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Business Case

Dear Reader,

the long-term future of the combustion
engine will depend on the growing avail-
ability of sustainable energy sources.
The use of carbon-neutral energy is fully
in line with EU policy, which is aiming
for a gradual reduction in greenhouse
gas emissions of 80 to 95 % by 2050.
As far as fuels are concerned, it is obvi-
ous that the challenges presented by
renewable fuels which circulate CO, can
be resolved. A carbon-neutral solution
can be achieved by using the CO, pro-
duced in industrial processes (in particu-
lar steel and cement production) and in
electricity generation as a raw material
for the fuels. The recovery of CO, from
the air is also technically possible using
low temperature heat. Sustainable elec-
tricity generated from wind or solar
energy can be used to produce hydro-
gen by means of electrolysis or for endo-
thermic processes (such as methane or
methanol splitting or dry reforming).
The hydrogen can reduce the CO, created
during the production of methanol and
this can then be processed further.

However, the process engineering pre-
sents a much more serious problem.
Obviously, the incentives needed to
enlarge the production systems from a
laboratory scale to an industrial scale are
lacking. The obstacles referred to in this
context include in particular the invest-
ment of several hundred million euros
required and the lack of security in the
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planning process. In this respect, politi-
cians could set an important example

by making a clear commitment to this
technology. But to focus only on this area
would be too short-sighted. What is lack-
ing is a clear business case which will
allow the large amounts of money to

be raised for investments that will only
bring a return in the long term. Against
the background of impending CO, taxes,
some car manufacturers are currently
considering developing a business model
based on carbon-neutral fuels. This could
give the technology the long-awaited
momentum necessary for large-scale
implementation. Let’s hope this happens.

Best regards,

[2[-(/@&,( @aﬂmg

Richard Backhaus
Vice-Editor in Chief
Wiesbaden, 27 March 2015

EDITORIAL
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FRICTION MINIMISATION

Steel Pistons for

Mercedes-Benz

PC Diesel Engines
Lightweight, Efficient
and Sustainable

Steel pistons have been used in commercial vehicles for many
years. Last year, Daimler AG became the first vehicle manufacturer
to introduce steel pistons for passenger car diesel engines as well.
The steel piston in the OM642 V6 diesel engine is now, for the
first time, also being used in combination with an all-aluminium
crankcase with so-called Nanoslide cylinder contact surface coating
in addition to its use in the Mercedes-Benz engines OM626 and
OM®607 in the classic gray cast iron crankcases.
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FOCUS ON FURTHER
EFFICIENCY INCREASE

Combustion-engine-related drive sys-
tems dominate the market, increasing
their efficiency further via thermody-
namic and mechanical measures is thus
of crucial importance for achieving the
fleet targets in the different international
markets. An interesting factor in this
context is the reduction of in-engine
friction losses [1, 2]. New or high-
strength materials for highly stressed
subsystems also offer new design poten-
tials for weight reduction and improved
efficiency together with a long service
life. Due to the high peak pressures, die-
sel engines have significantly more solid
piston designs and thus a higher friction
reduction potential. One alternative here
is the use of steel pistons. In commercial
vehicle engines [3], steel pistons are
already used in addition to aluminium
pistons, but have yet to be series-manu-
factured for passenger car engines.

HIGH FRICTION RATE
DUE TO PISTON ASSEMBLY

The piston assembly is responsible for
the highest individual share of mechani-
cal losses in the basic engine friction and
has therefore been the focus of optimisa-
tions for years. In addition to the classic
approaches, such as improving the pis-
ton ring geometry and piston ring pre-
stress, significant progress has been
achieved in recent years in particular

in the area of the cylinder contact sur-
face via precision honing and extra-fine
honing as well as the newly developed
so-called Nanoslide cylinder contact sur-
face coating technology. As part of close
cooperation between Mechanical Sys-
tem Development, the internal Simula-
tion Department, Daimler Research and
the respective piston supplier, the piston
clearances and profiles of the aluminium
pistons used have also been optimised
with regard to the respective cylinder
contact surface system. A significant
reduction in the piston skirt friction

was achieved in the 2.1-1 four-cylinder
diesel engine (aluminium piston in gray
cast iron crankcase), for example [4, 5,
6]. Thanks to the above measures, key
potential has already been leveraged
and implemented in series production.
This article focuses on the further poten-
tial of steel pistons in diesel engines.

