, thermo-time switch
The thermo-time switch activates the
electric start valve as a function of engine
temperature and elapsed time. During
low-temperature starts, the start valve in-
jects supplementary fuel into the intake
manifold (cold-start enrichment).

Lambda closed-loop control
Open-loop control systems do nct regu-
late the A/F ratio with enough accuracy to
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allow compliance with stringent emis-
sions limits.

Lambda closed-loop control is required
for operation of the 3-way catalytic con-
verter. When it is installed, the K-Jetronic
system must include an electronic control
uni: which uses the Lambda sensor's sig-
nal as its main input variable.

A solenoid frequency valve regulates
the A/F mixture ratio by controlling the
pressure differential at the metering slots.
However, this principle cannot be applied
to reet the more stringent emissions re-
quirements scheduled for the future.

KE-dJetronic

KE-Jetronic is an advanced version of the
K-Jatronic system. KE-Jetronic includes
an ECU for increased flexibility and sup-
plementary functions. Additional compo-
nents include:

— a sensor for the intake air flow,

— apressure actuator for mixture ratio ad-
justment, and

—a pressure regulator which maintains
system pressure at a constant level as
well as providing a fuel-cutoff furction
when the engine is switched off.

Operation

An electric fuel pump generates the sys-
tem pressure. The fuel flows through the
fuel distributor, while a diaphragm regula-
tor maintains the system pressure at a
constant level. With K-Jetronic, the con-
trol circuit performs mixture corrections
via the warm-up regulator. In contrast,
with KE-Jetronic the primary pressure
and the pressure exerted upon the control
plunger are equal. The ratio is corrected
by adjusting the pressure differential in all
the fuel distributor's chambers simultane-
ously.

Schematic of a KE-Jetronic system

19 Ignition switch, 20 Battery.

Q

1 Fuel tank, 2 Electric fuel pump, 3 Fuel accumulator, 4 Fuel filter, 5 Fuel-pressure regulator,
6 Injector, 7 Intake manifold, 8 Electric start valve, 9 Fuel distributor, 10 Air-flow sensor,

11 Electrohydraulic pressure actuator, 12 Lambda sensor, 13 Thermo-time switch, 14 Coolant-
temperature sensor, 15 Ignition distributor, 16 Auxiliary-air valve, 17 Throttle switch, 18 ECU,

m‘ 18
L ¢

=
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The system pressure is present up-
stream from the metering slots, and ap-
plies a counterpressure to the control
plunger. As with K-Jetronic, the control
plunger is moved by an air-flow sensor
flap. A damper unit prevents the oscilla-
tions that could be induced by the forces
generated at the sensor flap. From the
control plunger the fuel flows through the
pressure actuator, the lower chambers of
the differential-pressure valve, a fixed flow
restrictor, and the pressure regulator, be-
fore returning to the fuel tank. Together
with the flow restrictor, the actuator forms
a pressure divider in which the pressure
can be adjusted electrodynamically. This
pressure is present in the lower chambers
of the differential-pressure valves.

A pressure drop corresponding to the
actuator current occurs between the actu-
ator’s two connections. This causes varia-
tions in the pressure differential at the me-
tering slots, and alters the amount of fuel

Electrohydraulic pressure actuator
1 Nozzle, 2 Valve plate, 3 Coil, 4 Magnetic
pole, 5 Fuel inlet, 6 Adjustment screw.
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injected. The current can also be reversed
to shut down the fuel supply completely.
This feature can be employed for such
functions as overrun fuel cutofi and en-
gine-speed limitation.

Electrohydraulic pressure actualor

This electrohydraulic actuator is flange-
mounted on the fuel distributor. It is an
electrically-controlled pressure regulator
which operates using the nozzlz/flapper-
plate system. The mixture enrichment is
directly proportional to the current flow.

Electronic control unit (ECU)

The ECU processes signals from the igni-
tion (engine speed), temperature sensor
(coolant temperature), throttle poten-
tiometer (intake air flow), throtle switch
(idle and overrun, WOT), starter switch,
Lambda (O,) sensor, pressur2 sensor
and other sensors. Its most important
functions are the control of:

— starting and post-start enrichment,

— warm-up enrichment,

— acceleration enrichment,

— full-throttie enrichment,

— overrun fuel cutoff,

- engine-speed limitation,

— idle-speed control,

- altitude compensation,

— closed-loop lambda control.

A coding switch (trim plug) makes it pos-
sible to select between operztion with
lambda control (with catalytic converter)
and without it. This permits a choice be-
tween leaded and unleaded gasoline.

Lambda closed-loop control

The signal from the Lambda sensor is
processed in the KE-Jetronic’s ECU. The
pressure actuator carries out the neces-
sary adjustments.

L-Jetronic

Operating principle
— Air-flow measurement,

— Main controlled variables: air flow and
engine speed,
- Intermittent injection.

L-Jetronic combines the advantages of di-
rect air-flow measurement with the unique
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possibilities afforded by electronics. It is
similar to K-Jetronic in that it recognizes
all changes in engine condition (due to
wear, combustion-chamber deposits,
changes in valve setting). This ensures
consistently good exhaust-gas composi-
tion.

Oparation

The fuel is injected through the engine’s
solenoid-operated injectors. A solenoid
valve assigned to each cylinder is trig-
gered once per crankshaft revolution. All
of the injectors are wired in parallel to re-
duce the complexity of the electrical cir-
cuit. The pressure differential between
fuel and intake-manifold pressures is
maintained at a constant level of 2.5 or
3 bar such that the injected fuel quantity is
only dependent on the opening period of
the valves. For this purpose, the ECU de-
livers control pulses whose duration is de-
pendent on the intake air flow, the engine
speed, and other influencing variables.

These are monitored by sensors and
processed in the ECU.

Fuel supply

An electric fuel pump supplies the fuel
and generates the injection pressure. The
fuel is pumped from the fuel tank, through
a paper filter, and into a high-pressure
supply line at the other end of which there
is a pressure regulator (spring-loaded di-
aphragm). The pressure regulator main-
tains a constant pressure at the melering
orifice, regardless of the injected fuel
quantity.

Schematic of an L-Jetronic system

vaive, 16 Battery, 17 Ignition switch.

1 Fuel tank, 2 Electric fuel pump, 3 Fuel filter, 4 ECU, 5 Injector, 6 Fuel-pressure regulator,
7 Intake manifold, 8 Electric start valve, 9 Throttle switch, 10 Air-flow sensor, 11 Lambda sensor,
12 Thermo-time switch, 13 Coolant-temperature sensor, 14 Ignition distributor, 15 Auxiliary-air

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




472

Engine management (spark-ignition engines)

Standard system:
The fuel flows through the high-pressure

line on its way to the engine-mounted fuel
rail with the injectors. The pressure regu-
lator is installed on the fuel rail. After flow-
ing through the rail the portion of the fuel
not required by the engine flows through
the return line attached to the regulator
and back to the tank. Because the return-
ing fuel has been warmed on the way
back from the engine, fuel temperatures
within the tank rise.

Fuel vapor is generated in the tank as a
function of fuel temperature. For environ-
mental purposes these vapors are routed
through the tank ventilation system for
storage in an activated charcoal canister
until they can be returned through the in-
take manifold for combustion within the
engine.

Returnless system:
A returnless fuel-supply system reduces

the tendency of the fuel in the fuel tank to
heat up, thus making it easier to comply
with the legal requirements governing ve-
hicular evaporative emissions. The pres-
sure regulator is located either ir the fuel
tank or in its immediate vicinity, which
means that the return line from the engine
to the fuel tank can be dropped. The
amount of fuel pumped to the fuel rail is
limited to the quantity being used by the
injectors. The excess flow volume emerg-
ing from the pump returns directly to the
tank without the round trip to tha engine
and back. Assuming equivalent cperating
conditions, and depending upon the spe-
cific vehicular application, this system can
reduce in-tank fuel temperatures by up to
10 K, cutting vaporization by roughly one
third.

Fuel supply
a) Standard system, b) Returnless system.

| 1 Fuel tank, 2 Electric fuel pump, 3 Fuel filter, 4 Pressure line, 5 Fuel-pressure regulator,
6 Injectors, 7 Fuel rail (continuous flow), 8 Return line, 9 Fuel rail (no return flow).
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Air-flow sensor

1 ldle-mixture adfustment screw, 2 Air-flow
sensor flap, 3 Stop, 4 Compensation flap,
5 Damping chamber, 6 Air-temperature
Sensor.

Injector

1 Pintle, 2 Needle, 3 Armature, 4 Spring,
5 Solenoid winding, 6 Electrical terminals
7 Fuel strainer.

Air-flow sensor

The intake air flow deflects a sensor flap
against the constant return force of a
spring to a defined angular position,
which is converted by a potentiometer
into a voltage ratio. This voltage ratio de-
termines the pulse length of a timing ele-
ment in the ECU. A temperature sensor in
the air-flow sensor indicates changes in
air density caused by temperature varia-
tions.

Fuel injectors
Fuel injectors serve to meter and atomize

the fuel. When the solenoid winding is en-
ergized, the nozzle needle is lifted a mere
0.05 mm off its seat.

Throitle-valve switch

This transmits a control signal to the ECU
when the throttle valve is either com-
pletely closed (idle) or fully opened (full-
throttle [WOT]).

Engine-temperature sensor

The engine-temperature sensor is de-
signed as a temperature-sensitive resis-
tor (ihermistor) and controls the warm-up
enrichment.

Auxiliary-air valve, electric start-valve,
thermo-time switch

Design and function are similar o those of
the corresponding K-Jetronic compo-
nents.

Electronic control unit (ECU)

This ECU converts the engine variecbles
into electrical pulses. Transmission inter-
vals for these pulses are correlated with
ignition timing, while their duration is basi-
cally a function of speed and intake air
flow. Since all injectors are activated si-
multaneously, only a single driver staje is
required. The temperature sensors re-
spond to lower engine and air tempera-
tures by increasing the injection duration.
The throttle-switch signals allow mixture
adaptation for idle and full-throttle
operation.

Lambda closed-loop control

The ECU compares the signal from the
Lambda sensor with a setpoint value be-
fore activating a two-state controller. The
control adjustment is then performec!, as
are all corrections, by modifying the injec-
tion duration.

L3-Jetronic

L3-Jetronic incorporates functions ex-
tending beyond those provided by the L-
Jetronic's analog technology. The L3 sys-
tem’'s ECU employs digital technolocy to
adjust the mixture ratios based on a
load/engine-speed map. In order to save
space, the ECU is installed in the engine
compartment, directly on the air-flow 3en-
sor, where the two components form a
single monitoring and control unit.
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LH-Jetronic

LH-Jetronic is closely related to L-
Jetronic. The difference lies in the method
of intake air-flow measurement, with LH-
Jetronic using a hot-wire air-mass meter
to measure the mass of the intake air.
Thus, the results no longer depend on the
air density, which varies with temperature
and pressure.

The other LH-Jetronic components and
the basic system concept are to a large
extent the same as those in L-Jetronic.

Operating-data processing in the ECU

LH-Jetronic is equipped with a digital
ECU. Arrangements for adjusting the mix-
ture ratio vary from those used with L-
Jetronic in using a load/engine-speed
map programmed for minimum fuel con-
sumption and exhaust emissions. The
ECU processes the sensor signals when
calculating the injection duration that de-
termines the injected fuel quantity. The
ECU includes a microprocessor, a pro-

gram and data memory, and an A/D con-
verter. The microprocessor is arovided
with a suitable voltage supply ard with a
stable clock rate for data processing. The
clock rate is defined by a quartz cscillator,

Hot-wire air-mass flow meter

The stream of intake air is conducted past
a heated wire (hot wire). This wire forms
part of an electrical bridge circuit. The
flow of current through the wire serves to
maintain it at a constant temperature
above that of the intake air. This principle
makes it possible to employ the current
requirement as an index of the air mass
being drawn into the engine. A resistor
converts the heating currentinto a voltage
signal, which the ECU then processes
along with engine speed as a main input
variable. A temperature sensor is
mounted in the hot-wire air-mass flow me-
ter to ensure that its output signal is not in-
fluenced by the temperature of the intake
air. The A/F ratio at idle can be adjusted
with a potentiometer. As contamination on

Schematic of an LH-Jetronic system

16 Ignition switch.

1 Fuel tank, 2 Electric fuel pump, 3 Fuel filter, 4 ECU, 5 Injector, 6 Fuel distributor, 7 Fuel-oressure
regulator, 8 Intake manifold, 9 Throttle switch, 10 Hot-wire air-mass flow meter, 11 Lambda sensor,
12 Coolant-temperature sensor, 13 Ignition distributor, 14 Idle-speed actuator, 15 Battery,
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the surface of the hot wire could affect the
output signal, each time the engine is shut
down the wire is electrically heated for
one second to burn-off any contamina-
tion. The hot-wire air-mass flow meter has
no rnoving parts, and its aerodynamic re-
sistance within the intake tract is negligi-
ble.

Hot-film air-mass flow meter

The operating principle of the hot-film air-
mass flow meter is the same as that of the
hot-wire sensor. However, in the interests
of simplified design, a substantial portion
of the electrical bridge circuit is installed
on & ceramic substrate, in the form of thin-
film resistors. In addition, there is no need
to burn contaminants off the film. The
contamination problem is solved by plac-
ing the areas on the sensor element
which are decisive for thermal transmis-
sion at a downstream location. This pre-
vents them from being affected by de-
posits on the sensor element's leading
edga.

Kérman vortex volumetric flow meter

Yet another option for measuring irtake
air is provided by a sensor which uses the
Kérman vortex principle to measure the
volumetric flow rate. This meter moritors
vortices generated as the intake air flows
past vortex generators. The frequency of
these vortices is a measure of the volu-
metric flow rate. This frequency is mea-
sured by emitting ultrasonic waves per-
pendicular to the direction of the intake-air
flow. The propagation velocity of these
waves as modified by the vortices is de-
tected by an ultrasonic receiver and the
resulting signals are evaluated in the
ECU.

Hot-film air-mass flow meter

a Housing, b Hot-film sensor (installed in
center of housing). 1 Heat sink, 2 Spacer,
3 Criver stage, 4 Hybrid, 5 Sensor element
(metallic film).

Karman vortex volumetric flow meter

1 Oscillator, 2 Vortex generator, 3 Transmitter,
4 Ultrasonic waves, 5 Eddy currents, 6 Recei-
ver, 7 Amplifier, 8 Filter, 3 Pulse shaper.

.
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Electromagnetic fuel injectors

Design and operation

Fuel injectors essentially consist of a
valve housing with current coil and electri-
cal connection, a valve seat with spray-
orifice disk and a moving valve needle
with solenoid armature.

A filter strainer in the fuel feed protects
the injector against contamination. Two
O-rings seal the injector against the fuel-
distribution pipe and the intake manifold.
When the coil is de-energized, the spring
and the force resulting from the fuel pres-
sure press the valve needle against the
valve seat to seal the fuel-supply system
against the intake manifold (see Fig.).

When the injector is energized, the coil
generates a magnetic field which attracts
the armature and lifts the valve needle off
of its seat to allow fuel to flow through the
injector.

The injected fuel quantity per unit of
time is essentially determined by the sys-
tem pressure and the free cross-section

Fuel injector EV6 (example)

1 O-rings, 2 Filter strainer, 3 Valve housing
with electrical connection, 4 Current coil,

5 Spring, 6 Valve needle with solenoid
armature, 7 Valve seat with spray-orifice disk.

of the spray orifices in the spray-orifice
disk. The valve needle closes again when
the field current is switched off.

Spray formation

The fuel injectors’ spray formation, i.e.
spray shape, spray angle and droplet
size, influences the formation of the A/F
mixture. Individual geometries of intake
manifold and cylinder head make it nec-
essary to have different types of spray for-
mation.

Tapered spray:

Individual fuel sprays emerge through the
openings in the spray-orifice disk. These
fuel sprays combine to form & tapered
spray. Tapered sprays can also be ob-
tained by means of a pintle projecting
through the injector needle tip. Tapered-
spray injectors are typically usad in en-
gines with one intake valve per cylinder.
The tapered spray is directed into the
opening between the intake-valve disk
and the intake-manifold wall.

Dual spray:

Dual-spray formation is used in engines
with two intake valves per cylinder. The
openings in the spray-orifice disk are
arranged in such a way that two fuel
sprays emerge from the injector. Each of
these sprays supplies an intake valve.

Air-shrouding:

Inthe case of an air-shrouded injector, the
pressure drop between intake-manifold
and ambient pressures is used to improve
mixture formation. Air is routed through
an air-shrouding attachment into the out-
let area of the spray-orifice disk. In the
narrow air gap, the air is accelerated to a
very high speed and the fuel is finely at-
omized when it mixes with it.
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Ignition

The ignition system’s function is to initiate
cornbustion in the flammable air-fuel mix-
ture by igniting it at precisely the right mo-
ment. In the spark-ignition (Otto) engine,
this is achieved with an electrical spark,
i.e. an arc generated between the spark
plug’s electrodes. Consistently reliable ig-
nition under all circumstances is essential
for ensuring fault-free catalytic-converter
operation.

Misfiring results in damage to or destruc-
tion of the catalytic converter due to over-
heating during afterburning of the uncom-
busted mixture.

Mixture ignition

Provided the composition of the mixture is
sto'chiometric, an energy of approxi-
mately 0.2 mJ is required for each individ-
ual ignition of the A/F mixture via electric
spark. Over 3 mJ are required for a rich or
lean mixture. This energy represents only
a fraction of the total energy in the ignition
sperk, the actual ignition energy. If suffi-
cient ignition energy is not available, there
will be no ignition, the mixture cannot ig-
nite, and misfiring will result.

The system must therefore deliver
enough ignition energy to ensure consis-
tently reliable ignition of the mixture, even
uncler unfavorable conditions. Igniting a
small flammable mixture cloud flowing
past the spark can be enough to initiate
the process.

This mixture cloud ignites, the flame
spraads to the remaining mixture in the
cylinder, and the fuel starts to combust.
Ignitability is enhanced by efficient fuel at-
omization and good access of the mixture
to the electrodes, as well as through ex-
tended spark duration and spark length
(large electrode gap).

The spark plug determines the location
and length of the spark; spark duration
depends upon the type and design of the
ignition system, as well as on the momen-
tary ignition conditions.

Spark generation

Adequate voltage must be present before
a spark will arc from one electrode to an-
other. At the moment of ignition, the volt-

Spark-plug voltage characteristic with sta-
tionary or semi-stationary A/F mixture

1 Ignition voltage, 2 Spark voltage,

t Spark duration.
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age across the electrodes abruptly rises
from zero up to the arcing (ignition; volt-
age and the plug fires. Once the spark
has ignited, the spark-plug voltage drops
to the sparking voltage. The A/F m xture
may ignite at any point during the firing
period of the ignition spark (spark dura-
tion). Once the spark has broken away,
the voltage is damped and drops to zero.

Although intense mixture turbulence is
basically desirable, it can extinguish the
spark, thus leading to incomplete com-
bustion. The energy stored in the ignition
coil should therefore suffice for one or
more consecutive sparks, depending on
individual requirements.

High-voltage generation and energy
storage
Battery-ignition systems generally em-
ploy an ignition coil to generate the high-
tension voltage needed to generat2 the
spark. The ignition coil operates as an au-
totransformer but within coil-ignition sys-
tems it also assumes the further impor-
tant function of storing the ignition eriergy.
When the contact breaker closes, energy
from the vehicle’s electrical system flows
into the coil's primary winding. This en-
ergy is then stored in a magnetic field un-
til the firing point, when the secondary
winding discharges it to one of the en-
gine’s spark plugs. The ignition coil is de-
signed to ensure that the available high-
tension voltage in the coil is always well in
excess of the spark plug's maximum-pos-
sible ignition-voltage requirement. Energy
levels of 60...120 mJ within the coil corre-
spond to an available voltage of
25...30 kV.

The operational reserves of high volt-
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age and ignition energy are sufficient to
compensate for all electrical losses.
Inadequate maintenance reduces these
high-voltage reserves, and leads to igni-
tion and combustion miss. Engine power
drops and fuel consumption increases. In
addition, this phenomenon can result in
damage to or destruction of the catalytic
converter, should one be installed. In ex-
treme cases, the engine either fails to
start — especially when cold - or stalls.

Ignition systems are also available with
capacitive energy storage (CDI or
Capacitor-Discharge Ignition) for use on
high-performance and racing engines.
These systems store the ignition energy
in the electrical field of a capacitor before
a special transformer transmits it to the
spark plug in the form of a high-voltage ig-
nition pulse.

Ignition timing and adjustment
Approximately two milliseconds elapse
between the mixture’s initial ignition and
its complete combustion. The ignition
spark must therefore arc early enough to
ensure that main combustion, and thus
the combustion-pressure peak in the
cylinder, occur shortly after piston TDC.
The ignition angle should therefore move
further in the advance direction along with
increasing engine speed. The chosen fir-
ing point should ensure that the following
requirements are met:

— maximum engine performance

- low fuel consumption

- no engine knock

— clean exhaust gas.

Since it is impossible to obtain optimal
compliance with all of these requirements
simultaneously; compromises must be
found on a case-to-case basis. Optimal
ignition timing is defined according to a
variety of parameters. The most important
are engine speed, engine load, engine
design, fuel quality and momentary oper-
ating conditions (starting, idle and trailing
throttle, etc.). In the simplest case, spark-
advance mechanisms sensitive to varia-
tions in engine speed and intake-manifold
vacuum adapt the ignition timing to suit
the engine’s current operating conditions.

In modern engine-management sys-
tems with extended functions, additional

Example of cumuiative ignition timing ]
consisting of centrifugal and vacuum
advance

1 Part-load operation, 2 Full load.
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adjustments can be used e.g. for rapid
torque adaptation or for swift heating of
the catalytic converter.

All the adjustment strategies can oper-
ate either individually or simultaneously.
The degree to which the ignition timing is
advanced or retarded is determined by
the ignition-advance curves calibrated
specifically for each individual engine
configuration.

At full load, the accelerator padal is de-
pressed fully and the throttle is wide open
(WOT). Along with increasing engine
speeds, ignition takes place earlier in or-
der to maintain the combustion pressure
at the levels required for optimal engine
performance. The leaner A/F mixtures en-
countered during part-throttle operation
are more difficult to ignite. Because this
means that more time is requirzd for igni-
tion, it must be triggered earlier, with the
timing being shifted further in the “ad-
vance” direction. The manifold vacuum
employed to determine the necessary de-
gree of spark advance is monitored down-
stream from the throttle valve. If the vac-
uum bore is located near the throttle valve
(P. 489), the vacuum initially increases as
the throttle is opened wider and begins to
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Combustion-pressure curve for various
ignition firing points

1 Correct ignition advance (Z),

2 Excessive ignition advance (Z),

3 Excessive ignition retard (Z.).

2 bar[pefore TDC ~——— after TDC

40

20

Pressure in combustion cham

0 | 1 | |
75° 50° 25° 0Q° -25°-50° -75°
Ignition advance angle «z

fall in the proximity of the full-throttle
(WQT) position. The progressively wider
throttle openings required to increase en-
gine speed on the operating curve for
part-throttle road operation are refiected
in the relationship between vacuum and
min-' shown in the diagram.

‘et another diagram shows the curves
for combustion-chamber pressure in a
4-stroke engine with correct and incorrect
ignition timing. Even if the timing is initially
correct, neglected maintenance can allow
it to drift over the course of time. If the tim-
ing shifts towards a later firing point
(‘retard"), the result is a gradual drop in
engine power and increased fuel con-

sumption. Excessive “advance” may re-
sult in extreme cases in serious damage
to spark plugs or to the engine if the en-
gine knocks. The level of exhaust emis-
sions also increases.

Ignition and emissions

Owing to the fact that it directly affects the
various exhaust-gas components, the ig-
nition has a significant effect upon ex-
haust emissions. Because various - and
in this context sometimes mutually antag-
onistic — factors such as fuel ecoromy,
driveability, etc., are also potential opti-
mization criteria, it is not always possible
to specify the ideal ignition timing for min-
imum emissions.

Shifts in ignition timing induce mutually in-
verse response patterns in fuel consump-
tion and exhaust emissions: While more
spark advance increases power and re-
duces fuel consumption, it also raises
HC and, in particular, NO, emissions.
Excessive spark advance can cause en-
gine knock and lead to engine damage.
Retarded ignition results in higher ex-
haust-gas temperatures, which can also
harm the engine. Electronic engine-man-
agement systems featuring prograrnmed
ignition curves are designed to adapt igni-
tion timing in response to variations in fac-
tors such as min-', load, temperature, etc.
They can thus be employed to achieve the
optimum compromise between thes2 mu-
tually antagonistic objectives.

Overview of various ignition systems
Function Ignition system
Cl Tl Elt) | DLI
Cesignation Coil Transist- Engine management
ignition orized Electronic | Distributor-
Gysiem |gn|:|on ignition less semi-
SEREL system conducitor ig-
niion system
High-voltage generation Inductive
Ignition triggering Mechani- Electronic
cal
Ignition angle determined from engine Mechanical Electronic
speed and load
Spark distribution to appropriate Mechanical Electranic
cylinder

') Any desired ignition timing is not possible with EI. DLI therefore dominates with integrated engine-management sy:tems.
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Influence of excess-air factor 1 and igni- Influence of air factor A and ignition tim-
tion point ¢, on pollutant emissions ing (1, on fuel consumption and torque
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leaner mixtures require substantially
g/kWh ;
higher levels of spark energy. Excess en-
800 1 VTR ergy, i.e., from an ignition system de-
& 508 N\ signed to generate a high-energy spark of
g N 40° \\ \ extended duration (transistorized or elec-
260N |z tronic ignition) stabilizes flame propaga-
S \ A\ Y tion and reduces the fluctuations from cy-
% 400 - S & cle to cycle. The reduction in fluctuations
£ results in smoother engine operation and
0 200 - lower HC emissions. Increased spark pro-
O jection, larger electrode gaps and thin
0 \ electrodes also have a positive influence
0.8 1.0 12 14 on 'th_e engine's smoothness and HC
Excess-air factor A emissions.

lgnition energy

The ignition system generates a high-volt-
age spark at the spark plug to initiate
combustion. An ignition-spark energy of
approx. 0.2 mJ is adequate to ignite a sto-
ichiometric air-fuel mixture, while richer or
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Ignition coil

The ignition coil functions as both an en-
ergy-storage device and a transformer.
The coil, which is powered by DC voltage
from the vehicle’s electrical system, sup-
plies the ignition pulses for the spark
plugs at the required high voltage and dis-
charge energy. The ignition driver stage
with its defined deactivation current com-
bines with a primary winding featuring
specific resistance and inductance char-
acteristics to determine the amount of en-
ergy stored within the ignition coil's mag-
netic field. The secondary winding can be
designed to provide peak voltage, spark
current and discharge duration in accor-
dance with individual requirements.

The contact-breaker points used with
coil ignition (CI) can only handle interrupt
currents of up to approx. 5 A. Tl, El and
DLI ignition systems and Motronic ECUs
can handle much higher interrupt cur-
rents. The series resistors generally em-
ployed with coil ignition (they can be by-
passed to increase energy during cold
starts) can be omitted in electronic igni-
tion systems. Here the electronic circuitry
activates the ignition coil depending on
battery voltage, engine speed and other
influencing variables in such good time
that full energy is available at the ignition
poirt.

Each ignition coil is designed to meet
the requirements of a particular applica-
tion. It must charge quickly in order to fur-
nish the voltages and ignition energies re-
quired at high engine speeds. Important
priorities thus include low primary induc-
tance and, in some cases, higher primary
interrupt currents (for adequate energy
storage).

Design and operation

Traditional ignition coils with asphalt or oil
insulation enclosed in metal casings are
being increasingly replaced by units fea-
turing an epoxy-resin filler. These not only
allow more latitude in the selection of
geometry, type and number of electrical
terminals, but also provide more compact
dimensions, better vibration resistance
and lower weight. The ignition coil is gen-
erally attached by way of the iron core to
the engine or vehicle body. Rod-type igni-
tion coils are installed in the cylinder-head

recess above the spark plug.

The coil's synthetic materials provide
good adhesion between all of the high-
voltage components and the molded
epoxy resin, which penetrates into el the
capillary spaces. Supplementary iron
cores are sometimes embedded on the
inside of the synthetic molding.

The secondary winding is mostly de-
signed as a disk or sandwich coil, with the

Ignition coils (schematic)

Rotating distribution: a) Single-spark igni‘ion
coil. Distributorless ignition:

b) Single-spark ignition coil,

¢) Dual-spark ignition coil.

Single-spark ignition coil

1 External low-voltage terminal,

2 Laminated iron core, 3 Primary winding

4 Secondary winding, 5 Internal high-voltage
connection via spring contact, 6 Spark plug.
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windings distributed among a series of
segments. Even distribution of stresses
among the insulating elements in all
chambers combines with high dielectric
strength to permit compact dimensions
while at the same time making foil and pa-
per between wire layers redundant. The
winding’'s self-capacitance is also re-
duced.

Because lower breakdown voltages are
required for the negative (relative to en-
gine ground) ignition spark, the positive
terminals for the primary and secondary
windings are generally combined on
those ignition coils used with rotating
high-voltage distribution.

Single and dual-spark ignition coils are
an alternative for use in ignition systems
with distributorless ignition (DLI).

When a single-spark coil per spark plug
is used, the primary current is controlled
to furnish the relevant spark plug with an
ignition pulse at precisely the right mo-
ment in time. High-voltage diodes are
used to prevent the positive 1...2 kV high-
voltage pulse generated when the pri-
mary current is activated from causing the
spark plug to fire prematurely.

On the dual-spark coil, the secondary
winding is galvanically insulated from the
primary winding. Each of the two high-
voltage outputs are connected to a spark
plug. Ignition sparks are created at the
two spark plugs when the primary current
is deactivated. As with rotating high-volt-
age distribution, this system does not
usually require any special precautions to
prevent activation sparks.

Connection and installation are facili-
tated by combining several ignition coils in
a common casing to form a single assem-
bly. However, the individual coils continue
to operate as independent units. The inte-
gration of oulput stages in the ignition
coils means that short primary leads can
be used (lower voltage drop). This
arrangement also prevents power 10ss in
the driver circuits from overheating the
ECU.

Dual-spark ignition coil (distributorless
ignition)

1 Low-voltage terminal, 2 Laminated iron core,
3 Primary winding, 4 Secondary winding,

5 High-voltage terminals.

Spark plug

Function

The spark plug introduces the ignition en-
ergy generated by the ignition coil into the
combustion chamber. The high voltage
creates an electric spark between the
spark-plug electrodes which ignites the
compressed A/F mixture. As this function
must also be guaranteed under extreme
conditions (cold starting, full load), the
spark plug plays a decisive role in the op-
timum performance and reliable operation
of a spark-ignition engine. These require-
ments remain the same over “he entire
service life of the spark plug.

Requirements
The spark plug must satisfy a variety of

extreme performance demands: It is ex-
posed to the varying periodic processes
within the combustion chamber as well as
external climatic conditions. However, the
combustion chamber must remain
sealed.

During spark-plug operation with elec-
tronic ignition systems, ignition voltages
of up to 30,000 V may occur and must not
damage the insulator. This insulation ca-
pability must also be guaranteed at tem-
peratures in the region of 1000 °C.

Because the spark plug is subjected to
mechanical stresses in the forrn of expo-
sure to periodic pressure peeks (up to
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80 bar) within the combustion chamber,
its materials must exhibit extreme resis-
tance to thermal loads and continuous vi-
bratory stress. Atthe same time, that sec-
tion of the spark plug that protrudes into
the combustion chamber is exposed to
high-temperature chemical processes,
malking resistance to aggressive combus-
tion deposits essential. Because it is sub-
jected to rapid variations between the
heat of the combustion gases and the
cocl A/F mixture, the spark-plug insulator
must feature high resistance to thermal
stresses (thermal shock). Effective heat
dissipation at the electrodes and the insu-
lator is also essential for reliable spark-
plug performance.

Design

In 2 special high-grade ceramic insulator,
an electrically conductive glass seal
forms the connection between the center
electrode and terminal stud. This glass el-
ement acts as a mechanical support for
the components while providing a gas
seal against the high-pressure combus-
tion gases. It can also incorporate resistor
elements for interference suppression
and burn-off.

The connection end of the insulator is
glazed for improved protection against
contamination. The connection between it
and the nickel-plated steel shell is gas-
tight. The ground electrode, like the cen-
ter electrode, is primarily manufactured
using nickel-based alloys to cope with the
high thermal stresses. It is welded to the
shell. The thermal conduction properties
of both the center and the ground elec-
trodes are improved by using a nickel-al-
loy jacket material and a copper core.
Silvar and platinum, or platinum alloys,
are employed as electrode material for
special applications. The spark plugs
have either an M4 or a standard SAE
thread, depending upon the type of high-
voltage connection. Spark plugs with
metal shields are available for watertight
systems and for maximum interference
suppression.

Spark plug

1 High-voltage connector (terminal nut),
2 Al;O; Ceramic insulator,

3 Shell,

4 Heat-shrinkage zone,

5 Conductive glass,

6 Captive gasket,

7 Composite center electrode Ni/Cu,

8 Ground electrode.

B |

VW EX1012 Part III
U.S. Patent No. 6,557,540
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Heat range
The operating temperature of the spark

plug represents a balance between heat
absorption and dissipation. The aim is to
achieve a self-cleaning temperature of
approx. 500 °C even at low engine power
outputs.

If the temperature drops below this
level, there is the danger that unburnt hy-
drocarbons and oil residue from incom-
plete combustion sequences will settle
on the cold areas of the spark plugs (par-
ticularly when the engine is not at normal
operating temperature, at low outside
temperatures, and during repeated
starts). This can create a conductive
connection (shunt) between the center
electrode and the spark-plug shell by
way of which the ignition energy leaks
away in the form of short-circuit current
(risk of misfires). At higher tempera-
tures, the residues containing carbons
burn on the insulator nose; the spark
plug thus “cleans” itself.

An upper temperature limit of approx.
900°C should be observed because in
this range wear of the spark-plug elec-

Spark-plug temperature response
1 high, 2 medium, and 3 low heat range.

OC| =T

1500
<
b= 1
© 1000
2 2
E
@ 500 3

0 Engine power output 100%

trodes increases markedly (due to hot-
gas corrosion) and if this limit is signifi-
cantly exceeded this increases the risk
of auto-ignition (ignition of the air-fuel
mixture on hot surfaces). Such guto-igni-
tion subjects the engine to extreme
loads and can result in the engine's de-
struction within a short period of time,
The spark plug must therefore be
adapted accordingly in terms of its heat-
absorption capability to the engine type.
The identifying feature of a spark plug’s
thermal loading capacity is its heat
range, which is defined by a ccde num-
ber and determined in comparison mea-
surements with a reference standard
source.

The Bosch ionic-current process pre-
sents possibilities for adapting the heat
range to each engine. Characteristic
changes in the combustion procedure
due to increased thermal loading of the
spark plugs can be detected using ionic
current and used in the assessment of
the auto-ignition process. The spark
plug must be adapted in such a way as
to preclude any possibility of premature
ignition.

The use of center-electrode materials
with high thermal conductivity (silver or
nickel alloys with copper core) makes it
possible to substantially extend the insu-
lator nose without changing the plug's
heat range, thus extending the plug’s op-
erating range downward into a lower
thermal-load range and reducing the
probability of fouling. These advantages
are inherent in all Bosch Super (thermo-
elastic) spark plugs.

Reducing the likelihood of combustion
miss and ignition miss — with their atten-
dant massive increases in hydrocarbon
emissions — provides benefits in exhaust
emissions and fuel consumption in part-
throttle operation at low load factors.

Electrode gap and ignition voltage
The electrode gap should on the one
hand be as large as possible so that the
ignition spark activates a large volume el-
ement and thus results in reliakle ignition
of the air-fuel mixture due to the develop-
ment of a stable flame-core.

It is frequently impossible to achieve a
smooth idle when the electrode gap is too
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Spark gap

a) Spark air gap,

b) Semi-surface gap,
¢) Surface gap.

"~

N

narrow. On the other hand, the electrode
gap must be narrow enough to guarantee
that the ignition voltage will continue to
produce a reliable arc, even at the end of
the spark plug’s service life and under un-
favorable circumstances.

The required ignition voltage s
influenced not only by the size of the elec-
tfrode gap, but also by the electrodes’
shape and temperature and the
materials used in their manufacture.
Parameters specific to the combustion
chamber such as mixture composition
(lambda value), flow velocity, turbulence

and density of the gas to be ignited, also
play an important role.

On today’s high-compression engines,
which frequently feature high charge tur-
bulence, electrode gaps must be carefully
defined in order to guarantee reliable: igni-
tion and thus misfire-free operation
throughout the required service life.

Spark gap
The configuration of the arcing path s de-
fined by the mutual arrangement of the
electrodes.

Spark air gap (a):

A linear spark arcing directly between the
center and ground electrodes ignites the
air/fuel mixture between the electrocles.

Semi-surface gap (b):

The semi-surface gap is created by posi-
tioning the ground electrodes (at a de-
fined distance to the insulator end face) to
the sides of the center electrode. Under
certain conditions, the ignition spark
forms between the center electrode and
the surface of the insulator tip before arc-
ing across a gas-filled gap to the ground
electrode.

Shifting a portion of the spark’s p-opa-
gation travel to this shunt path extenc's the
gap across which any given voltage can
produce an arc.

The increased electrode gap improves
the ignition properties.

Surface gap (c):

On surface-gap spark plugs, the ground
electrodes are positioned to the sidzss of
the ceramic body. The sparks thus form
over the surface of the insulator tip bzfore
arcing across a small gas-filled gap to the
ground electrode. The arrangement of the
ground electrcde to the side of the ce-
ramic body helps to reduce the quenching
losses, i.e. the flame core can extend
more effectively into the combustion
chamber, thus enhancing the ignition
properties of the plug.
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Designation codes for Bosch spark plugs

Individual spark-plug specifications are contained in the designation code. This code incluces all
vital spark-plug characteristics except the electrode gap, which is indicated on the package.
Spark-plug specifications for individual engine applications are defined by Bosch and the engine

manufacturers.
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Conventional coil ignition (Cl)

Many vehicles are still equipped with con-
ventional coil ignition. When the contact
breaker closes with the ignition switched
on, current from the battery or alternator
flows through the ignition coil's primary
winding, generating a powerful magnetic
field in which the energy is stored. At the
ignition point, the contact breaker inter-
rupts the current, the magnetic field col-
lapses and the high voltage necessary for
ignition is induced in the secondary wind-
ing. This voltage is fed from terminal 4 to
the ignition distributor via a high-tension
catle and from there to the individual
spark plugs.

The following is a basic definition of the
relationship between the speed of a four-
stroke S| engine and the number of
sparks generated per minute:

f=z-nl2

f Spark-generation rate, z Number of
cylinders, n Engine speed.

At low engine speeds, the contact-
breaker points remain closed long
encugh to exploit the coil's full energy-
storage potential. At higher engine
speeds, this contact period — the dwell an-
gle —is shorter, and the primary current is
interrupted before maximum energy can
be transferred to the coil. The resulting re-
duction in stored energy means that less

Secondary voltage as a function of spark-
ing rate

a Without ohmic shunts

(R > 10 MQ),

b Shunt resistance 1 MQ,

¢ Shunt resistance 0.5 M%),

d Required ignition voltage.
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high-tension current is then available from
the coil.