5
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Aluminium piston Steel piston
Cast-iron crankcase Aluminium Aluminium
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COMBINATIONS OF PISTON
AND CRANKCASE MATERIALS

In case of aluminium pistons, a large
piston clearance leads to rattling noises
during a cold start, particularly in the

case

designs with acoustic optimisation for the

cold

clearances when the engine is warm; this
in turn has an unfavourable impact on the
friction. Due to the inhomogeneous tem-
perature distribution and contact between
different materials, the clearance situation
at warm conditions play a decisive role
for the functionally optimised piston

FIGURE 1 Schematic illustration of piston clearance situation in combination with different
crankcases for cold start (-25 °C) and in hot condition (aluminium crankcase in each case
with Nanoslide coating)

design. Different piston and crankcase
material pairings result in different clear-
ances as shown schematically in FIGURE 1.
An optimal solution from a friction per-
spective arises if the piston changes

from being guided on both sides to being
guided on one side only. This prevents
the piston skirt from undergoing greater
deformation as a result of the ensuing
hydrodynamic pressure, which in addi-
tion leads to an increase in the friction
power losses. Particularly suitable prereg-
uisites are offered here by the steel piston
with its lower expansion coefficient in
comparison to the aluminium piston.
This applies in particular for the combi-

of gray cast iron crankcases. Classic

start thus usually lead to very tight

nation involving a steel piston in an
aluminium crankcase, which leads to
the smallest cold clearance and the
largest warm clearance with a parti-
cularly positive impact on friction
losses at high piston temperatures.

STEEL PISTON DESIGN

Steel and aluminium pistons for passen-
ger car diesel engines basically differ

in their compression height. The differ-
ences between both piston variants

are illustrated in FIGURE 2. The shown
steel piston is a single-piece forged part
made from 42CrMo4. The advantage

of the high heat resistance offered by
42CrMo4 is offset by its greater density
compared to aluminium. With a density
of 7.7 g/cm3, 42CrMo4 is more than
twice as heavy as the same volume

of aluminium, which has a density of
2.8 g/cm3. The steel piston has been pro-
duced in an almost weight-neutral man-
ner thanks to a design that is as thin-
walled as possible as well as a reduc-
tion in the piston height and piston pin
length. The tight weight tolerances of
the aluminium piston also had to be ful-
filled in order to obtain optimal vibration
comfort. A new, extremely high level

of precision was developed for the forg-
ing processes as a result.

ALUMINIUM AND STEEL PISTON
TEMPERATURE PROFILES

At 236 W/(m-K), the thermal conductiv-
ity of aluminium is more than five times

Cross-section Longitudinal section

System weight* .
1734 ¢ :
aluminium piston |

1786 ¢

Aluminium piston

Steel piston

System weight*

steel piston

FIGURE 2 Comparison of aluminium and
steel piston cross-sections (OM642)

.Compression height
(CH)

A 45.5 mm ——>!

*including piston, piston pin, connecting rod
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FIGURE 3 Temperature profile between the piston bowl rim and the cooling gallery — comparison of aluminium piston
(left) and steel piston in the initial state (middle) and after optimisation (right), in each case at full load

greater than that of 42CrMo4, which has
a thermal conductivity of 42 W/(m-K).
The steel piston thus becomes hotter at
the same combustion temperature. In
FIGURE 3, it can see that a major chal-
lenge of the steel piston is targeted heat
dissipation, in particular from the area
of the piston bowl rim. Failure to achieve
this will lead to the formation of surface
scaling, followed by crack formation in
the mechanically and thermally highly
stressed areas as well as damage to the
engine oil together with carbon deposits
in the area of the piston cooling gallery.
CAD was used to optimise the position
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and shape of the cooling gallery. By
means of computer-aided sensitivity
studies in comparison with measure-
ments, it was calculated that a potential
of about 70 K could be achieved through
optimising the wall thickness and about
20 K through recess shape variation of
the piston designs. The oil cooling was
improved by removing the friction weld-
ing flash in the cooling gallery due to
changing the piston design and welding
process and the additional optimisation
of the oil spray geometry. Therefore it is
possible to cool the steel piston in the V6
diesel engine without increasing the oil

Air-borne noise (driver)

el pton

[Hz]

FIGURE 4 Virtual structure-borne noise optimisation and acoustic evaluation via the airborne noise
measurement of the optimised steel piston in comparison to the aluminium piston (partially schematic)
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pump efficiency, i.e. with the same oil
supply volume as for the current series-
production engines.