In response, ignition coils are designed
to provide high-tension voltage well in ex-
cess of the spark plugs’' requirements,
even at maximum engine speeds.
Contamination on the insulating compo-
nents acts as a capacitive and chmic
shunt, increasing the ignition loads placed
upon the system, with combustion and ig-
nition misfiring as the ultimate conse-
quences.

Ccnventional coil-ignition system (Cl), components at left, circuit diagram at right
1 Battery, 2 Ignition switch, 3 Coil, 4 Distributor, 5 Ignition condenser, & Contact breaker,
7 Spark plugs, R, Ballast resistor for increased start voltage (optional).

|
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Ignition coil
Description: see P. 481,

Ignition distributor

The distributor is a separate, self-con-

tained component within the ignition sys-

tem. It has the following functions:

—it distributes the ignition pulses to the
engine’s spark plugs in the defined se-
quence (Cl, Tl, and electronic ignition),

—triggers the ignition pulse, either when
the contact breaker interrupts the pri-
mary current, or, with breakerless sys-
tems (CI, T, El in some cases), using a
pulse generator,

— adjusts the ignition timing with a spark-
advance mechanism on conventional
ignition systems (CI, Tl).

In modern electronic ignition systems,
operating either alone or in combination
with the fuel-injection system (Motronic),
the distributor generally comprises only a
rotor arm connected to the camshaft and
the distributor cap with high-voltage
cables.

The coniact-breaker points and the
spark-advance mechanism perform sepa-
rate functions from those of the distributor
proper. They are combined with it in a sin-
gle unit because they require a synchro-
nized drive.

The ignition pulse passes through the
center connection and the carbon brush
or the center-tower spark gap to the dis-
tributor’s rotor arm which then distributes
this ignition energy by arcing it to fixed
electrodes pressed into the periphery of
the distributor cap. From here, the ignition
pulses travel through the ignition cables to
the spark plugs. A dust cover is some-
times installed to separate this high-volt-
age section from the rest of the unit.

Contact breaker
A cam opens the contact-breaker points
to interrupt the flow of primary current to
the coil for ignition. The number of cam
lobes corresponds to the number of en-
gine cylinders. The portion of the distribu-
tor shaft’s rotation during which the points
remain closed is the dwell angle.

The contact-breaker points are subject
to three types of wear:

Contact breaker
1 Moving breaker-plate assembly, 2 Breaker
lever, 3 Distributor shaft, 4 Distributor cam.

Centrifugal advance mechanism, at rest
(above), in operation (below)

1 Support plate, 2 Distributor cam, 3 Contact
path, 4 Advance flyweight, 5 Distributor shaft,
6 Driver.

— contact pitting,

~ contact arm (rubbing-block) waar,

— plastic deformation and local compres-
sion of the contact metal.

Contact pitting stems from the breaking
sparks (residual arcing) induced by induc-
tion voltage during interruption of the pri-
mary current. The ignition condenser is
designed to suppress this type of arcing,
but residual sparks continue to occur.
Although contact wear and rubbing-block
wear are mutually counteractive, the ef-
fects of the latter are generally more pro-
nounced, resulting in a tendency for the
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ignition to drift in the “retard” direction, to-
ward a later ignition point.

Spark-advance mechanism

Ignition  distributors  are  generally
equipped with two spark-advance mecha-
nisms: a speed-sensitive centrifugal ad-
vance mechanism and a load-dependent
vacuum-controlled device.

Centrifugal advance mechanism

The centrifugal advance mechanism ad-
justs the ignition timing in response to
changes in engine speed. The support
plate upon which the flyweights are
mounted rotates with the distributor shaft.
The flyweights move outward as engine
speed increases, thereby turning the dri-
ver over the contact path to the distributor
shaft in the direction of rotation. In this
way, the distributor cam also turns to-
wards the distributor shaft by the ignition
advance angle «. The point of ignition is
advanced by this angle.

Vacuum adjustment mechanism

The vacuum mechanism adapts the igni-
tion timing to changes in engine output
and load factor. Intake manifold vacuum is
monitored or tapped off in the vicinity of
the throttle valve. The vacuum acts upon
two aneroid capsules.

Operation of advance mechanism
Because the air/fuel mixture combusts
more slowly during operation at low load

factors, it must be ignited earlier to com-
pensate. Meanwhile, the proportion of
those residual gases which have been
burned but not discharged from the com-
bustion chamber increases, and the: mix-
ture leans out. Vacuum for the advance
mechanism is tapped off immeciately
downstream from the open throttle valve.
As the engine load decreases, the vac-
uum in the advance unit rises, causing the
diaphragm and its control arm to move to
the right. The control arm turns the
breaker-plate assembly against the dis-
tributor shaft's direction of rofatior; the
point of ignition is advanced still further.

Operation of retard mechanism

Here the connection with the intake man-
ifold’s internal vacuum is downstream
from the closed throtile. The ring-shaped
vacuum retard unit reduces exhaust emis-
sions by reducing ignition advance under
specific operating conditions (e.g. idle,
trailing throttle). The ring diaphragm and
its control arm move to the left when vac-
uum is applied. The control arm rotates
the breaker-plate assembly together with
the contact breaker in the distributor
shaft's direction of rotation.

This spark-retard system operates in-
dependently of the advance mechanism.
The advance mechanism has priorizy: si-
multaneous vacuum in both units curing
part-throttle operation shifts the unit to its
“advance” position.

Vecuum advance mechanism with ignition advance and retard units

a Advance adjustment up to stop, b Retard adjustment up to stop

1 ignition distributor, 2 Breaker-plate assembly, 3 Diaphragm, 4 Vacuum retard unit,
5 \facuum advance unit, 6 Vacuum unit, 7 Throttle valve, 8 Intake manifold.
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Transistorized ignition (TI)

With conventional coil-ignition systems,
ignition energy and maximum voltage are
restricted by various electrical and me-
chanical factors limiting the breaker
points’ switching capacity. The demands
placed upon battery-ignition systems are
often more than the contact-breaker as-
sembly can satisfy in its role as a power
switch. In electronic ignition systems, the
ooints are assisted or replaced entirely by
wear-free control devices. Transistorized
(coil) ignition is available in both breaker-
triggered and breakerless versions.

Transistorized coil ignition with contact
control is especially suitable for upgrading
existing  coil-ignition  systems  (Cl).
Breaker-triggered transistorized coil igni-
tion systems are no longer installed as
original equipment.

Breakerless transistorized ignition
On breakerless transistorized ignition
systems, the cam-actuated contact
breaker is replaced by a magnetic “pulse
generator”. This generates current and
voltage pulses magnetically (without con-
tacts) to trigger the high-voltage ignition
pulse through the system electronics. The
pulse generator is installed in the ignition
distributor.

These triggering devices operate ac-
cording to various principles.

Induction-type pulse generators (TI-1)

The induction-type pulse generator is a
permanently-excited AC generator con-
sisting of stator and rotor. The number of
teeth or arms corresponds to the number
of cylinders in the engine. The frequency
and amplitude of the alternating current
generated by the unit vary according to
engine speed. The ECU processes this
AC voltage and uses it for ignition control.

Hall-effect pulse generators (TI-H)
This type of ignition-pulse generator uti-
lizes the Hall effect. A speed-sensitive
magnetic field produces voltage pulses in
an electrically charged semiconductor
layer to control activation of the ECU's pri-
mary current.

Ignition pulse generators (impulsers)
display clear benefits over mechanical

Breakerless transistorized ignition system
1 Battery, 2 Ignition switch, 3 Coil, 4 Eletronic
trigger box, 5 Ignition distributor with centrifugal
and vacuum advance mechanism,

6a Induction-type pulse generator, 6b Hall-type
pulse generator (alternative), 7 Spark piugs.

contact breakers: They do not wear, and
are thus maintenance-free. They allow
precise control of ignition timing with at-
tendant benefits in engine performance.

Ignition distributor with induction-type
pulse generator

1 Permanent magnet, 2 Induction winding
with core, 3 Variable air gap, 4 Trigger wheel.
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Electronic control units

Virlually all of the electronic control units
(trigger boxes) in use today are equipped
with  primary-current regulators and
closed-loop dwell-angle control.

The primary-current regulator limits the
current in order to protect the ignition coil
and the driver stage. When used in con-
junction with a coil featuring low primary
resistance, it provides high starting cur-
rent at low battery voltages. This makes it
possible to dispense with series resistors
upstream of the coil as well as with the
briclging function for starting.

Closed-loop dwell-angle control en-
suras that the desired primary current is
obtained in the control range as far as
possible at the point of ignition. This re-
duces the power losses in the ECU. It also
compensates for battery-voltage fluctua-
tions and ignition-coil temperature effects.
Depending on system design, this dwell-
angle control is effective up to medium
engine speeds. At high engine speeds,
the dwell angle is determined by the
break time required to achieve adequate
arcing durations. The residual energy re-

Ignition distributor with Hall sensor

1 Vane with width b, 2 Soft-magnetic
conductive elements, 3 Hall IC, 4 Air gap,
Ug Sensor voltage (transformed Hall voltage).

16 =G —

Hall voltage Uy
o

maining in the coil after the break time
promotes optimal coil charging with re-
duced dwell times.

The sparkless closed-circuit current de-
activation switches off the primary current
with the ignition on and the engine off to
ensure that no sparks occur at the spark
plug. However, there are also
TC-l systems (with induction-type pulse-
generator) with intrinsic closed-circuit cur-
rent deactivation.

Transistorized ignition is sometimes: em-
ployed together with auxiliary devices to
adjust the spark advance. An exemple
would be the idle-speed control wh ch is
installed between the Hall generator and
the ECU; below idle speed it reacts to fur-
ther decreases in engine min—' bv ad-
vancing the ignition, thus increasing
torque and preventing engine speed from
dropping any further. The electronic re-
tard device reduces ignition advanze at
high engine speeds to prevent knocking.
It is connected in parallel with the ECU.
Today, both of these functions are inte-
grated in the electronically adjusted igni-
tion systems within the engine-manage-
ment system.

Hybrid units have become the ECU stan-
dard for transistorized ignition systems
owing to their ability to combine high
packaging density with low weight and ex-
cellent reliability. Hybrid technology re-
places the printed-circuit board, with an
Al;O5 substrate bearing conductor paths
and resistors applied in a silk-screening
process. Semiconductor devices and ca-
pacitors in chip form complete the circuit.
As the Darlington power-transistor chip is
mounted insulated on the metallic base
plate, cooling is excellent, permitting op-
eration at high temperatures.

Ignition coils (description on P. 481)
The performance specifications of ignition
coils for conventional ignition differ from
those of ignition coils with electroniz cir-
cuit-breakers (transistorized ignition. see
P. 490). A coil designed for one applica-
tion should never be employed ir the
other.
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Note: Unlike with breaker-triggered igni-
tion, terminal 1 of the systems mentioned
must not be shorted to ground (e.g. during
compression testing) as this would over-
load the low-resistance primary winding
of the ignition coil.

Capacitor-discharge ignition
(Cpt)

The operating concept behind CDI, or
“thyristor ignition,” as it is also called, dif-
fers from that of the ignition systems de-
scribed above. CDI was developed for
use with high-speed, high-output multi-
cylinder reciprocating IC engines in high-
performance and competition applica-
tions and for rotary-piston engines.

The salient characteristic of the CDI
system is that it stores ignition energy in
the electrical field of a capacitor.
Capacitance and charge voltage of the
capacitor determine the amount of energy
which is stored. The ignition transformer
converts the primary voltage discharged
from the capacitor to the required high
voltage. Capacitor-discharge ignition is

available in both breaker-triggered and
breakerless versions.

The major advantage of the CDI is that
it generally remains impervious to electri-
cal shunts in the high-voltage ignition
circuit, especially those stemming from
spark-plug contamination. Fo- many
applications, the spark duretion of
0.1...0.3 ms is too brief to ensure that the
air-fuel mixture will ignite reliakly. Thus
CDl is only designed for specific types of
engine, and today its use is restricted to a
limited application range, as transistor-
ized ignition systems now afford virtually
the same performance. CDI is not suited
for aftermarket installations.

CDI can also be employed for distribu-
torless ignition (DLI) with the installation
of one ignition coil per cylinder, with en-
ergy distribution taking place at the
medium-voltage level.

Capacitor-discharge ignition system
with induction-type pulse generator,
schematic

1 Control unit,
2 Charger,

3 Pulse shaper,
4 Control stage,

5 Ignition transformer,

6 To induction-tyge pulse
generator,

7 To ignition distributor.

Accident hazard

All electronic ignition systems (including ca-
pacitor discharge, transistorized ignition
and all systems with partial or comprehen-
sive electronic control) are potentially dan-
gerous. Always switch off the ignition or dis-
connect the battery before performing any
service or maintenance including:

- Replacing components such as spark-

plugs, coils, transformers, distributors,
high-tension cables, etc.

- Connecting engine test devices such as
stroboscopic lamps, dwell-tach testers,
ignition oscillographs etc. Dangerously
high voltage levels are present through-
out the ignition system whenever it is
turned on. All service operations should
be performed exclusively by qualified
technicians.

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



Engine management (spark-ignition engines)

493

Electronic ignition
(El and DLI)

Electronic ignition derives its name from
the fact that it calculates the ignition point
electronically. The characteristic curves
provided by the conventional distributor’s
centrifugal and vacuum-advance units
are replaced by an optimized electronic
igrition map. Mechanical high-tension
distribution is retained with El ignition.
Fully electronic distributorless semicon-
ductor ignition (DLI) uses stationary elec-
tronically controlled components to re-
place the mechanical, rotating high-ten-
sion distributor.

Electronic ignition systems operate
moere precisely than mechanical systems,
with major benefits originating in the fact
that the ignition process can be triggered
from the crankshaft instead of from a dis-
tricutor (distributor drive tolerances are no
longer a factor). The limitations which me-
chanical adjustment mechanisms place
upon the performance curve (summation
of curves for load and engine speed in a

single progression) are also avoided. The
number of input variables is also theoreti-
cally unlimited, usually allowing axten-
sions in the ignition angle’s adjustment
range. The fixed-drive ignition distributor's
limitations regarding the engine’s ignition-
voltage requirements and ignition-angle
adjustment range are such that it has dif-
ficulty coping with larger numbers of cylin-
ders; efficient spark distribution cannot al-
ways be guaranteed. Corrective mea-
sures include dividing the ignition into two
circuits (e.g., for 8- and 12-cylinder en-
gines) and static voltage distribution.

Electronic ignition can be comrbined
with electronic fuel-injection (Motronic),
knock control, ASR, etc., making it possi-
ble to employ sensors and/or signals from
other units in more than one system. A
serial bus (CAN, P. 884) further reduces
the number of inputs and processing cir-
cuits on the ECU's input-side.

Schematic of an electronic ignition system (El)

1 Ignition coil with ignition driver stage, 2 High-voltage distributor, 3 Spark plug, 4 ECU,

5 Engine-temperature sensor, 6 Knock sensor, 7 Engine-speed and reference-mark sensor,
8 Ring gear for sensor, 9 Throttle switch, 10 Battery, 11 Ignition switch.

1
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Electronic ignition, signal processing

1 Engine speed, 2 Swilch signals,

3 CAN (serial bus), 4 Intake-manifold pressure,
5 Engine temperature, 6 Intake-air tempera-
ture, 7 Battery voltage, 8 Microprocessor,

9 Analog/digital converter, 10 Driver stage.

Input Electronic control unit  Ignition
signals  (ECU) cail

~ EEmEm -

;

Ignition maps
Above: electronically optimized,
Below: mechanical advance system.

. Advance angle

> —
gngne 59686

Advance angle

Operation
The engine’s speed and crankshafi posi-
tion are monitored directly at the ring
gear, using either a separate rotor or a
specific pin sequence employing an in-
ductive, rod-type sensor, with two sensors
being employed on older units. Triggering
is either incremental or segmentary, ac-
cording to whether the information is
taken from teeth distributed avenly
around the crankshaft or a crankshaft
segment per cylinder pair:
- Beginning of segment = maximurn
spark advance angle,
— End of segment = starting angle.

In the incremental system illustrated here,
the reference mark (shown as a tooth
gap) represents a defined crankshaft po-
sition, providing a reference for electri-
cally monitoring crankshaft angle using
the ring-gear teeth. A distributor without
an advance mechanism can also be em-
ployed for triggering; here the control sig-
nal is provided by a Hall generator. An ab-
solute-pressure sensor in the intak: man-
ifold is the best way to monitor load. This
provides a better gauge of cylinder
charge than the spark-advance or retard
bores on the throttle valve. It is also pos-
sible to incorporate load switches, throt-
tle-valve potentiometers or electroric load
signals from the mixture-preparation sys-
tem. The microcomputer in the ECU
processes the engine-speed and load sig-
nals prior to using them to calculate the
precise ignition angle within the ignition
map. The computer can also process
other input variables, such as e.g. engine
temperature, or information on trailing
throttle or full-load operation from the
throttle-valve switch, to derive correction
values and regulate other vehicle-specific
functions as required. The dwell angle for
charging the ignition coil is also specified
by the computer. The battery voltage is
monitored here to enable voltage correc-
tion. The system responds to deviations
in battery voltage from the specified base-
line by extending or reducing coil-charg-
ing times accordingly. This ensures con-
sistent availability of maximum voltage
while at the same time limiting the accu-
mulation of heat in ECU and coil to a min-
imum. At speeds below the starting
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ipeed, the computer interrupts the cur-
ent flow through the ignition coil in order
o prevent overheating. The driver stage
:an be either integrated inside the ECU or
1stalled externally, e.g. on the ignition
il

signal processing in the ECU

\fter initial processing the digital signals
jo directly to the processor. Analog sig-
1als are first converted into digital form.
“here are also ECU'’s which can transmit
supplementary digital or analog signals
e.g., for overrun fuel cutoff and exhaust-
jas recirculation). There exists a range of
Zl ignition-system versions of varying
;omplexity. A comparison of the ignition
nap with the response curve of a distrib-
itor shows that it is possible to program
sach point in the ignition map indepen-
fently from every other point. Thus the
yptimum ignition timing (e.g., for maxi-
num fuel economy) can be selected for
wery operating condition, according to
he limits imposed by factors such as ex-
raust emissions, pre-ignition limit and dri-
reability. The entire system is completely

maintenance-free and does not recuire
any adjusiments during the engine's ser-
vice life.

Rotating voltage distribution

A high-voltage distributor distributes the
ignition pulses to the spark plugs of thz in-
dividual cylinders (as described earlier). If
the distributor's adjustment range is irsuf-
ficient for handling a larger number of
cylinders, then two ignition circuits are
employed, i.e., two 4-cylinder distributors
can be used for one 8-cylinder engine.
Synchronization through the crankshaft
can be used for “two times 4 cylinders”,
whereas “two times 3 cylinders” with con-
stant ignition-angle spacing (not em-
ployed up to now) must be controlled by
the camshaft.

Distributorless (stationary) voltage
distribution

Systems with single-spark ignition coil
Each cylinder has its own ignition coil with
driver output stage, installed either di-

Schematic of a fully-electronic distributorless ignition system (DLI)
1 Spark plug, 2 Single-spark coil, 3 Throttle switch, 4 ECU, 5 Engine-temperature sensor,
6 Knock sensor, 7 Engine-speed and reference-mark sensor, 8 Ring gear for sensor,

9 Battery, 10 Ignition switch.
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rectly above the spark plug or separately.
Either synchronization with the camshaft
sensor or a method for detecting the com-
pression cylinder is required. On engines
with an even number of cylinders, the sys-
tem reverts to crankshaft triggering in the
event of camshaft-sensor failure, al-
though two coils are then always acti-
veted simultaneously (one of the sparks is
discharged during an exhaust stroke).
This system, suitable for engines with any
number of cylinders, provides the greatest
latitude for adjustment, as there is only
one spark per cycle. All these advantages
mean that the single-spark ignition coil is
being increasingly used and is taking over
from the dual-spark ignition coil in spite of
costing more.