STEEL PISTON INTEGRATION
IN THE BASIC ENGINE

Due to the reduced compression hight

of the steel piston in comparison to the
aluminium piston, additional weight and
installation space potential can in princi-
ple be exploited for future engine genera-
tions by reduced crankcase height. This
provides advantages, for example, in the
vehicle package and for passive safety
(optimised pedestrian protection). This
was not implemented in the OM642 V6
diesel engine due to its integration in

an already existing basic engine.

The increased clearance of the
steel piston in the aluminium crankcase
and the increased piston skirt rigidity
lead to a slightly higher mechanical exci-
tation of the cylinder wall. One challenge
therefore was to achieve a trade-off
between friction loss, function during
heat and extreme cold, and noise com-
fort. For this purpose, advanced simula-
tion methods were used in close collabo-
ration with the piston manufacturers
to derive optimisation measures for the
steel piston. The vibration velocity of the
cylinder wall were calculated for the vir-
tual evaluation of the structure-borne
noise excitation, FIGURE 4 (left).

The measures derived for the reduc-
tion of the structure-borne noise excita-
tion for the OM642 steel piston are based
on the rotation profile, skirt rigidity,
piston pin axial offset and an improved

personal buildup for Force Motors Limited Library



(AN SN FRICTION MINIMISATION

Relative piston skirt friction losses [%]
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crankcase material quality. The omis-
sion of the gray cast iron cylinder liners
allowed a significant increase in the duc-
tility of the gravity-cast material AlSi8Cu3
before the Nanoslide cylinder contact
surface was applied via heat treatment.
The acoustic behaviour was investi-
gated via airborne and structure-borne
sound measurements on test benches
and in vehicles. FIGURE 4 (right) shows
sample airborne sound measurements
on a vehicle test stand in which engines
with aluminium and steel pistons were
compared. The excitation spectra show
both advantages and disadvantages for
individual frequency ranges. Differences
in noise of a mechanical origin can
barely be perceived from a subjective
perspective. The only difference that can
be observed is a stronger, deeper sound
pattern, which can largely be attributed
to the more rapid combustion process.

STEEL PISTON IN ALUMINIUM
CRANKCASE WITH
FRICTION ADVANTAGES

The piston friction is determined by
virtual test runs that take into account
elastohydrodynamic friction models
including mixed friction contact.
Whereas the aluminium piston in the
V6 diesel engine at hot conditions is
mainly guided on both sides, the steel
piston with its larger clearance bene-
fits from the one-sided piston guid-

ance shows improved skirt friction.

A reduction in the piston skirt friction
losses of 35 and 47 % respectively
can be seen in FIGURE 5 at the two
load points shown. In conventional,
motored friction loss analyses, how-
ever, these advantages cannot be vali-
dated through measurements as tem-
perature fields do not match fired con-
ditions. Engine-operating performance
map investigations by means of high-
precision indicating and torque meas-
urements are required here.

THERMODYNAMIC ADVANTAGES
OF STEEL IN COMPARISON
TO ALUMINIUM PISTON

The differential performance map in
FIGURE 6 (top) shows the improvement in
the effective efficiency, which includes
the overall advantages resulting from
friction and thermodynamics. The
purely thermodynamic advantages are
apparent in the differential performance
map for the indicated high-pressure con-
sumption, FIGURE 6 (bottom). The ther-
modynamic differences arise in this
connection from the higher surface tem-
perature on the piston crown of the steel
piston. The heat accumulates due to
the lower thermal conductivity and the
higher heat capacity of the steel.

The typical but unfavourable burn-out
for diesel engines only makes a minor
contribution to the work on the crank-

N

Aluminium piston Steel piston
Nominal load point

Aluminium piston Steel piston
Partial load point

FIGURE 5 Calculated friction loss advantages of steel piston in OM642
at rated output (4000 rpm) and partial load (1600 rpm)

8

shaft. The fuel should ideally be fully
combusted at the ignition TDC. This
leads to a high degree of constant vol-
ume and significantly influences the
efficiency of the high-pressure process.
In the case of steel pistons, the fuel is
more quickly converted and the dura-
tion of combustion is thus reduced.

The high piston temperature is
responsible for the more rapid rate of
conversion. This causes the cylinder
charge to heat up during the intake
and compression phases, which in turn
reduces the ignition delay. For this rea-
son, the process temperatures and pres-
sure in the steel piston are higher.

The hotter surface raises the tempera-
ture level. This favors the vaporisation
of the fuel close to the nozzle and leads
to a slightly earlier ignition. Further-
more, the increased temperature level
in the early phase of main combustion
leads to greater reactivity (Arrhenius),
which entails a higher flame tempera-
ture and steeper rise in pressure.

The higher gas temperature usually
leads to similar wall heat losses for the
steel piston and the aluminium piston,
as the underlying gas/wall temperature
gradient is approximately the same. The
piston is warmer, but so is the gas; the
wall heat losses can thus even increase
depending on the operating point. The
heat-transfer coefficients only change
negligibly due to the higher process tem-
perature and higher cylinder pressure.
The lower thermal conductivity of the
steel piston leads in transient operation
and during the heating phase to an even
higher surface temperature. This quicker
heat-up behaviour is another advantage,
e.g. in exhaust gas tests, in comparison
to the steady-state performance maps
shown here.

SUMMARY AND OUTLOOK

The introduction of the steel piston
started in September 2014 in the
Mercedes-Benz E 350 BlueTEC. The
as-yet-unused combination of a steel
piston with an all-aluminium crank-
case with Nanoslide cylinder contact
surface coating is to be highlighted
here. Together with additional con-
sumption-related measures, fuel-eco-
nomy figures of 133 g CO,/km (5.0 1/
100 km) are achieved.

At the same time as its application in
the OM642 V6 diesel engine with alu-
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Thermodynamic and friction improvements

FIGURE 6 Advantages due to use of steel
piston in warm performance map
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minium crankcase, the steel piston has
been introduced in two four-cylinder
entry-level diesel engines, the OM626 [7]
and OM607, with gray cast iron crank-
cases in collaboration with the coopera-
tion partner Renault. The steel piston is
establishing itself as the standard for
Mercedes-Benz passenger car diesel
engines and will thus also form the basis
for future engines with ever-increasing
specific engine output.
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Real Time Characterisation
of Wear Behaviour

In the development of combustion engines lightweight design and friction reduction still play an
important role. More and more composite materials, partly using brand new components, are utilised.
For the optimisation of new composite materials, part geometries and lubricants online-methods for

the characterisation of wear on component- and full fired engine testbeds are absolutely necessary.
Within the APL Group the Radionuclide Wear Measurement Technology (RTM) is successfully in use
since many years. Furthermore an online characterisation tool based on ICP-OES technique (Inductively
Coupled Plasma — Optical Emission Spectroscopy) is under development.
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HIGHER SPECIFIC PART STRESS

To optimise the future emission the
request of increasing specific power

in combination with lightweight con-
cepts leads to higher specific part

stress in the powertrain aggregates [1].
So, optimisation and new development
of combinations of materials, part
geometries and last but not least the
used lubricants, which are often taylor-
made as system components for spe-
cific requirements, will be necessary
[2]. Therefor it is necessary to character-
ise the wear behaviour in dynamic
drive cycles to enable an estimate of the
lifetime of parts.

Since many years, the Radionuclide
Wear Measurement Technology (RTM) is
successfully in use to investigate the
wear behaviour of combustion engines
[3]. For that purpose the tribologically
stressed area of the surface can be pre-
cisely irradiated. The increase of wear
particles of the selected parts can be
measured continuously and with a high
resolution, for example on an engine
testbed in the engine oil and the oil filter.
The wear behaviour can be correlated
with the actual driving conditions and

,Cd 228.802
z (1) /-
w | 1
£ | |
3 II 1
£ | |
— | |
= ! |
.t_n II I|
=1 | 1As 228.812
e e I .".h‘-':-__..__

Wavelength

Peristaltic pump

single parameters like temperatures
or pressures in the engine.