Systems with dual-spark ignition coil
One ignition coil is required for every two
cylinders. The crankshaft can be used for
synchronization. The high-voitage end of
each ignition coil is connected to the
spark plugs for two cylinders whose oper-
ating cycles are 360° out of phase with
each other.

As there is an additional spark during
the exhaust stroke, it is important to en-
sure that residual mixture or fresh mixture
is not ignited. Furthermore, the dual-
spark system is only suited for use with
even numbers of cylinders. Owing to its

cost advantage relative to the single-
spark unit, the dual-spark ignition system
is the most common distributorless igni-
tion in use today.

Knock control

Application

Electronic control of the ignition point of-
fers the possibility of controlling very pre-
cisely the ignition angle as a function of
engine speed, load and temperature.

Nevertheless, without knock control a
clear safety distance to the knock limit is
required. This distance is necessary to
ensure that even in the most knock-sensi-
tive case with regard to engine toler-
ances, engine aging, environmental con-
ditions and fuel quality, no cylinder
reaches or exceeds the knock limit. The
resulting engine design leads to lower
compressions with retarded ignition
points and thus worsening of fuel con-
sumption and torque figures.

These disadvantages can be avoided
through the use of knock control.
Experience shows that knock cortrol in-
creases engine compression and signifi-
cantly improves fuel consumpticn and
torque. However, the pre-control ignition
angle now no longer needs to be deter-

Schematic of knock-control system

Igniti

Knock control in I
electronic control unit
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Knock control Control algorithm for ignition
adjustments with a 4-cylinder engine
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a Delay prior to ignition refard,
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original ignition point, d Spark advance.
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mined for the most knock-sensitive but
rather for the most insensitive conditions
(e.g. engine compression at lower toler-
ance limit, best possible fuel quality, most
knock-insensitive cylinder). Each individ-
ual engine cylinder can now be operated
over its entire service life in virtually all op-
erating ranges at its knock limit and thus
at optimal efficiency.

The essential precondition for this igni-
tion-angle configuration is reliable knock
detection for each individual cylinder as
from a particular knock intensity, and over
the entire engine operating range.

Combustion knock

The characteristic vibrations of combus-
tion knock are detected by knock sensors,
converted into electrical signals and for-
warded to the Motronic.

It is essential to work out carefully the
number and installation positions of the
required knock sensors. Reliable knock
detection must be guaranteed for all cylin-
ders and for all engine operating points,
particularly at high engine speeds and
loads. As a rule, 4-cylinder in-line engines
are equipped with one knock sensor,
5- and 6-cylinder engines with two sen-
sors and 8- and 12-cylinder engines with
two or more sensors.

Knock detection, evaluation

For the purpose of knock detection, the vi-
brations characteristic to knocking are
converted into electrical signals by one or
more knock sensors mounted at appropri-
ate positions on the engine, and then for-
warded to the Motronic for evaluation. Itis
here that the corresponding evaluation al-
gorithm is applied to detect knock for each
cylinder and each combustion. Detected
combustion knocks result in a retardation
of the ignition point by a programmable
amount at the cylinder in question. If
knock stops, the ignition point is ad-
vanced again in stages up to the pre-con-
trcl value.

The knock-detection and knock-control
algorithms are matched in such a way as
to eliminate any knocking that is audible
and damaging to the engine.

Knock sensor
1 Seismic mass, 2 Potting compound,
3 Piezoceramic element, 4 Contacts,
5 Terminals.
1
2
3
4
—5

Adaptation
Real engine operation produces different
knock limits and thus also different igni-
tion points for the individual cylinders. In
order to adapt the ignition-point pre-con-
trol values to the particular knock limit, the
ignition-point retardation values individual
to each cylinder and dependent on the
operating point are stored.
They are stored in non-volatile maps of
the permanently powered RAM covering
load and engine speed. In this way, the
engine can also be operated in the event
of rapid load and speed changes in each
operating point at optimal efficiency and
without audible combustion knocks.

The engine can even be approved for
fuels with lower anti-knock properties.
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Combined ignition and
injection system (Motronic)

The Motronic engine-management sys-

tem has undergone substantial develop-

ment since its introduction in 1979.

Intially, integration was based on the ba-

sic gasoline-injection systems, in combi-

nation with distributorless semiconductor

ignition, as were available in the following

systems:

— KE-Motronic, based on KE continuous
gasoline injection (P. 469),

- Mono-Motronic, based on intermittent
single-point injection (P. 465),

— M-Motronic, based on intermittent multi-
point injection (P. 471).

On the basis of M-Motronic, and by apply-
ing further integration steps, the Motronic
system assumed control of all the manip-
ulated variables of a spark-ignition engine
that influence torque:

— ME-Motronic with electronic accelerator
pedal (ETC) for controlling gasoline’in-
jection, ignition and fresh-air charge for
manifold injection (P. 498).

— MED-Motronic with further integrated
open- and closed-loop control functions
for the high-pressure fuel circuit. With
direct injection and realization of the
various operating modes of this engine
type (P. 507).

System overview

The Motronic system comprises all the
sensors for recording the current engine
and vehicle operating data (P 501,
Operating-data acquisition) and all the ac-
tuators for the adjustments to be carried
out on the S| engine (P. 503, Operating-
data processing).

Electronic control unit
The ECU employs sensors to monitor the
relevant status of engine and vehicle at
extremely short intervals (milliseconds).
Input circuits suppress sensor-signal
interference and convert the signals to a
single unified voltage scale. An analog-
digital converter then transforms the con-
ditioned signals into digital values.
Further signals are received by way of a
digital interface. Using this information,
the microprocessor identifies the operat-

ing state desired by the driver and from it

calculates for instance:

— the required torque,

—the resulting cylinder charge with the
associated injected fuel quantty, and

— the correct ignition timing.

The low-level signal data from t1e micro-
processor outputs are adapted by the dri-
ver stages to the levels required by the
various actuators. A semiconductor mem-
ory chip stores all programs and perfor-
mance maps, ensuring system consis-
tency which remains completely impervi-
ous to fluctuations resulting from
signal-level and component tolerances.

Digital accuracy is a function of word
length, as well as of the consistency of the
quartz’s basic clock frequency and the
types of algorithms used for the calcula-
tions. The consistency and precision of
the reference voltages and the compo-
nents installed in the analeg input circuits
influence the analog accuracy.

Program design must satisfy the en-
gine's severe real-time demands: in an
8-cylinder engine at maximum speeds,
less than 2.5 ms are available between
two ignitions. All essential calculations
must be completed within this period. In
addition to these crankshaft-synchronous
processes, there are also time-synchro-
nous operations. Both types can be sus-
pended by interrupts.

ME-Motronic

Design

Basic functions

In order to set the operating state desired
by the driver (main function), the position
of the gas pedal is converted by the mi-
croprocessor into a setpoint valie for the
engine torque. Then, while teking into
consideration the highly varying current
operating data from the ME-Motronic,
these are converted into the variables for
determining the engine torque:

- the charging of the cylinders viith air,
—the mass of the injected fuel and

— the ignition angle.
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Additional function

As well as the basic functions, the

ME-Motronic has a large number of addi-

tional open- and closed-loop control func-

tions. Examples of such functions are:

— idle-speed control,

— closed-loop lambda control,

— control of evaporative-emissions control
system,

- exhaust-gas recirculation for reducing
NOy emissions,

— control of secondary-air system for re-
ducing HC emissions, and :

— cruise control.

These functions have been made neces-
sary by the legislation covering the reduc-
tion of exhaust emissions, the calls for a
decrease in fuel consumption but also in-
creased demands placed on driving com-
fort and safety.

In addition, the ME-Motronic system can
be further extended with the following
functions:

— Control of turbocharger control and vari-
able-tract intake manifold for increasing
engine power output,

— Camshatft control for reducing exhaust
emissions and fuel consumption and for
increasing power,

—Knack control, engine-speed limitation
and vehicle-speed limitation for protect-
ing components in the engine and vehi-
cle.

Torque-guided control concept

The torque-guidance principle is aimed at
simplifying the many and sometimes very
different assignments placed on the en-
gine and the vehicle. Only then is it possi-
ble, depending on the engine or vehicle
type, to determine the required functions
in each case and to integrate them in the
relevant Motronic version.

Most of the additional open- and closed-
loop control functions likewise influence
the engine torque. In a torque-guided sys-
tem, all these functions behave like the
driver: they request an engine torque irre-
spective of each other. The torque-guided
ME-Motronic uses torque coordination to
sort the often contradictory torque re-
quirements and to then put the most im-
portant requirement into effect.

Vehicle management

The ME-Motronic can communicate via
the CAN bus system (P. 884 with the
ECUs of other vehicle systems. Among
other things, in conjunction witt the auto-
matic-transmission ECU, it reduces
torque at the gear-shift point so that the
transmission is subjected to less loading
and wear. When wheel spin ozcurs, the
ECU belonging to the Traction Control
System (TCS) signals to the ME-Motronic
to reduce the generated torque

Diagnosis

The ME-Motronic incorporates compo-
nents for on-board monitoring (OBD). It
therefore complies with the most stringent
emission limits and the demands placed
on the integrated diagnosis functions.

Cylinder-charge control systems

Throttle-valve control

In an Sl engine with external A’F mixture
formation, the cylinder charge is the factor
that determines torque output and thus
power output. The throttle valve controls
the air-flow intake into the engine and
thus the cylinder charge.

In conventional systems, a cable or a
linkage transfers the movement of the ac-
celerator pedal to the throtlle valve.
Requirements for additional air are cov-
ered by a bypass air actuator which di-
rects an additional air flow around the

Air control with bypass air actua'or
(principle)

1 ldle actuator (bypass air actuator,),

2 ECU, 3 Throttle valve, 4 Bypass.

I
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throttle valve (see Fig.), or a throttle-valve
actuator alters the stop for minimum air
quantity. However, the air flow required by
the engine can only be electronically in-
fluenced to a limited extent (idle-speed
centrol).

Systems with ETC (electronic throttle
centrol, integrated in the engine control
unit for ignition, injection and other auxil-
iary functions) detect the position of the
accelerator pedal with a pedal-travel sen-
sor (potentiometer).

Taking into account the current engine
operating status, the ECU calculates how
far the throttle vaive needs to open and
actuates the throttle-valve drive accord-
ingly (see Fig.). A throttle-valve angle
sensor (potentiometer) monitors exact
compliance with the desired throttle-valve
position. Two potentiometers (for redun-
dancy reasons) at the accelerator pedal
and throftle device are part of the ETC
monitoring system which, while the en-
gine is running, continually checks all the
sensors and calculations which affect
throttle-valve opening.

Charge-cycle control

Tne behavior of the gas columns flowing
into and out of the cylinders changes con-
siderably as a function, for instance, of en-
gine speed or throttle-valve opening. With
fixed valve timing, the charge cycle can

ETC system

Sensors  Actuators Accelerator-

P module
PR
|_CAN_|

-~

Monitoring

module l

Engine ECU

Throttle device

only be optimized for a specific operating
range.

Camshaft control or camshaft-lobe
control (P. 387) permits not only variable
valve timing, and thus adaptation to vari-
ous engine speeds, but also enables the
residual exhaust-gas mass in the cylinder
to be influenced (“internal EGR").

(“External’) EGR effectively reduces
the temperature-dependent NOy emis-
sions. Exhaust gases which have ziready
been combusted are added to the A/F
mixture in order to reduce peak ccmbus-
tion temperatures. For this purpose, the
Motronic triggers the exhaust-gas racircu-
lation valve as a function of the engine op-
erating point. The EGR valve then adds a
partial flow of exhaust gas to the fresh mix-
ture, thereby increasing the total charge
while the fresh-air charge remains con-
stant. In this way, the engine must bz throt-
tled less heavily in order for a specific
torque to be reached (lower fuel consump-
tion).

The achievable torque, which is propor-
tional to the fresh-mixture charge, can be
increased still further by compressing the
air in the cylinder. This is the purpose of
dynamic supercharging, exhaust-gas tur-
bocharging, or mechanical supercharging
(P. 390).

Operating-data acquisition

Vehicle-operator command

In the case of engine management with
an electronic throttle valve (ETC), -here is
no longer a mechanical connection be-
tween the accelerator pedal and the throt-
tle-valve actuator. Instead, the position of
the accelerator pedal is sensed by a
pedal-travel sensor or acceleratcr-pedal
module and converted into an electrical
signal. The engine-management system
interprets this signal as the vehicle-oper-
ator command.

Air charge

In engine concepts with manifold injec-
tion, there is a linear relationship between
the air charge and the torque geerated
by combustion. In the torque-guided ME-
Motronic, the air charge is therelore not
just one of the main factors involved in
calculating the injected fuel quantity and
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Exhaust-gas recirculation (example}

5 Air-mass meter, n Engine speed.

1 Exhaust-gas recirculation (EGR), 2 Electropneumatic converter, 3 EGR valve, 4 ECU,

n—p

ignition angle, but also serves to calculate
the torque currently being delivered by the
engine. The following sensors can be
used for this purpose:

— Hot-film air-mass meter,

— Intake-manifold pressure sensor,

— Ambient pressure sensor,

— Boost-pressure sensor (BPS) and

— Throttle-valve sensor.

Engine speed, crankshaft position and

A/F mixture composition

The lambda factor (4) is the figure which
quantifies the A/F mass ratio of the mix-
ture. The catalytic converter only per-
forms optimally at A = 1. The lambda sen-
sor measures the oxygen concentration in
the exhaust gas and provides information
on the current value of the excess-air fac-
tor (P. 458).

Combustion knocks

camshatft position

A speed sensor on the crankshaft moni-
tors the crankshaft revolutions per minute
(rotational speed). It then forwards this in-
formation on the crankshaft position, that
is, the piston position of all cylinders, as
an important input variable to the ME-
Motronic. The cylinder's piston position is
used, for instance, to determine the injec-
tion and ignition points.

To trigger the single-spark ignition coils,
the ME-Motronic with static voltage distri-
bution also requires additional information
on the camshaft position. This information
is mostly monitored with a Hall-effect sen-
sor and forwarded to the ECU as a switch
signal.

The characteristic vibrations of combus-
tion knocks are detected by knock sen-
sors, converted into electrical signals and
forwarded to the ME-Motronic (P. 498).

Engine and intake-air temperatures

The voltage at the NTC resistor of the en-
gine-temperature sensor is a function of
the coolant temperature. It is inout via the
analog-digital converter and is a measure
of the temperature. In the same way, a
sensor in the intake port measures the
temperature of the intake air.

Operating-data processing

Torque guidance
Torque guidance is a feature of the ME-
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Motronic. Numerous subsystems within
the Motronic (e.g. idle-speed control, en-
gine-speed limitation), and the systems
for management of the drivetrain (e.g.
TCS or transmission-shift control) or of
the complete vehicle (e.g. air-conditioner
control), direct their torque requirements
to the basic Motronic system with the aim
of modifying the engine torque which has
just been generated. The ME-Motronic
evaluates and coordinates these require-
ments and implements the resulting set-
point torque using the available manipu-
jated variables (optimum engine opera-
tion in terms of exhaust gas and fuel
consumption at each operating point).

An essential precondition for torque
guidance is the electronic accelerator
pedal ETC with the throttle valve con-
trolled independently of the accelerator
pedal.

Calculation of setpoint torque

The basic variable for the ME-Motronic
torque structure is the internal torque aris-
ing from combustion. The function of
torque guidance is to set the internal
torque, through appropriate selection of
tha manipulated engine variables, in such
a way that the vehicle-operator command
is satisfied, and all the losses and addi-

tional requirements are covered. Because
the Motronic “knows"” the optimum values
for charge, injection time and ignition an-
gle for each and every desired setpoint
torque, it can ensure optimal engine oper-
ation in terms of exhaust gas and fuel
consumption.

Setting of setpoint torque

For setting the internal torque, the ME-
Motronic's torque converter has & slow
path (cylinder-charge path, steady-state
operation) for the throttle valve (ETC), and
a high-speed path (ignition-angle path,
dynamic operation) for variation of the ig-
nition angle and/or injection blank-out of
individual cylinders.

Calculation of cylinder charge
The air mass in the cylinder after “he in-
take valves have closed is termed the air
charge. Referring the actual air charge to
the maximum obtainable charge pro-
duces a variable that is independent of
the engine piston displacement: the “rela-
tive (air) charge”. The associated irjected
fuel quantity can be calculated from the
relative air charge.

The relative charge cannot be mea-
sured directly but it can be determined
from the available measurement signals.

Influencing torque in a gasoline engine

Starting,
Catalytic-converter
heating,
Idle-speed control
Efficiency
External requirements: Coordination of Conversion of
— Accelerator pedal torque and torque into avail-
(driver) efficiency able manipulated
— Cruise control requirements variables
- Driving dynamics Throttle valva
— Driving comfort > I
Advance angle
EE R I——
Injection blank-out
[ Idle-speed control ~ |— ‘Duraonof
| Engine-speed limitation |—+/ bl S
Wastegate
[ Component protection |—+| openin
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For this purpose, an intake-manifold
model calculation is used in which all the
air-mass flows into the intake manifold
and from the intake manifold to the com-
bustion chamber are calculated. The
most important measured variable in this
model is either the air flow through the
throttle valve (measured with a hot-film
air-mass meter) or the absolute intake-
manifold pressure (measured with a pres-
sure sensor).

Starting out from this intake-manifold
model, it is then also possible to deter-
mine the actual relative air charge.

Cylinder-charge control

In today's spark-ignition engines, the rela-
tive cylinder charge is also the main factor
in influencing the engine torque, and is
therefore used in the torque structure as a
manipulated variable. The intake-mani-
fold model is also used to control the
cylinder charge by means of the throttle
valve: for this purpose, a required cylinder
charge is first of all calculated from the
desired torque (which was calculated by
ME-Motronic torque guidance). This cylin-
der charge is then converted into an as-
sociated throttle-valve angle and finally
passed on as the setpoint value to the po-
sition controller of the throttle-valve actu-
ator.

Calculation of injection period
The fuel mass for a stoichiometric air-fuel
ratio can be calculated from the air charge
in the cylinder. When the fuel-injector con-
stant (this is a function of the fuel-injector
properties) is taken into consideration,
this furnishes the duration of injection.
The duration of injection is also depen-
dent on the pressure differential between
fuel-supply pressure (approx. 300 kPa)
and injection back pressure. Fuel-supply
systems with fuel recirculation keep the
supply pressure constant with respect to
the intake manifold. This ensures that, in
spite of a changing intake-manifold pres-
sure, the same pressure differential is ap-
plied at the fuel injectors. On the other
hand, fuel-supply systems without fuel re-
circulation keep the supply pressure con-
stant with respect to the environment. As
the intake-manifold pressure changes,
the pressure differential varies between

fuel supply and intake manifold. A com-
pensation function corrects this error.

A further adaptation factor individual to
each cylinder serves to acccmmodate
fuel-pressure pulsations caused by the
opening and closing of the fuel njectors.

The effective opening duration calcu-
lated in this way is valid under tre precon-
dition that the fuel injector is already
open. It must therefore be extended by
the opening and closing time of the injec-
tor. An additional, battery-voltage-depen-
dent duration of injection, which is added
to the valve-opening period, compen-
sates for this effect.

If the effective injection duration is too
short, the influences of the valviz-opening
and closing time become excessive. In or-
der to ensure exact fuel metering, the in-
jection duration is restricted to a minimum
value. This value is below the injection du- -
ration associaied with the minimum possi-
ble cylinder charge.