To analyse the additive- and wear ele-
ments in lubricating oils the ICP-OES is
in use since many years [4]. The main
target of this investigation within this
project was to check, whether this labo-
ratory method is also suitable for the
realtime-investigation of wear behaviour
on component and full engine testbeds.

MEASURING PRINCIPLE AND
STRUCTURE OF THE TECHNIQUE

At the ICP-OES, FIGURE 1, an oil sample
will be transported after dilution with
white oil by a peristaltic pump into a
nebuliser chamber. The oil droplets gen-
erated in this nebuliser are selected
according to their size and the small
droplets transferred into a plasma. The
plasma of the ICP-torch is generated with
Argon in an alternating high frequency
field and has a temperature of approxi-
mately 8000 K. Under those conditions
the outer electrons of the additive- and
wear elements like Fe, Cu, Ca, Mg and S
will be thermally stimulated and pushed
on a higher energetic level. Falling back
into the original energy status the energy

FIGURE 1 Measuring principle ICP-OES

CCD chip
(charge-coupled device)

Polychromator

Sample
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difference will be given back in the form
of light emission. The wavelength of this
light emission allows a qualitative state-
ment about elements being contained in
the oil. By splitting the wavelengths via
dichromator normally up to 21 elements
per measurement can be detected. The
wavelength specific intensity of the light
emission gives the quantitative informa-
tion, evaluated by the use of a calibration
line. Depending on the specific elements
a concentration can be determined in the
range of ng/kg with this technique.

The structure of the ICP-online tech-
nique - for example on an engine test-
bed - is schematically shown in FIGURE 2.
An external oil circuit has to be installed:
By an additional bore in the oil sump
for the sampling of the actual oil quality
and a feedback pipe into the oil filler
neck a ring circuit has to be imple-
mented. With a micro gear pump a
constant oil volume is pumped through
this circuit. After a mixing chamber
to homogenise the oil sample a portion
of the oil flow is taken out of the circuit
and guided to the ICP. As the droplet
formation in the nebuliser is influenced
by the physical properties of the sample
like viscosity, the sample is temperature
conditioned in a heating pipe before the
nebulising, so even at different oil tem-

-

=

External oil
circuit

Mixing
chamber

FRICTION MINIMISATION

peratures in the engine constant charac-
teristics can be ensured. During the fol-
lowing investigation a sampling interval
of 30 s was used. The oil consumption of
the sampling for the ICP is 2 ml/h only.

BASIC INVESTIGATION ON
A COMPONENT TESTRIG

In a first step the ICP online technique
was tested on an FZG testrig (For-
schungsstelle fiir Zahnrdder und Getrie-
bebau der TU Miinchen). In this test the
relative scuffing load capacity of lubri-
cants, mainly gear oils, is investigated.
The test procedure which was used cor-
responds to CEC L-84-02. In this test, the
friction partners, a pair of gear wheels
(driving wheel and driven wheel) in a
box filled with test oil are mechanically
stressed. In at most ten stages with
increasing Hertzian Stress (206 N/mm?
up to 2175 N/mm?) the gear wheels are
tribologically stressed for 7.5 min/stage
at a speed of 2910 rpm (equivalent to
21825 total revolutions). The test box was
modified with two bores for the inlet and
the outlet of the ring circuit. One ICP-
measurement per 35 s was performed.
The development of the Iron concentra-
tion across the stages/running time is
shown in FIGURE 3.

12

Temperature
conditioning

The development of the Iron concen-
tration across the test stages in FIGURE 3
shows a significant step to the begin-
ning of each new stage (higher pressure
stress). Up to stage 7 this is only visible
with rather high magnification. This
effect is caused by the run in of the
friction partners in the new stage with
higher surface pressure. The test runs
on the FZG testrig show a very good
reproducibility and very constant
results, even at very low ranges of con-
centration. This can also be led back to
the fact, that the test conditions do not
change significantly the physical prop-
erties of the lubricant. Compared to an
engine oil, running in a fired engine,
oil aging is mainly limited to a variation
of the wear elements. Aging processes,
as can be find in a fired combustion
engine, like input of fuel, water and
soot are not relevant in this test.