To ensure optimum combustion, it is nec-
essary to precisely define the injected fuel
quantity and the exact point for t1e start of
injection. The fuel is generallv injected
into the intake manifold while the intake
valves are still closed. The end cf injection
is determined by the “fuel-hold angle”,
which is specified in “crankshaft degrees”.
The point at which the intake vave closes
serves as the reference point. It is then
possible to use the duration of injection for
calculating, as a function of engine speed,
the start of injection as an angle The fuel-
hold angle is determined taking into ac-
count the current operating conditions.
The ME-Motronic triggers a fuel injector
for each cylinder. The fuel can thus be
held (stored) separately for each cylinder
to optimum effect (sequential injection).

Calculation of ignition and dwell angles
When calculating the ignition angle, the
first step is to determine the “basic ignition
angle” while taking into account the cur-
rent engine operating conditions. This ba-
sic ignition angle can be adapted in spe-
cific operating states.

When calculating the dwell angle, the
first step is to determine the dwell period
from a speed- and battery-voltage-depen-
dent map. Once a temperatu-e-depen-
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dent correction has been taken into ac-
count, the associated dwell angle is de-
termined by means of a time/angle con-
version.

The difference between the end of
dwell (determined from the resulting igni-
tion angle) and the dwell angle deter-
mines the start of dwell.

Operating states

In some operating states, the fuel require-
ment differs markedly from the steady-
state requirements of an engine at normal
operating temperature, with the result that
corrective intervention in the mixture for-
mation becomes necessary.

Starting
Intake-air adjustment, fuel injection and
ignition are specially calculated during the
starting procedure. An increased injected
fuel quantity adapted to the engine tem-
perature serves to build up a fuel film on
the intake-manifold and cylinder walls and
covers the increased fuel demand while
the: engine is running up. The ignition an-
gle is likewise adapted to the starting pro-
cedure. The air charge while the engine is
at a standstill is not affected by the throt-
tle valve, which however is opened slightly
in anticipation of the post-start phase.

Post-start

In this phase, the still increased charge
and injected fuel quantity are reduced as
a function of engine temperature and time
at the end of the starting procedure. The
ignition angle is adapted accordingly.

Warming-up

After starting at low engine temperatures,
the engine's increased torque demand is
covered up to a specific temperature
threshold by adaptation of the charge, fuel
injection and ignition.

Catalytic-converter heating

Highly retarded ignition angles generate
very hot engine exhaust gas, thereby
quickly bringing the catalytic converter up
to operating temperature.

lde
At idle, the engine-generated torque is
just enough to permit sustained engine

operation and running of the auxiliary sys-
tems. With idle-speed control, the desired
idle speed remains stable under all condi-
tions.

Full load

At full load, the throtile valve is wide open
(WOT) and there are no throttling losses.
The engine delivers the maximum torque
relative to the current engine speed.

Acceleration and deceleration

Heavy acceleration and deceleration re-
sult in rapid changes in the intake-mani-
fold pressure and thus in the concitions
for the fuel film on the intake-manifold
wall. In order to prevent leaning during ac-
celeration, additional fuel is injected to
build up the wall film. During deceleration,
the injected fuel quantity is reduced ac-
cordingly.

Overrun fuel cutoff and restart

During the transition to no-combustion
overrun conditions, the ME-Motroniz cuts
off the engine torque without jolting, and
also provides for a smooth torque build-up
when fuel feed starts again.

Additional closed- and open-loop
control functions

ldle-speed control
Idle-speed control specifies a torque at

which the desired engine speed is main-
tained under the given operating condi-
tions. This torque increases as engine
speed drops and decreases as engine
speed rises.

Lambda closed-loop control

It is only possible to convert the noxious
exhaust-gas constituents in the three-way
catalytic converter in a very narrow range
(“lambda window” where 4 = 0.99...1).
Lambda closed-loop control is essential in
order to remain inside this window
(P. 522).

Evaporative-emissions control systzm

The function of evaporative-emissions
control systems is to limit the HC emis-
sions. Such systems are equipped with a
carbon canister, which accommodates
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the end of the vent line from the fuel tank.
Degassing fuel is retained in the canis-
ter's activated carbon. When the engine is
running, a vacuum is created in the intake
manifold which causes air to be drawn in
from the environment through the acti-
vated carbon and into the intake manifold.
The fuel vapors trapped in the canister
are entrained with this air and carried to
the engine for combustion. A canister-
purge valve meters this “scavenging flow".

Knock control

Knock sensors convert the vibrations
characteristic to knocking into electrical
signals. These are used by the Motronic
to adjust the ignition point in order to pre-
vent audible knocking and knocking which
could damage the engine (P. 496).

Boost-pressure control

Cn engines with exhaust-gas turbocharg-
irg, the setpoint value of the desired
boost pressure is adjusted by electronic
boost-pressure control. It is converted into
a setpoint value for the desired maximum
charge and then by means of torque man-
agement into a setpoint value for the throt-
tle-valve angle and a control duty factor
for the “wastegate”. In the “wastegate”, by
means of a change in the control pressure

and stroke this signal leads to a change in
the cross-section at the bypass valve.

Safety and security, comfort and
convenience functions

The safety and security functions include:
- Engine-speed/vehicle-speed limitation,
— Torque/power limitation,

— Limitation of exhaust-gas temperature,
- Vehicle immobilizer.

The comfort and convenience functions
include:

— Load-change damping,

- Surge-damping function,

— Cruise control.

Integrated diagnosis (OBD)

“On-board diagnosis” (OBD) is & basic
feature of the ME-Motronic. During nor-
mal operation, it continually compares the
system’s responses with the ECU's com-
mands, as well as comparing the various
sensor signals with each other for plausi-
bility.

During vehicle inspection, a testzr con-
nected to a standardized interface: reads
out the stored faults and displays them.
Due to the demands of the Californian
Environmental Protection Agency, an ex-

[Evaporative-emissions control system

1 Line from fuel tank to carbon canister, 2 Carbon canister, 3 Fresh air, 4 Canister-purge val e,
5 Line to intake manifald, 6 Throttle device with throttle vaive.
A, Difference between intake-manifold pressure ps and ambient pressure p,.

TS5 To v % TP T 0T o n

7}
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panded diagnosis system (OBD II;
adapted for Europe: EOBD) monitors all
those components which if they fail could
result in a significant increase in noxious
emissions (fault indication with diagnosis
lamp).

Examples of systems subject to diagno-
sis:

— Air-mass meter,

- ETC throttle-valve actuator,

— Combustion misses,

— Catalytic converter,

- Lambda sensor,

— Fuel supply,

— Tank system,

- Secondary-air injection,

— Exhaust-gas recirculation (EGR).

Fault memory

If exhaust-gas-related faults are detected,
an entry is made in the non-volatile fault
memory. Apart from the officially stipu-
lated fault codes, each entry includes a
“freaze frame”, which contains additional
information on the general conditions un-
der which the fault occurred (e.g. engine
speed, engine temperature). Service-
related faults can also be stored.

Limp-home operation

If a fault occurs during driving (e.q. failure
of @ component), this leads not only to an
entry in the fault memory. Substitute val-
ues and emergency functions now come
into force for calculating cylinder charge,
fuel injection and ignition in such a way
that the vehicle can continue to be driven,
albeit with restricted comfort.

For this purpose, the ETC throttle-valve
actuator has a limp-home position, in
which the throttle valve is held in place by
spring force. The engine speed is then re-
stricted to low values so that the vehicle
car continue to be driven (with impaired
functions) in spite of this important actuat-
ing device having failed.

MED-Motronic

Requirements

With gasoline direct injection in Sl en-
gines, fuel consumption can be reduced
by up to 20% when compared with con-

ventional manifold injection, and the CO,
emissions caused by road traffic ca1 be
reduced with lasting effect.

In order for direct injection to be at all
feasible, it must be possible during ergine
operation for coordinated alternation to
take place between “charge stratification”
at part load and operation with a homoge-
neous mixture at full load.

Essentially, the features required of the

MED-Motronic engine-management sys-

tem are:

—precise metering of the required in-
jected fuel quantity,

—generation of the necessary injection
pressure,

— definition of the start of injection, and

— introduction of the fuel directly and ac-
curately into the engine's combustion
chambers.

It must also coordinate the various torque
demands on the engine in order then to
be able to perform the required adjust-
ments at the engine.

An important system interface deivers
the internal torque from combustion The
torque-control structure is divided into the
following areas of operation:

—torque demand,

— torque coordination and

— torque conversion.

The most important torque demand de-
rives from the vehicle-operator command
generated by the accelerator pedal, from
the position of which the engine-manage-
ment system interprets the demand to be
made on the IC engine for a partcular
torque.

Further torque demands can also origi-
nate, for instance, from the transmission-
shift control, the traction control system,
or the electronic stability program.

Torque coordination is performed cen-
trally in the engine-management system.

Design

As with manifold injection, the high-pres-
sure direct-injection system is des gned
as a rail, or accumulator-type, injection
system. In such systems, the fuel can be
directly injected into the cylinders &t any
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stipulated moment in time using electro-
magnetic high-pressure fuel injectors.

In comparison to the ME basic ECU,
the ECU for the MED gasoline direct-in-
jection system also incorporates a driver
stage for triggering the pressure-control
valves.

The intake air mass can be freely ad-
justed by the electronically controlled
throttle valve (ETC). Precision measure-
ment of air mass is made by means of a
hot-film air-mass meter. The A/F mixture
is monitored by universal lambda sensors
LSF and LSU in the exhaust-gas flow up-
stream and downstream of the catalytic
converter. They serve to control 4 = 1 op-
eration and lean-burn operation, and are
also responsible for the precise control of
catalytic-converter regeneration. It is im-
portant to set the exhaust-gas recircula-
tion rate exactly, particularly in dynamic
operation.

Operation

Fuel delivery and injection

The MED-Motronic accumulatcr injection
system injects the fuel stored under pres-
sure in the rail. Injection can take place at
any moment in time, whereby electro-
magnetically controlled fuel in ectors in-
ject the fuel directly into the combustion
chamber. It thus offers the following func-
tions:

- free selection of the injection point,

- variable system pressure.

Low-pressure circuit:

A primary pressure of 0.35 MPa (3.5 bar)
is initially generated in a low-pressure cir-
cuit on the tank side which comprises an
electric fuel pump with a mechanical pres-
sure regulator connected in parallel. This
feeds the high-pressure pump driven by
the IC engine.

High-pressure circuit:
High-pressure pump: The function of the
H.P. pump is to increase the fuel pressure

1 Fuel supply (high pressure),

3 Fuel injector,

4 lgnition coil with spark plug,

5 Phase sensor,

6 Pressure sensor,

7 Knock sensor,

8 Engine-speed sensor,

9 Engine-temperature sensor,
10 Lambda sensor (LSU),
11 Three-way catalytic converter,
12 Exhaust-gas temperature sensor,
13 NOy catalytic converter,
14 Lambda sensor (LSF).

Direct-injection engine with MED-Motronic components

2 Accumulator (rail), 12 3 4 5
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frorn 0.35 MPa (3.5 bar) primary pressure
to 12 MPa (120 bar), to ensure that pres-
sure fluctuations in the rail remain at a
mirimum, and to ensure operation exclu-
sively with fuel (to prevent any mixing with
engine oil).

Rail: The rail must on the one hand fea-
ture sufficient elasticity to damp the pres-
sure pulsations arising from the periodic
fuel-extraction processes when injection
takes place, and from the fuel-delivery
pulsation generated by the H.P. fuel
pump. On the other hand, it must be rigid
enough for the rail pressure to adapt
quickly to the requirements of engine op-
eration.

Pressure sensor: The pressure sensor
(welded diaphragm of high-grade steel as
sensor element with measuring resistors)
serves to register the pressure level in the
rail.

Pressure-control _valve: The pressure-
control valve adjusts the system pressure
across the entire engine operating range
according to the map specifications, and
irrespective of the injected fuel quantity
and pump delivery rate. Excess fuel is re-
turned to the intake side of the H.P. pump.
Fuzl injectors: The fuel injectors are the
central components of the gasoline direct-
injection system and are directly con-
nected to the rail. Start of injection and in-
jected fuel quantity are defined by the trig-
gering signal for the fuel injectors.

Mixture formation and combustion

A complex engine-management system
is necessary for the gasoline direct-injec-
tion system to be exploited to the full in
terms of low fuel consumption and high
engine power output. A distinction is
made between two basic operating
modes in this respect:

Lower load range
In this range, the engine is run with a

heavily stratified cylinder charge and a
high level of excess air in order to achieve
the lowest-possible fuel consumption.
Retarded injection just before the ignition
point is used with the aim of achieving the
ideal state of having two zones in the com-
bustion chamber: In one zone the com-
bustible air-fuel mixture cloud at the spark
plug, embedded in the second zone in the

form of an insulating layer of air and resid-
ual exhaust gas. In this way, the engine
can be run to a large extent unthrottled
while gas-exchange losses are avcided.
In addition, thermodynamic efficiency in-
creases due to the avoidance of heat
losses at the combustion-chamber walls,

Upper load range
As engine load and thus the injected fuel

quantity increases, the stratified-charge
cloud becomes increasingly richer. This
would result in a deterioration in exnaust
emissions, particularly with regard to
soot. The engine is therefore operated
with a homogeneous cylinder charge in
this higher torque range.

Lambda coordination assumes the
control function between 4 = 1 and lean-
burn operation. The fuel is injected during
the intake stroke in order to ensure that
fuel and air are thoroughly mixed.

Alternation between torgue ranges

In the event of a switch between hornoge-
neous and stratified-charge operation, it
is crucial to control injected fuel quantity,
air charge and ignition angle in such a
way that the torque delivered by the en-
gine to the transmission remains con-
stant. The torque structure means that
here also the important functions for con-
trolling the electronic throttle valve have
been transferred directly from the ME-
Motronic. The throttle valve must be
closed prior to the actual chanceover
from stratified to homogeneous operation.

Exhaust-gas treatment, catalytic-
converter control

An important consideration with gasoline
direct injection is that in stratified-charge
operation the NOy content in the very lean
exhaust gas cannot be reduced by a
three-way catalytic converter. Exnaust-
gas recirculation with a high EGR rate
helps to reduce the NOy content of the ex-
haust gas by roughly 70%. To comply
with emissions-control legislation. it is
also absolutely essential to treat the NOy
emissions. To reduce this exhaust-gas
content, the NOyx accumulator-type cat-
alytic converter offers the greatest poten-
tial.
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Engine-test technology

Service and maintenance requirements for
modern vehicles are declining steadily;
electronic systems are essentially mainte-
nance-free. But malfunctions can still oc-
cur. Factors such as wear, contamination
and corrosion can impair the operation of
engine and electronic systems, and set-
tings can drift over time. Rapid and reliable
diagnosis of malfunctions is the most im-
portant function of any service facility. It is
important to distinguish between testing
and diagnosis. Testing entails the determi-
nation of certain measured values for com-
parison with the prescribed specifications.
Diagnostic procedures (e.g. engine diag-
nostics) aftempt to correlate deviations
from specified values with system func-
tions, malfunction patterns and experience
in order to determine the failure mode or to
locate the defective component.

Engine diagnosis

Engine, ignition and fuel-metering sys-

tems are becoming more complex and

less accessible. Universal, automated
procedures, free from the effects of sub-
jective influences, are thus essential ele-
ments of the computer-controlled testing
program in the automotive service facility.

These include:

— comparison of cylinder output by selec-
tive shorting of the ignition or smooth
running analysis via current engine
speed,

—comparison of compression via the
shape of the starter current curve,

—determination of mixture distribution
performed by selective measurement of
the exhaust-gas HC content,

—analysis of the primary and secondary
ignition-voltage patterns.

Electronic-system testing

Testing of engine-related electronic sys-
tems is carried out using test equipment
specifically designed to utilize on-board
engine monitoring technology.

The test connection is established by
inserting a universal test adapter between
the plug and socket at the junction linking
the peripheral device with the ECU. If only
the peripheral device (sensor, actuator,
wiring and power supply) is to be tested,

Peripheral and functional testing

1 ECU, 2 System wiring harness, 3 System
adapter cable, 4 Plug connection, 5 Universal
test adapter, 6 Sockets for test unit

2

System test with ECU diagnostics

1 Test unit, 2 Test vehicle, 3 Information
system, 4 Modem, 5 Long-distance data
transmission.

then it is sufficient to connect the tester to
the peripheral’s plug, while the ECU is
also connected for tests embracing
dynamic operation. The individual elec-
tronic system requires only a sinjle inter-
changeable, system-specific adapter ca-
ble. The program switches on th2 univer-
sal test adapter are then used to astablish
a logical test sequence specifically tai-
lored to the requirements of the system.

Once connected, the test unit provides
a display of both measured values and of
signals such as ignition and fuel-injection
pulses.

When the ECU remains connected for
operational testing, keys can be used to
enter simulations of various operating
conditions for test-unit evaluatior.
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ECU diagnostics

The dominant role being assumed by
electronic systems in the vehicle makes it
necessary to devote increased attention
to the problems associated with service.
In addition, because essential vehicle
functions are becoming increasingly de-
pendent upon electronics, these systems
must satisfy stringent reliability require-
ments, while emergency default programs
are required to deal with system errors.

The solution is to incorporate electronic
system-diagnosis functions in the ECU.
These rely on the electronic “intelligence”
already in place in the vehicle to continu-
ously monitor the system, detect faults,
store the fault data and perform diagnos-
tics.

For instance, the ECU carries out its
own self-check as follows: Programmed
memory chips are provided with test pat-
terns which can be retrieved and used for
comparisons. For program memories, a
comparison with test sums is employed to
ensure that data and programs are cor-
rectly stored. The data and address
buses are included in the test program.

Sensors are tested for plausibility within
specified limits, while open and short cir-
cuits are also recognized. Final-control el-
ements can be tested during activation
using current-draw limits.

The “off-board test units” used for the
evaluation of “on-board diagnostics” em-
pley a communications interface as de-
fined in 1ISO 9141. The serial port can
maintain communications at rates ranging

from 10 baud to 10 kbaud. It is designed
as a single- or two-wire port, allowing con-
nection of several control units to a central
diagnosis plug.

A stimulation address is transmittad to
all of the connected ECUs, whereupon
each unit recognizes its address ard re-
sponds by transmitting back a bauc-rate
recognition word.

The test unit monitors the period be-
tween pulse flanks to determine the
sender’s baud rate, which it then adopts
automatically. The key bytes that follow
(assigned by the DIN Motor-Vehicle
Committee) specify the protocol for sub-
sequent data communications.

The programmable test unit converts
the received data into diagnosis se-
quences and plain-text information de-
signed specifically for the respective sys-
tem.

The ECU diagnostic capabilities inciude:

— identification of system and ECU,

- recognition, storage and readout of sta-
tic and sporadic malfunctions together
with the error path, failure mode and as-
sociated parameters,

- readout of current actual values, switch-
ing conditions, specifications,

— stimulation of system functions, and

— programming of system variants.

Individual programs for the test urit are
stored in plug-in modules, while updates
and communications with data systems
are supported by a data interface.

ECU diagnosis of electronic systems

Final-control ele-

Sensors ECU ments/actualors
Measurement Self-test Short circuit
range Open circuit

Short circuit [

Open circuil o=

Micro-

Plausibility

é i = computer o=

_—

g

Provision of
replacement
values;
limp-home
program

.

Storage of static
and sporadic
errors for read-
out during
diagnosis
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LPG systems

l.iquefied petroleum gas
Liquefied petroleum gas assumes a liquid
state at pressures of 2...20 bar, depending
on the propane/butane ratio and the tem-
perature (see chapter on “Fuels”, P. 238).
At the end of the '90s, LPG was being
consumed by internal-combustion (IC) en-
gines at a rate of approximately 10.3 mil-
lion metric tons annually (of which 2.6 mil-
lion tons were consumed in Europe).
Should efforts to utilize the gas contained
in petroleum succeed, then these figures
could increase exponentially. The mineral-
oil tax is a decisive factor in determining
the profitability of liquefied petroleum gas.

Natural gas as engine fuel

Reserves of natural gas are extensive.
Together with it being used nowhere near
as much as crude oil, this fact makes nat-
ural gas a very interesting alternative fuel

for automotive applications. Both the LPG
equipment configurations and the emis-
sions produced would be similar 1o those
for the combination of propane and bu-
tane known as LPG (see illustration).
Natural gas can be transported in Ihe vehi-
cle either as a high-pressure gas (160...200
bar) or in liquefied form (at —160°C) in an
insulated tank; the disadvantage of the for-
mer mode lies in its limited operating range.

The only real difference between con-
cepts based on natural gas and LPG is
the way the gas is transported in the vehi-
cle; actual differences in operating princi-
ples are minimal.

Operation on LPG

Any vehicle equipped with an IC engine can
be converted for operation on LPG. For the
most part, spark-ignition (SI) engines are
re-equipped for dual-fuel operation (system
can be switched between gasoline and
LPG). LPG-powered taxis and buses are

Exhaust emissions and effects with gasoline, LPG, CNG and diesel

Empirical values taken from five spark-ignition and five diesel-engine vehicles, status 1993 in Europe,
including indirect emissions (manufacture, transport, efc.).

a) Pollutant emissions, b) Pollutant effect (“greenhouse gas” assessment, status 1998).

cO HC NOy Particulates
(g/km) (g/km) (g/km) (9/km)
a 20 2.0 2.0 0.15
151 151 15¢
. 0.10F
1.0 1.0} 1.0
051 0.5 05} E aear
0 0 [‘kﬂ: oL E _ oLt
Summer smog Winter smog Acid formation “Greenhouse
(mg/km) (mg/km) (mmol H*/km) gas” (g/ <m)
b 400 400 40 400
300+ : 300+ 301 - 300
200 200+ 20F . E 200+ N ;
100} 100} 10- |7§ = | 100} =
oLl 0 r‘l\—w—g oLl = 0 -

=1 Gasoline Liquefied petroleum gas (LPG) [JNatural gas (CNG) E= Diesel
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generally set up for single-fuel (LPG only)
operation, while regulations require this
configuration on gas-powered industrial
trucks intended for indoor use. When en-
gines are converted, it should be remem-
bered that they operate as naturally aspi-
rated engines while running on LPG (con-
sumption in liters increases by approx.
25% as compared to gasoline).

Exhaust emissions

Because LPG mixes well with air, emissions
(of CO, and other components such as poly-
cyclic aromatic hydrocarbons) are substan-
tially lower than those produced by gasoline-
burning engines, and are lower even than
those produced by fuel-injection engines
equipped with three-way closed-loop cat-
alytic converters. LPG contains no lead or
sulphur compounds. It's very good combus-
tion characteristics are complemented by
excellent mixture formation and distribution
properties. These characteristics are even
more significant at low temperatures.

Advantages

- Extremely economical for drivers who
cover large distances.

— Assuming the same level of technology
(electronic control systems, etc.), emis-
sions from an LPG engine are substan-
tially lower than those achieved with
gasoline or diesel fuel.

Disadvantages

- Lower cruising ranges and increased
fuel volumetric consumption compared
to gasoline (although actual energy use
is not higher than with gasoline, lowest
with diesel engine).

- Special safety precautions are neces-
sary, as LPG is pressurized.

— Pressurized gas cylinders require a lot
of space, as the actual capacity is only
80 % of cylinder volume (the remainder
serving as expansion room for the gas).

LPG system
In Germany, professional installation of

14 Ignition/starting switch, 15 Relay.

Schematic diagram of an LPG system (carburetor principle)

1 Ventilation line for tank fittings, 2 LPG tank, 3 Housing with tank fittings, 4 External filler valve
(designed fo interrupt refueling at 80 % of container capacity), 5 Gas shut-off valve, 6 Pressure
regulator for evaporator, 7 Servomotor for gas control, 8 ECU, 9 Gas/gasoline changeover swilch,
10 Venturi mixing device, 11 Lambda oxygen sensor, 12 Vacuum sensor, 13 Battery,

Equipment for gasoline operation
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the LPG system in a specialist workshop
is followed by a trip to the TUV or TUA
(German inspection authorities) to secure
cperating approval. This inspection is
based on the “Guidelines for inspecting
vehicles with engines powered by lique-
fied gases” as issued by the Federal
Minister of Transportation. Uniform regu-
lations for Europe are being drawn up.

A modern LPG system will incorporate
the following components:
- LPG tank,
- external filler valve designed to interrupt

refueling at 80 % of container capacity,
- flow-interrupt valve,
- evaporator pressure regulator with cool-
ing system,

- venturi mixing unit/injector,
- electronic control unit (ECU),
-- servomotor for controlling gas flow,
-- switch for alternating between LPG and

gasoline operation.

The LPG flows from the LPG tank to the

evaporator pressure regulator, where it is
vaporized and its pressure reduced. The
ECU processes the signals from the
Lambda (O;) and vacuum sensors, which
serve as references for controlling the
servomotor used to regulate the flow of
liquefied gas to the venturi mixing unit.

The flow-interrupt valve shuts immedi-
ately when the ignition is switched off.
A gasoline/LPG switch installed ini the in-
strument panel allows the operator to al-
ternate between the two fuels.

LPG tanks

As LPG tanks are used to store pressur-
ized gas, they are subject in Germany to
the “TRG 380" technical regulations. At
the factory, each tank receives official
technical approval with certification.

They are equipped with an external filler
valve (designed to interrupt refueling at
80% of container capacity) as well as an
electromagnetic discharge valve, and have
a capacity of 40... 1281 for passengjer cars.

Schematic diagram of an LPG system (injection principle)

1 ECU, 2 Diagnosis plug, 3 Fuel selection switch, 4 Relay, 5 Air-intake pressure sensor,
6 Evaporator pressure regulator, 7 Flow-interrupt valve, 8 Distributor with step motor,

9 RPM signal, 10 Lambda (O.) sensor, 11 Gas injector nozzle.
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Natural-gas operation
of spark-ignition engines

Against the backdrop of worldwide efforts
to reduce CO, emissions and to comply
with ever more stringent exhaust emis-
sion limits, natural gas is gaining increas-
ing significance as an alternative fuel.

Properties and storage of natural gas
The main component of natural gas is
methane (CH,), making up 80...99%. The
remainder consists of inert gases such as
carbon dioxide, nitrogen and other
low-order hydrocarbons. A differentiation
is made between L-gas (80..90%
methane) and H-gas (>90%) depending
on the gas quality.

Natural gas can be stored both in liquid
form at —-162°C as LNG (Liquefied
Natural Gas) or in compressed form at
pressures of up to 200 bar as CNG
(Compressed Natural Gas). In view of the
great expense involved in storing the gas
in liquid form, natural gas is used in com-
pressed form in virtually all applica-
tions.The low energy density of natural
gas is a particular disadvantage, making
large storage tanks necessary. Metal-hy-
dride storage tanks represent a further
storage option, although they are not
used for reasons of cost.

Mixture formation

In most systems, gas is injected into the
intake manifold as in conventional multi-
point gasoline-injection systems. A low-
pressure common rail supplies the injec-
tor valves that inject intermittently into the
intake manifold. Mixture formation is sim-
plified by the completely gaseous supply
of fuel, as natural gas does not condense
on the intake manifolds and does not form
a film on the walls. This has a favourable
effect on emissions, particularly during
the warm-up phase.

Tne output of the natural-gas engine is
approx. 10...15% lower than that of the
gasoline engine due to the lower fuel
mass necessary for stoichiometric com-
bustion (17.2:1 ratio) as well as a lower
volumetric efficiency due to the injected
natural gas. Higher compression can
boost performance while simultaneously
increasing efficiency. The extremely high

antiknock quality of natural gas (120
RON) enables very high compressions of
approx. 13:1 (8:1 for regular gasoline).
As a result, the natural-gas engine is ide-
ally suited for turbocharging. As pston
displacement decreases, efficiency in-
creases due to additional de-throitling
and reduced friction.

A further improvement in efficiency can
be achieved by lean-mixture operaticn up
to A = 1.7. A lean mixture reduces com-
bustion temperatures while at the same
time further de-throtiling the engine.

Emissions
Natural-gas vehicles are characterized by
low CO; emissions due to the favourable
hydrogen/carbon ratio (H/C ratio) cf al-
most 4:1 (gasoline: 2.3:1) and the result-
ing shift in the main combustion procducts
CO; and H,0. Apart from the virtually par-
ticle-free combustion, in conjunction with
a three-way closed-loop catalytic con-
verter only very low levels of the pollu-
tants NOy, CO and NMHC (“non-methane
hydrocarbons”: the sum of all hydrocar-
bons minus methane) are emtted.
Methane is classified as nontoxic, and is
therefore not considered to be a pollutant.
In lean mixture mode the NOy emis-
sions are higher than in 1= 1 mode with a
three-way catalytic converter. In the came
way as in gasoline operation, this dsad-
vantage can be largely eliminated by us-
ing more expensive exhaust-gas treat-
ment methods (e.g. NOy catalytic con-
verter).

Natural-gas-engine applications

In view of their limited range, natura’-gas
engines are used almost exclusively n lo-
cal public transportation fleets (e.g.buses
and taxis). Bivalent systems which cen be
easily changed over from natural gas to
gasoline operation are used primar ly in
passenger cars.
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Operation on alcohol
(spark-ignition engines)

The limited availability of fossil fuels has
led to an increased effort to develop en-
gines and injection systems capable of
using alcohols such as ethanol and
methanol as alternative fuels (“Alternative
fuels”, P. 246). Due to its non-availability,
virtually the only place where ethanol is
used is Brazil. In the US (and in California
in particular), increasing attention is being
focused on methanol, which generates
lower emissions: reduced NOy and CO»
along with reduced ozone and smog for-
mation.

In the absence of comprehensive
methanol-distribution networks to ensure
universal availability, engines and engine-
control systems must be designed for
flexible dual-fuel operation (ranging from
pure gasoline to max. 85% methanol).
Alcohol places special, particularly critical
demands upon engines and fuel-delivery
components. Moisture, acids and gums
contained in the fuel pose a hazard to
metals, plastics and rubber. Because

methanol has a high antiknock quality, en-
gines designed to run exclusively on
methanol have substantially higher com-
pression ratios than gasoline engines,
making them more efficient. On the other
hand, methanol's low calorific value
means that fuel consumption is almost
doubled, necessitating higher fuel supply
rates, greater tank volumes and special
injectors.

Suitable Lambda (O,) sensors can be
employed for optimal emissions control
with a catalytic converter. Special lubri-
cants are able to maintain long-term sta-
bility in the face of this aggressive fuel
and its combustion products.

Pilot control of the fuel mixturz is facili-
tated by a fuel sensor which sends a sig-
nal to the ECU reflecting the proportion of
methanol in the fuel.

Suitable programs implemen! the nec-
essary mixture and ignition corrections
applicable to a particular set of engine op-
erating characteristics.

centrifugal supercharger.

Hydrogen-powered passenger car with spark-ignition engine (BMW 735i)

LH, Liguid hydrogen, GH, Gaseous hydrogen. 1 Valve block for LH, fueling and GH. supply
(vacuum-insulated), 2 Hydrogen lines, vacuum-insulated, 3 LH» Evaporator, 4 Metering valve for
regulating power with electronic control, 5 Hydrogen injectors, 6 Overcurrent and safety valves,
7 Liguid-hydrogen tank with vacuum super-insulation, 8 Hydrogen sensors for automatic leak
monitoring, 9 Throttle valve for gasoline operation with electronic control, 10 Variable-spezd
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Operation on hydrogen
(spark-ignition engines)

Although the production of hydrogen, the
required infrastructure and refueling all
pose difficult problems, technically feasi-
ble solutions are on the horizon.
Producing hydrogen by means of electrol-
ysis necessitates sufficient quantities of
electrical power in the form of solar en-
ergy or nuclear power.

Storing hydrogen in the vehicle

Gaseous storage in pressurized tanks
High pressures (300 bar) are required
for storage in gaseous form. This results
in high weight along with safety risks.

Liquid storage (cryogenic tank)

Liquid storage represents the best alter-
native with regard to both weight and en-
ergy density (present operating range ap-
prox. 300 km). The extremely low temper-
ature required (-253°C) places sub-
stantial demands on thermal insulation.
Residual heat causes loss of hydrogen
via the safety valves at a rate of about 2%
per day when the vehicle is parked. An
electric evaporator maintains the speci-
fied tank pressure during operation.

Metal-hydride tanks

Hydrides are produced as hydrogen is ab-
sorbed by a metallic powder. This is an
exothermic process, i. e. heat must be dis-
sipated during fueling. There are no stor-
age losses.

The disadvantages associated with the
low energy density (range: 120 km) and
high materials costs are to a degree offset
by uncomplicated safety technology.

Methylcyclohexanol storage

This type of storage employs a catalyst to
dehydrate the hydrogenous methylcyclo-
hexanol at 500°C. The by-products are
hydrogen and recyclable toluene.

Mixture formation

Regardless of storage mode, up to now all
syslems inject gaseous hydrogen into the
intake manifold. Although a number of ad-
vantages could be gained by injecting ex-

tremely low-temperature hydrogen di-
rectly into the combustion chamber (im-
proved charge for higher output, cool mix-
ture for low NOx emissions, no danger of
backfiring), the short injector-valve ser-
vice life means that this type of system is
not likely to appear in production in the
near future.

Current external mixture-formation
concepts rely on a continuous-injection
system in which a central electric meter-
ing valve and a hydrogen distributor con-
duct the vaporized hydrogen to the indi-
vidual intake tracts.

Backfiring into the intake passage is
prevented by lean mixtures or supple-
mentary water injection. A supercharging
device can be used to compensate
for a portion of the power loss associated
with lean operation.

One alternative, based on intermittent:

sequential injection of hydrogen intc the
intake manifold, is currently in the divel-
opment stage.

This system's unlimited range of op-
tions for injection timing allows it to ir hibit
backfiring almost completely, even with
rich mixtures.

Injector valve and electronic-control
system must operate with extreme preci-
sion and short valve-opening times the
technical requirements are thus substan-
tial.

Emissions

During combustion, pure hydrogen (H)
oxidizes to form water (H,0). No CO, is
produced by the combustion process.
Provided no fossil fuels are used in its
production, H; is thus the only fuel which
can be used to avoid all CO,.

Electric drive is the only alternative
which can make a similar claim. Future
NOy emission limits can be met by lean
mixtures or a system for catalytic ccntrol
of emissions (still to be developed).
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Exhaust emissions
from spark-ignition
engines

Combustion products

Complete combustion
The by-products of complete gasoline
combustion are carbon dioxide and water.

incomplete combustion

IJnburned hydrocarbons:

CoHm (paraffins, olefins, aromatic hydro-
carbons)

Partially-burned hydrocarbons:

CrHm - CHO (aldehydes),

SoHm - CO (ketones),

CrHr - COOH (carboxylic acids),

CO (carbon monoxide).

Thermal crack products and derivatives:

within 30 minutes. The CO-content of the
exhaust gas from spark-ignition 2ngines
is especially high at idle. It is therefore im-
perative that the engine never be runin a
closed garage!

Nitrogen monoxide NO: A colorless,
tasteless and odorless gas; in air it is
gradually converted into NO,. Purz NO, is
a poisonous, reddish-brown gas with a
penetrating odor. The concentrations
found in exhaust gases and in extremely
polluted air can induce irritation in mu-
cous membranes. NO and NO, are gen-
erally referred to collectively as oxides of
nitrogen NOy.

Hydrocarbons are present in exhaust
gases in a variety of forms. When ex-
posed to sunlight and nitrous oxide, they
react to form oxidants which irritate the
mucous membranes. Some hydrocar-
bons are considered to be carcinogenic.
Particulates (particulate matter) i1 accor-

CzHe, CzH4, Ha (acetylene, ethylene, hy-
drogen, etc.), C (soot), polycyclic hydro-
carbons.

Combustion by-products

From atmospheric nitrogen: NO, NO (ni-
trogen oxide). From fuel impurities: sul-
furous oxides.

Oxidants

The following oxidants are produced
when exhaust gas is exposed to sunlight:
organic peroxides, ozone, peroxy-acetyl-
nitrates.

Properties of exhaust-gas
components

Major components

The major proportion of the exhaust gas
is composed of the three components ni-
trogen, carbon dioxide and water vapor.
These are nontoxic. However, emissions
of CO; — largely the result of fuel combus-
tion — are becoming more and more im-
portant due to their contribution to the
“greenhouse effect”.

Minor components

Carbon monoxide CO: A colorless, odor-
less and tasteless gas. Inhalation of air
with a volumetric concentration of 0.3%
carbon monoxide can result in death

dance with American regulatory practice,
are defined as all substances (except un-
bound water) which under normal condi-
tions are present in exhaust gases in a
solid (ash, carbon) or liquid state.

Mixture formation

The fuel used in spark-ignition (SI) en-
gines is more volatile than diesel fuel,
while the air-fuel mixing process prior to
combustion also extends over a longer
period than in a diesel engine. The result
is that spark-ignition engines operate on a
more homogenous mixture than their
diesel counterparts. Spark-ignition en-
gines run on a mixture in the stoichiomet-
ric range (A = 1). Diesel engines, on the
other hand, always operate with excess
air (A > 1). An air deficiency (h < 1) results
in increased soot, CO and HC emissions.

Combustion characteristic

The combustion characteristic defines the
combustion as a function of time, and ap-
plies the ratio of the already combusted
fuel to the fuel awaiting combustion.
Here, the efficiency, the combustion
temperature, and therefore the fuel con-
sumption and NOy emissions are particu-
larly influenced by the position of maximum
energy conversion referred to piston TDC.
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In the spark-ignition engine, the ignition
timing initiates the combustion process,
while the start of injection initiates com-
bustion in a diesel engine.

Emissions control

The methods used to influence the com-
position of the Si-engine exhaust gases
are divided into two basic categories: en-
gine-design measures and exhaust-gas
trealment. The selection of procedures to
be employed in any given country is de-
termined by the legal regulations in force
there. The major industrial nations, with
their important markets, have been mov-
ing toward implementation of the stringent
American exhaust emissions regulations
(or have already implemented them).
Compliance with this legislation necessi-
tates using emission control systems
which incorporate the 3-way catalytic con-
verter, a principle which has already
proven itself in the USA.

Engine-design measures

Setting the A/F ratio
The excess-air factor ) of the A/F mixture
delivered to the engine has a dominating
effect on the composition of the exhaust
gas. The engine produces its maximum
torque at approximately A = 0.9; thus this
ratio is generally programmed for full-load
operation. A certain level of excess air is
required for favourable fuel consumption.
This coincides with the setting for low CO
and HC emissions; oxides of nitrogen
(NOy) however, are at a maximum at this
ratio. Excess-air factors of A = 0.9...1.05
are selected at idle. An excessively lean
mixlure results in the engine’s lean misfire
limit (LML) being reached or exceeded,
and as the mixture becomes progres-
sively leaner, misfiring causes a rapid in-
crease in HC emissions. For overrun
(trailing-throttle) operation, it is frequently
necessary to enrich the mixture (A = 0.9)
in order to maintain an ignitable mixture,
while at the same time air is added to
avoid excessive manifold vacuum.

Yet another option for overrun operation
is tc completely interrupt the fuel supply to
the engine at speeds above idle (overrun

The excess-air factor ). influences:
Exhaust-gas composition (CO, NO,, HC),
torque (M) and specific fuel consumption (b).
The values apply to the part-load range of a
spark-ignition engine operating at a constant
moderate speed and cylinder charge (1. val-
ues implemented in the vehicle engine range
from approx. 0.85...1.15, depending on the
operating point).
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fuel cutoff). Precise mixture control
(P. 465) is achieved by the use of elec-
tronic fuel-injection systems (EFI).