WEAR CHARACTERISATION
IN THE ENGINE

The investigations have been performed
in a direct injecting, turbocharged,
four-cylinder gasoline engine. The influ-
ence of the oil pressure on the wear
behaviour should be characterised. The
oil pressure level of the running engine

ICP-OES
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was reduced from 4 bar to lower than
1 bar. The element concentration in
the lubricant was logged on the test-
bed with the ICP OES-online system.
In FIGURE 4 the development of the
concentrations of the wear elements
across the duration of the online meas-

160
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120l T |
100111

60 i

Concentration [ppm]
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urement is shown. An increase of the
wear elements in the lubricant could
be observed.

The concentrations of copper, iron,
tin and aluminium increase by the factor
2 to 3, whilst the concentrations of
molybdenum and manganese rise only

: i

Mn 0

“il++ Severe increase |
: + Moderate increase

pretty moderately. Because of the illus-
trated measurement results the progress
of damages could be detected already in
a very early stage by the increase of the
wear element concentration. The system-
atically indicated high wear happened in
the steady stage of the programme cycle at

FIGURE 4 Development of selected
element concentrations depending
on running time and oil pressure

Oil pressure [bar] i
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an engine speed of 6200 rpm and an oil
pressure of 0.65 bar in the connecting
rod bearing as well as on the corre-
sponding crankshaft journal. The follow-
ing inspection of the parts confirmed
that with the reduced oil pressure the
contact areas between crankshaft and
conrod bearing could not be lubricated
any more and the bearing layer out of an
Al-Sn-Cu-alloy was worn out [5].

ADVANTAGES AND DISADVANTAGES
OF THE ICP-ONLINE TECHNIQUE

To compare the ICP-online technique
with the RTM-system on an engine

+ Easy operation, high mobility,
no legal permission

+ Cost efficient

+ Real time wear information
(early damage detection)

+ Simultaneous detection
of wear characteristic of
all friction partners

+ Characterisation

of concentration of
additive elements
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testbed a premium aspirated DI gaso-
line engine was used (installation like
FIGURE 2). By continuous reduction of
the oil pressure with cyclic variation of
the engine speed there was, along the
line of the former investigations, a wear
problem initiated.

FIGURE 5 shows a comparison of
selected wear element concentrations
with the wear detected via RTM.
Molybdenum is part of the alloy of
the main bearing and tin is part
of the interlayer of the bearing shell.
Both techniques show in a correspond-
ing time window a significant increase
of the wear behaviour.

At longer running times a reduction
respectively heavy bouncing of the ele-
ment concentration can be observed,
detected with the ICP-online technique.
The reasons for this bounce are multifac-
eted and mostly with different character-
istic for all the elements. After a longer
operation time a coking of the torch can
be observed, which makes an adjust-
ment of the Ar-plasma necessary. Bigger
wear particles (>5 pm) cannot pass the
nebuliser and are not detected. Also
aging processes of the lubricant in a
fired engine like soot and water input
as well as oxidation cause a continuous
variation of the physical properties of

FIGURE 6 Advantages and disadvantages of the
ICP-OES online technique compared with RTM

- Exact localisation of wear
in the complete system
normally difficult

— Use of technique for long
term runs problematic

— Wear particles > 5 pm
will not be detected

Implementation in applications

with high variation of oil properties
(concentration of soot, fuel dilution)

has to be optimised

- Reduce sensitivity regarding
wear rates compared to RTM
(Factor 100)
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the oil. The changes in viscosity and the
surface tension/wetting behaviour end
up in a modification of the nebulising
characteristics. Different droplet sizes
and different droplet size distributions
will be generated and finally different
sizes and numbers of droplets will go
into the Ar-plasma. So, a different light
intensity will be detected which is not
caused by an increase of the element
concentration in the oil but by a modifi-
cation of the total oil concentration in
the plasma. One way to solve or at least
to reduce the above problem is the use
of an internal standard during the meas-
urement. Shortly before the heating up/
nebulising of the oil a defined multi-ele-
ment-standard is added. This can be
managed for example in using a suitable
piezo-valve with defined dosage rate.

FIGURE 6 compares the potential of the
ICP-technique for realtime investigation
of wear behaviour with the challenges
of this technique in comparison to estab-
lished systems like RTM.