Mixture formation

Mixture formation embraces not only set-
ting the correct A/F ratio, but also the
quality of the A/F mixture which actually
enters the combustion chamber. The
fuel's homogeneity, its stratification pat-
terns, and its temperature at the instant of
ignition are all essential factors in dater-
mining combustibility and combustion
characteristic, with consequent efects
upon exhaust-gas composition. Homo-
genous mixtures and controlled stratifica-
tion (rich mixture at the spark plug, lean
mixture in the vicinity of the combustion-
chamber walls) are examples of two dif-
ferent development options.

Uniform distribution

Maximum engine efficiency can only be
achieved if every cylinder is operated with
the same excess-air factor. This neczssi-
tates a system which ensures that bo'h air
and fuel are distributed evenly among the
individual cylinders.

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




520 Exhaust emissions (spark-ignition engines)

Exhaust-gas recirculation (EGR)
Exhaust gas can be conducted back to
the combustion chamber to reduce peak
combustion temperatures. Higher com-
bustion temperatures induce an over-pro-
portional increase in NOx formation, and
because exhaust-gas recirculation (EGR)
reduces combustion temperatures, it rep-
resents a particularly effective means of
controlling NOy emissions. Extensive op-
timization of EGR can also lead to a re-
duction in fuel consumption. EGR can be
implemented in either of two ways:

- Internal exhaust-gas recirculation is
achieved with appropriate valve timing
(overlap),

— External exhaust-gas recirculation em-
ploying controlled EGR valves.

Valve timing

Large valve overlaps (early opening of the
inlet valve) increase the internal exhaust-
gas recirculation, and can therefore help
to reduce NOx emissions. However, since
the recirculated exhaust gas displaces
fresh A/F mixture, early opening of the in-
let valve also leads to a reduction in the
maximum torque. In addition, excessively
high exhaust-gas recirculation, particu-
larly at idle, can lead to combustion mis-
fire which in turn causes an increase in
HC emissions. An optimum can be found
with variable valve timing (P. 387), in
which the valve timing is varied as a func-
tion of the operating point.

Compression ratio
It has long been recognized that the en-

hanced thermal efficiency associated with
high compression ratios represents an ef-
fective means of improving fuel economy.
However, the increase in peak combus-
tion temperature also results in higher
NOy emissions.

Combustion-chamber design:

Low HC emissions are best achieved with
a compact combustion chamber featuring
a minimal surface area and no recesses.
A centrally-located spark plug with short
flame travel produces rapid and relatively
complete combustion of the mixture, re-
sulting in low HC emissions and reduced
fuel consumption. Induced combustion-
chamber turbulence also provides rapid

combustion. Combustion chamters opti-
mized in this way feature favourable HC
emissions at & = 1 and improve: the en-
gine's lean-mixture operation.

A thoroughly optimized combustion
chamber design coupled with external
measures (such as intake swirl) produce
a lean-burn engine capable of running on
mixtures in the range of A ~ 1.4..1.6.
Although the lean-burn engine features
low exhaust emissions and excellent fuel
economy, it does require catalytic ex-
haust-gas treatment in order to meet the
most stringent emissions limits for CO,
HC, and NOy. Particularly due to the fact
that developments in the aftertreatment of
NOy in lean exhaust gas are stll in their
infancy, the lean-burn engine has up to
now only been successful in Europe and
Japan, and only in the case of a few mod-
els using lean/mix concepts wrich com-
promised between emissions and fuel
consumption. A new way of substantially
improving the lean-running behavior of
the spark-ignition engine is to inject fuel
directly into the combustion chamber with
stratified charge. In this case, accumula-
tor-type catalytic converters are favoured
for exhaust gas treatment.

The lean-running  chareacteristics
achieved by combustion-chamber design
and induced turbulence can also be ap-
plied to implement high EGR rates for de-
signs with A = 1. Here, a reduction in fuel
consumption can be easily achieved with
exhaust-gas treatment, but not to the
same degree as in lean-burn engines.

Ignition system

The design of the spark plug, its position
in the combustion chamber, togither with
spark energy and spark duration all exer-
cise a major influence on the ignition, the
mixture’s combustion characteristic, and
therefore on emissions levels. The signifi-
cance of these factors increases with the
leanness (A >1.1) of the mixture. Ignition
timing exerts a decisive effect on both ex-
haust emissions and fuel economy. Using
the firing point for optimum fuel economy
as a baseline, the timing is retarded to a
point at which the exhaust valve opens
before the combustion process is com-
pleted. Excess oxygen in the exhaust sys-
tem can cause a thermal post-reaction to
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aceur. Although this process reduces un-
ournad hydrocarbons, it also leads to in-
creased fuel consumption. NOx emis-
sions are low due to the low combustion-
chamber temperatures. Fuel consump-
tion and NOy and HC emissions increase
when the firing point is set earlier com-
pared to the optimum.

Crankcase ventilation (blowby)

The concentration of hydrocarbons in the
crankcase can be many times that found
in the engine’s exhaust gases. Control
systems conduct these gases to a suit-
able point in the engine’s intake tract, from
where they are drawn into the combustion
charnber for burning. Originally, these
gases were allowed to escape untreated
directly into the atmosphere; today,
crankcase emission-control systems are
a standard legal requirement.

Exhaust-gas treatment

Thermal afterburning

Before today’s catalytic treatment of ex-
haust emissions became standard, initial
attempts to reduce emissions utilized
thermal afterburning. This method em-
ploys a specific residence time at high
temperatures for burning the exhaust-gas
components which failed to combust dur-
ing normal combustion in the engine
cylinders. In the rich range (A = 0.7...1.0),
the process must be supported with sup-
plementary air injection (secondary air).
In lean-burn engines (h = 1.05...1.2), the
residual oxygen in the exhaust gas sup-
ports the afterburning process.

In the past, mechanical pumps driven
by belts directly from the engine were
used for secondary-air injection. Since
such air injection is only required during
the engine’s warm-up period, these
pumps are switched using electromag-
netic couplings. Lower-priced blower
pumps powered by electric motors are
quickly superseding the former mechani-
cal versions.

Due to its lack of potential, particularly
in maintaining low NOy limits, thermal af-
terburning alone is currently considered
to be of little significance. It can be used,
however, to reduce emissions of HC and
CO during the operating phase in which

the catalytic converter has not yet
reached its operating temperature.
Because it greatly reduces the time taken
for the catalytic converter to reach its op-
erating temperature, thermal aftertraat-
ment with air injection during the engine
warm-up phase in combination with cat-
alytic aftertreatment will play a major role
in achieving compliance with more strin-
gent emission limits in the future.

Catalytic afterburning
The catalytic converter is composed of a
carrier substrate, which serves as a base
for the catalytic material, mounted within
a housing using vibration-proof, heat-in-
sulated supports. Granulate and ceramic
or metallic monolith structures are em-
ployed as substrate materials. The suit-
ability of the monolith structure for zuto-
motive applications has been demon-
strated over the course of an extended
development period. It offers the following
advantages: maximum utilization of cat-
alytic surface, durability combined with
physical strength, low thermal retention
and limited exhaust back-pressure. The
active catalytic layer consists of small
quantities of noble metals (Pt, Rh, Pd),
and is sensitive to lead. For this reason, it
is essential that engines with catalytic
converters be run on unleaded fuel exclu-
sively, as lead destroys the effectiveness
of the active layer. The conversion rete is
largely a function of operating tempera-
ture; no significant conversion of pollu-
tants takes place below an operating tem-
perature of approx. 250°C. Operating
temperatures of approx. 400...800 °C pro-
vide ideal conditions for maximum effi-
ciency and extended service life.
Installing the catalytic converter directly
adjacent to the engine means that it more
quickly reaches operating temperature
since the exhaust gases are hotter. This
results in improved efficiency, but at the
cost of high thermal stresses. Because
the maximum permissible operating tem-
perature lies just slightly above 10C0°C,
the units are generally installed at a less
critical location under the floor of the vehi-
cle. Engine malfunctions, such as ignition
miss, can cause the temperature in the
catalytic converter to increase to the point
where the substrate melts, resulting in de-
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struction of the unit. This must be pre-
vented by using reliable, maintenance-
free ignition systems. Oxidation-type cat-
alytic converters oxidize CO and HC ei-
ther by utilizing the excess air supplied by

Catalytic converter efficiency as a func-
tion of the excess-air factor 4,

1 Exhaust emissions upstream of 3-way cat-
alytic converter, 2 Exhaust emissions down-
stream of 3-way catalytic converter, 3 Electric
signal from Lambda oxygen sensor.

U,. Sensor voltage.

A range of catalytic converter (window)
] -
1

NO,

--"'-—--_-___--—-‘
%wa___

T~—
[\"-—-No:

Uy

co

\

0.975 1.0 1.025 1.05
Excess-air factor 4

Functional schematic of the Lambda
closed-loop control

1 Air-mass meter, 2 Engine, 3a Lambda
oxygen sensor 1, 3b Lambda oxygen sensor
2 (only if required), 4 Catalytic converter,

5 Fuel injectors, 6 ECU.

Us Sensor voltage, Uy Injector triggering
voltage, Ve Injected fuel quantity.

lean engine mixtures or by relying on sec-
ondary-air injection. Reduction-type con-
verters on the other hand operate with air
deficiency, and thus without air injection,
to reduce NOy levels.

The reduction- and oxidation-type cat-
alytic converters can also be combined in
series to produce a dual-bed catalytic con-
verter. This device uses air injection be-
tween the two converters to reduce not only
NOx emissions but also HC and CO levels,
Its disadvantages include a more complex
design (two converters, air injection) and
the need to operate the engine in a range
with higher fuel consumption (A = 0.9).

The three-way or selective catalytic
converter with lambda closed-loop control
has proven to be the most effective con-
cept for exhaust-gas aftertreatment. It is
capable of providing the required reduc-
tion of all three pollutants provided the en-
gine is operated with a stoichiometric mix-
ture. The "window” for treatment of the
three toxic components is narrow; this
means that an open-loop fuel-metering
system cannot be used with this concept.

Lambda closed-loop control

Inthe US, Europe and Japan, catalytic af-
tertreatment of the exhaust gas using a
closed-loop three-way catalytic converter
has proven to be a highly effective means
of meeting the current low emission limits
for CO, NOx and HC.

Approximately 14.7 kg of air are re-
quired for complete combustion of 1 kg of
gasoline. The excess-air factor A\
(Lambda) is used to define this A/F ratio;
it is the ratio of the actual A/F ratio to the
stoichiometric A/F ratio. Two main control
concepts for exhaust gas optimization are
used in the spark-ignition engine:

Closed-loop control for i = 1

This concept is the most effective for min-
imizing pollutants. The engine must be
operated within a very narrow range in
which A = 1 $0.005 (catalytic-converter
window). Such precision can only be
achieved with precise closed-loop control
of the A/F mixture with a Lambda oxygen
sensor installed upstream of the con-
verter. A second Lambda senscr down-
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Two-bed, 3-way catalytic converter with Lambda oxygen sensor
1 Lambda oxygen sensor, 2 Ceramic monolith, 3 Wire screen, 4 Heat-resistant double shell.

stream of the catalytic converter in-
creases the precision even further.

Closed-loop control for 4 > 1
(lean-burn control)

The main advantage here lies in the re-
duction of fuel consumption as a result of
lean-burn (non-throttled) operation. The
success of this concept depends to a high
degree upon the availability of catalytic
converters which are able to reduce NOy
emissions during lean-burn operation.
The lean-misfire limit (LML) for spark-igni-
tion engines in the lean-burn range is
reached at kL = 1.7 regardless of engine
design measures.

Lambda oxygen sensors

Zirconium-dioxide sensor (h = 1)
This sensor operates according to the
principle of a galvanic oxygen concentra-
tion cell with solid electrolyte whose ce-
ramic is made of zirconium dioxide and yt-
trium oxide. This oxide mix is a practically
pure oxygen-ion conductor and separates
the exhaust gas from the surrounding air.
An electrical voltage is generated
across the platinum-cermet electrodes in
accordance with the Nernst principle.

_po L [P
US-R 4F In(POg)

R general gas constant, F Faraday con-
stant, T absolute temperature, po,” oxy-

gen partial pressure of reference load, po,”
oxygen partial pressure in exhaust gas.

The catalytically active electrodes rust
be in thermodynamic balance before
measurement of the oxygen concentra-
tion can be applied for reaching corclu-
sions on the Lambda values. In this case,
the sensor's characteristic shows a jump
at A = 1. When high concentrations of ex-
haust-gas components which are not in
thermodynamic balance are incompletely
converted, the sensor's characteristic
shows shifts in the excess-air factcr A.

Zirconium-dioxide oxygen sensor

1 ZrO: solid electrolyte, 2 Pt outer electrode,
3 Pt inner electrode, 4 Contacts, 5 Housing
contact, 6 Exhaust pipe.
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These must be compensated for by de-
sign measures taken at the engine. The
sensor characteristic's dependence on
temperature can be minimized by heating
the sensor electrically.

Resistive sensor
Due to the change in the O, vacancy con-
centration of the oxide, oxidic semiconduc-
tors such as titanium oxide or strontium ti-
tanate change their volume conductivity.
The temperature-dependency of the
conductivity is superimposed upon this ef-
fect, so that the determination of the
Lambda value depends upon the quality
of the required temperature control
— open-loop or closed-loop (by varying
the amount of heat generated).

Lean sensor

In its lean range (1. in the vicinity of 1), the
“voltage-jump” (zirconium-dioxide) sensor
as described above has only been used to
alimited extent. Special measures taken to
stabilize the sensor, together with the use
of a high-capacity heater (18 W) permit op-
eration to approx. h < 1.5. The lean sensor

Broadband sensor

a) Schematic design, b) Pump current as
function of the excess-air factor h.

I, Pump current, Uy Heater voltage, Us
Sensor voltage. 1 Heater, 2 Air reference,

3 Nernst cell, 4 Pump cell, 5 Diffusion barrier,
6 Control electronics.

a 4 5 Exhaust gas
Y,

Pump current Ip

08 10 12 14 16 18

Excess-air factor A

using the limit-current principle permits the
measurement of any values above L= 1.

O, ions are pumped from the cathode
to the anode when an external voltage is
applied across two electrodes deposited
on a ZrO, ceramic substrate. Since a dif-
fusion barrier prevents the flow cf O, mol-
ecules from the exhaust gas to the cath-
ode, current saturation is reached above
a given pump-voltage threshold value. By
approximation, the resulting limit current
is proportional to the oxygen concentra-
tion. This sensor principle is particularly
suitable for lean-burn concepts. However,
in lean/mix concepts in which a control
setpoint & = 1 is often desired, the broad-
band sensor is more suitable.

Broadband sensor

This is a combination of the leen sensor
using the limit-current principle and the
zirconium-dioxide sensor (Nernst oxygen
concentration cell). As a two-cell sensor,
and in combination with closed-loop con-
trol electronics, this sensor generates a
clear signal which rises linearly within a
broad lambda range (0.7 < L < 4).

The pump cell and the concentration
cell are made of ZrO,, and each is coated
with 2 porous platinum electrodes. The
cells are so arranged that there is a mea-
suring gap of 10...50 um between them,
This measuring gap is connected to the
surrounding exhaust-gas atrnosphere
through an exhaust-gas opening in the
solid electrolyte, and at the same time
represents the diffusion barrier which de-
termines the limit current. An electronic
circuit controls the voltage appled to the
pump cell so that the composition of the
exhaust gas in the measuring gap re-
mains constant at A = 1. This corresponds
to a voltage at the concentration cell of Uy
= 450 mV. With lean exhaust gas, the
pump cell pumps the oxygen from the
measuring gap to the outside. On the
other hand, when the exhaust gas is rich,
the oxygen is pumped into the measuring
gap from the surrounding exhaust gas (by
decomposition of CO;, and H,Q) and the
direction of current flow is reversed. The
pump current is proportional to the oxy-
gen concentration or oxygen require-
ment. An integrated heater maintains an
operating temperature of at least 600°C.
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Typas of control

Two-step control
The zirconium-dioxide sensor as de-

scribed above with its voltage-jump char-
acteristic at A = 1 is suitable for two-step
controls. A manipulated variable com-
posed of the voltage jump and the ramp
changes its direction of control for each
voltage jump which indicates a change
from rich/lean or lean/rich. The typical
amplitude of this manipulated variable
has been set to the 2...3% range. This re-
sults in a limited controller response
which for the most part is determined by
the sum of the dead times.

This sensor's typical “false measure-
ment”, caused by variations in exhaust-
gas composition, can be compensated for
by selective control. Here, the manipu-
lated-variable curve is designed to incor-
porate an intended asymmetry, whereby
the retention of the ramp value for a con-
trolled dwell time #, following the sensor's
voltage jump is the preferred method.

Twe-step control with reference sensor
downstream of the catalytic converter
The effect of the disturbance on the accu-
racy at the voltage-jump pointat A = 1, as
described above, has been minimized by
a modified surface coating. Nevertheless,
aging and environmental influences (poi-
soning) still have an effect. A sensor
downstream of the catalytic converter is
subjected to these influences to a consid-

erably lesser extent. The principle of the
two-step control is based upon the fact
that the controlled rich or lean shift is
changed additively by means of a “slow”
corrective control loop.

The resulting long-term stability is of
decisive importance for compliance with
the exhaust-gas legislation now coming
into force.

Continuous-action control with
broadband sensor

The defined dynamic response of a two-
step control can only be improved vihen
the deviation from A = 1 is actually mea-
sured. With the broadband sensor, it is
possible to achieve continuous-action
) = 1 control with a stationary, very low
amplitude together with high dynamic re-
sponse. This control's parameters are: cal-
culated and adapted as a function of the
engine’s operating points. Above all, with
this type of Lambda control, the unavoid-
able offset of the stationary and instation-
ary pilot control can be compensated for
far more quickly. If demanded by certain
engine operating conditions (for instence,
warm-up), further optimisation of the ex-
haust-gas emission applies the potential
inherent in the control setpoints A + 1, for
instance, in the lean range. The expan-
sion to a lean-mixture control system, with
the advantages and disadvantages al-
ready dealt with, merely necessitates the
definition of other control setpoints.

ty dwell time following voltage jump.

Mznipulated-variable curve with closed-loop-controlled Lambda shift (two-step control)
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Testing exhaust and
evaporative emissions

Test program

In order to precisely determine a passen-
ger car's emission levels, the vehicle must
be tested in an emissions test cell under
conditions which accurately simulate ac-
tual driving conditions. Compared to on-
road driving, operation in the test cell of-
fers the advantage of allowing tests to be
conducted at precisely predefined speeds
without having to take traffic flow into con-
sideration. This is the only means of en-
suring that individual emissions tests re-
main mutually comparable.

The vehicle to be tested is parked with
its drive wheels on rollers whose rota-
tional resistance can be adjusted to simu-
late friction and aerodynamic drag.
Inertial masses can be added or removed
to simulate the weight of the vehicle. A
blower mounted a short distance in front
of the vehicle provides the necessary
cooling.

The measurement of emission levels is
based on a simulated driving pattern
which progresses through a precisely de-
fined driving cycle incorporating various
vehicle speeds. The exhaust gases pro-
duced during this driving cycle are col-
lected for analysis of the pollutant masses
at the end of the cycle (see illustration).

The methods for collecting the exhaust
gases, and the procedures for determin-
ing emissions, have largely been stan-
dardized in the various countries, but the
driving cycles have not. In some coun-
tries, regulations governing exhaust emis-
sions are supplemented by limits placed
on evaporative losses from the fuel sys-
tem.

Chassis dynamometer

In order to compare vehicle emissions,
the speeds and forces acting on the vehi-
cle during simulation on the chassis dy-
namometer and on the road must agree
with respect to time. It is necessary to
simulate the vehicle’s moments of inertia,
its rolling resistance, and its aerodynamic
drag. For this purpose, eddy current
brakes or DC motors produce a suitable
speed-dependent retarding force. This

force acts on the rollers, and must be
overcome by the vehicle. Rapid couplings
of various sizes are used to attach inertial
masses to the rollers, thus simulating ve-
hicle weight. It is imperative thal the curve
of braking load versus vehicle speed, and
the required inertial masses, be main-
tained precisely. Deviations result in mea-
suring errors. Ambient conditionis such as
atmospheric humidity, temperature and
barometric pressure also influence test
results.

Driving cycles
To obtain comparable exhausi-emission
values, the predefined speeds on the dy-
namometer must agree with those on the
road. Testing is based on a standardized
driving cycle in which gearshifts, braking,
idle phases, and standstill periods, have
all been selected to provide a high level of
correspondence with the velocities and
acceleration that characterise typical dri-
ving in the normal traffic of a large town,
Seven different test cycles are employed
internationally. In Europe, the driving
schedule has been abbreviated to EU
Stage Ill (as of 01/2000; the 4Cs pre-run
is no longer used). The USA additionally
uses the SFTP test for vehicles with air
conditioning, as well as further sets of dri-
ving conditions.

Usually, a driver sits in the vehicle to
maintain the speed at the levels indicated
on a display screen.

Sampling and dilution procedures
(CVS Method)

The European adoption of the constant-
volume sampling method (CVS) in 1982
means that there is now basically a single
standardized procedure in force world-
wide for collecting exhaust gases.

Sampling and analysis of emissions
The dilution procedure operates accord-
ing to the following principle:

The exhaust gases produced by the
test vehicle are diluted with fresh air at a
mean ratio of 1:10, and extracted using a
special system of pumps such that the
flow volume composed of exhaust gas
and fresh air is maintained at a fixed ratio,
i.e. the admixture of air is adjusted ac-
cording to the vehicle’s momentary ex-
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haust volume. Throughout the test a con-
stant proportion of the diluted exhaust gas
is extracted for collection in one or several
sample bags. The pollutant concentration
in the sample bags at the end of the test
corresponds precisely to the mean con-
centration in the total quantity of fresh-
air/exhaust mixture which has been ex-
tracted. Because the total volume of the
fresh-air/fexhaust mixture can be defined,
the pollutant concentrations can be used
as the basis for calculating the pollutant
masses produced during the course of
the test.

Advantages of this  procedure:
Condensation of the water vapor con-
tained in the exhaust gas is avoided,
which would otherwise cause a substan-
tial reduction in the NOx losses in the bag.
In addition, dilution greatly inhibits the
tendency of the exhaust components (es-
pecially hydrocarbons) to continue to re-
act with one another. However, dilution
does mean that the concentration of the

pollutants decreases proportionally to the
mean dilution ratio, necessitating the use
of more sensitive analyzers. Standarcized
equipment is available for analysis of the
pollutants in the bags.

Dilution systems

Either of two different but equally accept-
able pump arrangements is generally
used to maintain a constant flow volume
for the test. In the first, a normal blower
extracts the fresh-air/fexhaust mixture
through a venturi tube; the second
arrangement makes use of a special ro-
tary-piston blower (Roots blower). Either
method is capable of measuring the flow
volume with an acceptable degree cf ac-
curacy.

Test setups

a) For the US federal test (here with a Venluri system),

b) For the Europe test (here with rotary-piston blower).

1 Chassis dynamometer, 2 Inertial mass, 3 Exhaust gas, 4 Air filter, 5 Dilution air, 6 Radiator,
7 Sampling venturi tube, 8 Gas temperature, 9 Pressure, 10 Venturi tube, 11 Blower,

12 Sample bags, 13 Rotary-piston blower, 14 System outlet.

ct Emissions in transition phase, s Emissions in stabilized phase, ht Emissions during hot test

14
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Determining evaporative losses from
the fuel system

(Evaporation tests)

Anart from the combustion pollutants pro-
duced in the engine, a motor vehicle emits
additional quantities of hydrocarbons
(HC) through evaporation of fuel from the
fuel tank and fuel system (dependent on
design and fuel temperature). Some
countries (e.g. the USA and Europe)
have regulations which limit these evapo-
retive losses.

SHED Test

The SHED (Sealed Housing for
Evaporative Determination) test is the
most common procedure for determining
evaporative emissions. [t comprises two
test phases with varying conditioning
processes in a gas-tight chamber.

The first part of the test is carried out
with the fuel tank approx. 40% full. The
actual testing of the HC concentration in
the chamber begins at 15.5°C as the test
fuel is warmed (initial temperature:
10..14.5°C). The test concludes after
one hour when the temperature of the fuel
has risen by 14°C; at this time the HC
concentration is measured once again.
Evaporative emissions are determined by
comparing the initial and final measure-
ments. The vehicle's windows and trunk
lid must remain open during the test.

For determining the evaporative emis-
sions in the second portion of the test, the
vzhicle is first warmed up by being run
through the test cycle valid for the country
concerned. The engine is then turned off
with the vehicle in the chamber. The in-
crease in the HC concentration is mea-
sured for a period of one hour as the ve-
hicle cools.

The sum of both measurements must lie
below the current limit value of 2g of
evaporated hydrocarbons. Meanwhile, a
more stringent SHED test has been de-
cided upon for implementation in the
USA.

ECE/EC test cycle and limits

The ECE/EC test cycle incorporates a
synthetically generated driving curve (see
illustration) calculated to provide a rea-
sonable approximation of driver behav-

iour in urban traffic. Since 1993, the test
cycle has been supplemented by a subur-
ban section with speeds of up to
120 km/h. This new ECE/EC test cycle is
presently required by law in the following
countries:  Germany,  Netherlands,
Belgium, Luxembourg, France, Denmark,
Great Britain, Ireland, Italy, Spain,
Finland, Austria, Sweden, Greece and
Portugal.

The exhaust emissions test is con-
ducted as follows:

After the vehicle has been appropri-
ately conditioned (vehicle allowed to
stand with engine off at a room tempera-
ture of 20...30°C for at least 6 hours) the
actual test begins after a cold start and 40
second pre-running phase (this phase
does not apply as of EU Stage Ill). During
measurement, exhaust gas is collected in
a sample bag using the CVS method. The
pollutant masses determined by analysis
of the contents of the bag are converted in
the Europe test to the driven distance. In
addition, hydrocarbons and oxides of ni-
trogen are combined to form a composite
limit (HC+NOy). These substances are
considered separately as of EU Stage Il

More stringent limits have been in force
since 1992 irrespective of the vehicle en-
gine displacement. This directive desig-
nated 91/441 EEC (EU Stage |) is listed in
the Section “Exhaust emission limits”,

ECE/EC test cycle with suburban section
1 Pre-run (no measurement): to date 40s;
does not apply as of EU Stage [l.

Cycle distance: 11 km

Average speed: 32.5 km/h

Maximum speed: 120.0 km/h

km/h
120

100

[s2]
o

Vehicle speed v
[=2]
(=]

40

20

200 400 600 8OO 10001220 s
1 Test duration r
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Table 1. It also places limits on evapora-
tive losses. A further reduction of the lim-
its was imposed in 1996/97 by directive
94/12/EEC (EU Stage II).

Further reductions of limits are planned
for Europe (Stage Ill and IV, 2000 and
2005):

- Cold start at =7 °C (as of 2002),

- EOBD (European On-Board Diagnosis)
of parts relevant to exhaust emissions,
—More stringent evaporative-emissions

test,

— Durability (80,000; 100,000 km) and in-
field monitoring,

- Exhaust-gas sampling immediately af-
ter start

Test cycles in the USA

FTP 75 test cycle

The FTP 75 test cycle (Federal Test
Procedure), which consists of three test
sections, represents actual speeds mea-
sured in the USA on the streets of Los
Angeles in morning commuter traffic (see
illustration 3a):

The vehicle to be tested is first condi-
tioned (allowed to stand with engine off for
12 hours at a room temperature of
20...30°C), then started and run through
the prescribed test cycle:

Phase ct: Collection of diluted exhaust
gas in bag 1 during the cold transition
phase.

Phase s: Changeover to sample bag 2 at
the beginning of the stabilized phasz (af-
ter 505 s) without any interruption in the

USA test cycles

a b c d
Test cycle FTP 75 SC03 Uso6 Highway
Cycle distance: 17.87 km  5.76 km 12.87km  16.44 km
Cycle duration: 1877s+ 594s 600s 7655
600s pause
Average cycle speed: 341kmh 349kmmh 77.3kmh  77.4 km/h

Maximum cycle speed:

91.2km/h 88.2 km/h

129.2km/h 96.4 km/h

km/h ct phase* s phase* Engine off ht phase®
1201
° | | |
505s 860 s B800s 505s
b
km/h ct phase” Engine off SCO3
120
“’“‘nﬂﬂn mnﬂm
505s 600 s 594
Engrne d )
kmh| o pnaser km/h
1201 80
Tl IJ M i
oL\ i x
505 s 90 600s 765s

* ¢t Transition phase; s Stabilized phase; ht Hot test
Phases during which exhaust gas is collected

«=z Conditioning (other driving schedules are also possible)
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driving cycle. The engine is turned off for
a 10-minute pause immediately following
the stabilized phase (after 1372 s).
Phase ht: The engine is restarted for the
hot test (505 s in duration). The speeds
used in this phase correspond directly to
those in the cold transition phase.
Exhaust gases are collected in a third
sample bag. The bag samples from the
previous phases are analyzed during the
pause before the hot test, as the samples
should not remain in the bags for longer
than 20 minutes.

The exhaust-gas sample in the third
sample bag is analyzed once the driving
sequence has been completed. The
weighted sums of the pollutant masses
(HC, CO and NOy; ct 0.43, s1, ht 0.57)
from all three bags are correlated with the
distance covered during the test, and then
expressed as emissions per mile. The lim-
its on pollutant emissions vary among in-
dividual countries. This test procedure is
used in the USA including California
(“Emission limits”, Table 2) and in other
countries (Table 4).

SFTP schedules

The tests in accordance with the SFTP

standard will be phased-in in stages be-

tween 2001 and 2004. Together they con-

sist of three driving schedules: the FTP

75, the SC03 and the US06 schedule.
They are intended to additionally exam-

ine the following driving patterns (see il-

lustration, USA test cycles b and c):

-~ aggressive driving,

-~ major changes in driving speed,

—engine start and driving-off,

—frequent minor changes in driving
speed,

— parking times and

—operation with the air conditioner run-
ning.

'n the SCO3 and US06 schedules, the ct
phase of the FTP 75 test cycle is applied
after preconditioning with no collection of
exhaust gases, however other condition-
ing procedures are also possible.

The SCO03 schedule is carried out at a
temperature of 30°C and 40% relative
humidity (vehicles with air conditioning
only). The individual driving schedules
are weighted as follows:

— Vehicles with air conditioner:

35% FTP 75 + 37 % SCO03 + 28 % US06
— Vehicles without air conditioner:

72% FTP 75 + 28% US06

The SFTP and FTP 75 test cyclas must
be successfully completed independently
of each other (Tables 2 and 3 in the sec-
tion “Exhaust emission limits”).

Test cycles for determining fleet fuel
consumption

Every vehicle manufacturer must deter-
mine the fuel consumption of his vehicle
fleet. If a manufacturer exceeds certain
limits, he is fined. He is awarded a bonus
if consumption lies below certain limits.
Fuel consumption is determined “rom the
exhaust emissions produced during two
test cycles: the FTP 75 test cycle (55 %)
and the highway test cycle (45 %).

The highway test cycle is conducted
once after preconditioning (vehicle al-
lowed to stand with engine off for
12 hours at 20...30°C) without measure-
ments being conducted. The exhaust
emissions from a second test run are then
collected. Fuel consumption is deter-
mined based on the emissions (te:st cycle
d).

Every new vehicle is required to comply
with the limits for 50,000 miles, reqardless
of vehicle weight and engine cisplace-
ment. Under certain conditions, the USA
grants exemptions for the various model
years. The legislation imposes different
limits at 50,000 and 100,000 miles; per-
missible limits are higher at 100,020 miles
(deterioration factors).

In addition to many measures designed
to protect the environment, the Clean Air
Act stipulated more stringent emission
limits for vehicles since 1994 (Table 2).
California decided to enforce the more
stringent limits as early as 1993, and is
planning to take further drastic steps.

Cold-start enrichment, which is neces-
sary when a vehicle is started at low tem-
peratures, produces particularly high
emissions. These cannot be measured in
current emissions testing, which is con-
ducted at ambient temperatures of
20...30 °C. The Clean Air Act attempts to
limit these emissions as well by prescrib-
ing an emissions test at -6.7°C.
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However, a limit is prescribed for carbon
monoxide only.

Japanese test cycle

Two test cycles with differing hypothetical
driving curves are combined to provide
the complete test.

Following a cold start, the 11-mode cy-
cle is run four times, with evaluation of all
four cycles. The 10 15-mode test as a hot
test is run through once (see illustration).

Preconditioning for the hot start also in-
cludes the stipulated idle emissions test,
and is conducted as follows:

After warming up the vehicle at 60 km/h
for approx. 15 minutes, the HC, CO and
CO, concentrations in the exhaust pipe
arz measured. Following a secondary
warm-up period of 5 minutes at
6C km/h, the 10-15-mode hot test is then
started. In the 11-mode test as well as in
the 10-15-mode test, analysis is per-

Japanese test cycles
a 11-mode cycle (cold test)
Cycle distance: 1.021 km
Cycles per test: 4
Average speed: 30.6 km/h
Maximum speed: 60 km/h
b 10- 15-mode cycle (hot test)
Cycle distance: 4.16 km
Cycles per test: 1
Average speed: 22.7 km/h
Maximum speed: 70 km/h
km/h
a
60 -
40 -
20
=1
2 0 L 1
a o 50 100 s
@ Test duration «
280
4 b
ﬁo =
40+
20+
0 ]
0 200 400 600 s
Test duration ¢

formed using a CVS system. The diluted
exhaust gas is in each case collected in a
bag. In the cold test, the pollutants are
specified in terms of g/test, whereas in the
hot test they are correlated with tre dis-
tance driven, i.e. they are converted to
g/km (see Table 5 in the section “Exhaust
emission limits”).

The exhaust gas regulations in Japan
include limits on evaporative emissions
which are measured using the SHED
method.
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Exhaust emissions (spark-ignition engines)

Exhaust-gas analyzers

Legislation requires that emission testing
also be carried out on vehicles which are
already on the road.

In addition, exhaust-gas analyzers are
also indispensable service tools in the
workshop, necessary both for optimal
A/F-mixture adjustment and for effective
trouble-shooting on the engine.

Test procedure

In automotive service operations, the in-
frared method has proved to be the only
efficient and reliable means for testing ex-
haust gases.

This method bases on the fact that indi-
vidual exhaust-gas components absorb
infrared light at different specific rates, ac-
cording to their characteristic wave-
lengths. The various designs include both
single-component analyzers (e.g. for CO
only) and multi-component analyzers (for
CO/HC, CO/CO,, CO/MHC/CO, etc.).

Test chamber

Infrared radiation is transmitted by an
emitter which has been heated to approx.
700°C. The beam passes through a mea-
suring cell before entering the receiver
chamber. When measuring the CO con-
tent, the sealed receiver chamber con-
tains gas with a defined CO content which
absorbs a portion of the CO-specific radi-
ation. This absorption causes the gas
temperature to increase, which in turn
causes gas with a volume of V; to flow via
a flow sensor into the compensation vol-
ume with a volume of V.. A rotating chop-
per disk induces a rhythmic interruption in
the beam, producing an alternating basic
flow between the two volumes V; and V.
The flow sensor converts this motion into
an alternating electrical signal. When a
test gas with a variable CO content flows
through the measuring cell, it absorbs ra-
diant energy in a quantity proportional to
its CO content; the energy is then no
longer available in the receiver chamber.
The result is a reduction of the base flow
in the receiver chamber. The deviation
from the alternating basic signal is there-
fore a measure of the CO content in the
test gas.

Test chamber using infrared method
(schematic diagram)

1 Receiver chamber with compensation volume
V; and V5, 2 Flow sensor, 3 Measuring cell,
4 Rotating chopper disk with motor,

5 Infrared emitter.

Catalytic-converter testing

A representative component car: be used
to obtain an indirect measurement of cat-
alytic-converter operation on vehicles
with closed-loop-controlled catalytic de-
vices. The best-suited is CO, which must
not exceed 0.3 % by volume downstream
of the converter, whereby lambda must be
exactly 1.00 (+0.01). Lambda, inturn, can
be determined using the composition of
the exhaust gas at the catalytic con-
verter's outlet. The exhaust-gas analyzer
calculates the value for lambda using the
CO, HC, CO; and O, exhaust gas compo-
nents, with constants used for NO and
fuel composition HCy. The O, content is
measured by an electrochemical probe.
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Current (1998) emissions limits for gasoline engines

Tatle 1 :
EU emissions limits as measured in ECE/EU test cycle i
Standards Introduction | CO HC NOy HC+NOy it
gkm g/km g/km g'km
ElJ Stage | 07.92 272 - - 0.97
EL) Stage Il 01.96 22 - - 0.5
EU Stage Il 01.00 23 02 0.15 -
EU Stage IV 01.05 1.0 0.1 0.08 =
Table 2
US Federal (49 states) and California emissions limits. FTP 75 test cycle
Model year Standards co HC NOx
gimile g/mile gimile
U3 Federal 1994 Level 1 34 0.25 0.4
2004 1) Level 2 1.7 0.125 %) 0.2
California 3 TLEVY) 3.4 0.1252) 0.4
3) LEV 5) 3.4 0.075 ) 0.2
3) ULEV §) 1.7 0.043) 0.2

1) Proposal. 2) NMOG = Non Methanic Organic Gases. %) Introduction varies according to manufacturer's
NMOG fleet average (both vehicle and total fleet are certified).
4) Transitional Low Emission Vehicles. %) Low Emission Vehicles. &) Ultra Low Emission Vehicles.

Table 3

US emissions limits. STFP test cycle
NMHC1)+NOyx | COgompesite?) | COscaa?) COusos?)
g/mile g/mile g/mile g/mile

up to 50,000 miles 0.65 34 3.0 9.0

[ 50,000 to 100,000 miles 0.91 42 37 11.1

') Non Methane HC. 2) The manufacturer has the option of selecting COcomgposite 0F COscoa and COusos

limits.

Table 4

Emissions limits for Argentina, Australia, Brazil, Canada, Mexico, Norway, Switzerland, and |
South Korea measured with FTP 75 test cycle |

Country Introduction co HC NOyx Evap. emissions '
g/km g'km gkm {HC) gftest i

Argentina 01.97 2.0 0.3 06 6.0 |
Australia 01.97 1.9 0.24 0.57 1.9 |
Erazil 01.97 2.0 0.3 0.6 6.0 1
Canada 01.98 2.1 THC 2) 0.25; | 0.24 20 i
NMHC 3) 0.16 !

Mexico 01.95 2.1 0.25 0.62 2.0 :
Morway 01.89 2.1 0.25 0.62 2.0 | |
Switzerland ') 10.87 2.1 0.25 0.62 2.0 |
South Korea 01.91 21 0.25 0.62 20 )
01.00 0.16 0.25 H

') EWECE regulations recognized since 10/95, 2} THC =Total HC. %) NMHC = Non Methane HC.

Table 5 !
Jzpanese emissions limits measured in Japanese test cycle i
Test procedure co HC NOy Evap. emissions i
10-15-mode (g/km) | 2.1...2.7 (0.67) 0.25...0.39 (0.08) | 0.25...0.48 (0.08) |- i
11-mode (g/test) 60.0...85.0 (19.0) [7.0...8.5(2.2) 4.4..6.0 (1.4) - Il i
SHED (g/Test) - - - 2.0
() planned figures
—— heieicis - - -
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