SUMMARY AND OUTLOOK

For the development and the optimisa-
tion of engines and their components,
online methods for wear characterisation
are absolutely necessary. It has been
demonstrated, that the ICP-OES as a
potential investigation tool offers addi-
tional possibilities. However, the use of it
as investigation tool is in an initial phase
and the identified weak points must be
eliminated by additional development to
enable the use of the entire potential of
that system. Currently, ICP-OES as com-
plement to RTM for special problems/
trend analyses is already supposable.
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2015 is the b0™" anniversary of the start of volume production
of a ZF automatic transmission. The three-speed automatic
transmission of which only limited quantities were produced
at the time has today developed into a high-tech bestseller
thanks to the 8HP and 9HP transmission model ranges. This
can be attributed to a variety of innovations with which ZF
has reworked almost all elements of a multi-ratio transmission
from scratch.

16

GROWING ATTRACTIVENESS

Multi-ratio transmissions with a hydro-
dynamic torque converter as a starting
element as well as a downstream trans-
mission in a planetary design have been
used in the field of automotive engineer-
ing since the end of the 1930s. The high
level of shift comfort and the opportu-
nity to shift without tractive force inter-
ruption in particular made this type of
transmission increasingly attractive;
initially in the USA and, later on, in
Europe too. At the start of the 1960s,
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ZF Friedrichshafen AG therefore decided
to introduce their own product to the
market. The 3HP12 transmission entered
volume production in 1965; the year of
the company’s 50t anniversary. Conse-
quently, 2015 - the year of the company’s
centennial - is also the year of an impor-
tant product anniversary: ZF has been
offering automatic passenger car trans-
missions for 50 years. The new product
from back then has developed into a
major source of revenue for the interna-
tional technology company.

THE BEGINNING 50 YEARS AGO:
THE ZF 3HP12

The 3HP12 transmission, FIGURE 1,

that was installed in a Peugeot 504

for the first time consisted of multiple
assemblies: ZF procured a torque con-
verter without lock-up clutch, for which
the latest sheet metal forming technol-
ogy of the time was utilised, from

the Fichtel & Sachs company. The tur-
bine wheels belonging to the torque
converter transmitted up to 120 Nm

of torque to the planetary assembly
which consisted of a Simpson plane-
tary gearset. Clutches and brakes with
lined clutch disks were used as shift
elements. The gear changes were per-
formed in a purely hydraulic manner.
An oil pump driven via the torque con-
verter shell provided the oil volume, the
oil pressure was generated in a hydrau-

MTZ 0612015 Volume 76

FIGURE 1 The three gear steps in
the ZF 3HP12 transmission from
1965 were achieved by a planetary
gearset and five shift elements

lic valve. The operating pressure was
controlled via a further valve that was
connected to the engine throttle cable
via a wire rope hoist. The generated
pressure was modulated in a speed-
dependent manner by a centrifugal
force governor located on the output
shaft. This pressure then mechanically
acted on the shift elements via a distri-
bution system. Dampers that were only
active during the shift itself and enabled
a comfortable gear change were installed
upstream of the shift elements.

A special feature of the 3HP trans-
mission was the utilisation of three
shift freewheels. They supported the
shift quality as, when it came to pure
hydraulic shift systems, it was difficult
to synchronise a clutch-to-clutch shifting
(simultaneous opening of one clutch and
closing of another) and, without shift
freewheels, noticeable shift jolting even
occurred in multi-ratio transmissions
with some gear changes at that time.

A two-speed automatic transmission
(2HP14) which only made it to the proto-
type stage was developed at ZF prior
to the volume production application of
the 3HP. However, engineers who were
involved at the time drew upon signifi-
cant knowledge from the test ranges
and applied it in the development of
the 3HP12 transmission. Among other
things, they decided in favor of three
gear steps and realised the high signifi-
cance of shift freewheels.

50 years of automotive history also
mean enormous development leaps in the
field of driveline technology. The multi-
ratio transmission from back then has
also significantly developed with each
generation, new technical approaches and
innovations have significantly increased
driving dynamic characteristics as well as
consumption and, ultimately, diversity in
terms of operation. The multi-ratio trans-
mission has preserved its place in the
range of various transmission types and
has, despite all pessimistic forecasts, even
extended it. The engineering progress of
certain elements of the multi-ratio trans-
mission will be tracked and substantiated
below through the development leaps of
ZF products.

The starting point is a rough overview
of over 50 years of automotive progress
which highlights the commonalities and
significant differences between a high-
tech transmission, such as the current
second-generation ZF 8HP, and the first
multi-ratio transmission from 1965. If
the multi-ratio transmission principle is
looked at very generally, the constants
come into view: The basic principle con-
tinues to be “hydrodynamic torque con-
verter plus transmission with planetary
gearsets” which is apparent at ZF by the
“HP” identification code that the current
transmissions also bear. Shafts continue
to be responsible for the transmission of
power inside the transmission, clutches
and brakes today still function as shift

17
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DEVELOPMENT TRANSMISSION

FIGURE 2 The lock-up clutch of the
torque converter equipped with
twin-torsional damper, which

was already featured in the 6HP,
can be applied very early on and
improves driving comfort especially
at low engine speeds

elements, gear changes

are performed automatically and are trig-
gered as well as controlled by means of
hydraulics. However, if all of the named
elements are looked at more closely,
small technical revolutions have taken
place almost everywhere.

TORQUE CONVERTER TECHNOLOGY

One of the main tasks of the torque con-
verter is the decoupling of torsional vibra-
tions. The torque converter which was
still dominant 50 years ago and was part
of the name continues to perform the

hydraulic trans-
mission of engine
torque into the trans-

mission but, in terms of the

development expense, the technological
know-how, and even the installation
space volume in the torque converter, is
now much more in the background. The
so-called Trilok torque converter which
was utilised in the 3HP12 50 transmis-
sion years ago did not yet boast a torque
converter lock-up clutch. Consequently,
the transmission of power into the trans-
mission was always hydraulic. In doing
S0, a certain amount of slip occurred -
a speed difference between the impeller
and the turbine wheel - which resulted
in efficiency losses. However, rotational

4000 4 Eight-speed
plug-in hybrid
z 3000
=
g Eight-speed
3 20001 Nine-
> .
s ) Six-speed speed
3 Five-speed
1000 4
0 —— B = = N 0 0
1995 2000 2005 2010 2015
Year [-]

FIGURE 3 The amount of read-only memory (ROM) in ZF transmission control units
has increased over the years and still could process more data and functions
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irregularities of the engine are thereby
virtually automatically neutralised. In
order to limit the efficiency losses of a
permanent converter slip, ZF utilised a
torque converter lock-up clutch (unregu-
lated) as early as the 4HP transmission —
a multidisk clutch which connected the
impeller and the turbine wheels in a
force locking manner. When this compo-
nent was closed, a rigid direct drive of
the engine torque into the transmission
occurred. However, there was no hydrau-
lic damping of the engine rotational irreg-
ularities in this state meaning that it was
necessary to develop and install mechani-
cal dampers in the torque converter. On
the 4HP transmission, comparatively sim-
ple spring systems prevented the engine
rotational irregularities from being trans-
mitted to the driveline and the entire
vehicle in the form of uncomfortable
vibrations from a certain speed range.

The next development step to the SHP
transmission in 1990 represented the entry
of the regulated torque converter lock-up
clutch into the field of automatic ZF trans-
missions. This transmission version even
enabled the bridging of the converter slip
in low engine speed ranges, even if the
clutch was not fully closed in regulated
mode. However, this solution which fur-
ther reduced the consumption data also
placed higher requirements on the torque
converter lock-up clutch and the transmis-
sion oil. The result was further invest-
ments in the torsional damper technology
of the torque converter. This trend contin-
ued with the six-speed automatic trans-
mission. Alongside the torsional damper
which had been available up to this point
and (for more powerful engines) turbine
torsional dampers, a combination of two
independent spring systems in the form
of the twin torsional damper (TWD)
was utilised which was particularly suita-
ble for the downsizing of gasoline and die-
sel engines and their extremely intense
vibration characteristics at low speeds,
FIGURE 2. The consequence: It was possible
to move the operating point of the bridg-
ing even further forward, the clutch closed
at extremely low engine speeds (without
any noticeable restriction in comfort for
the passengers) and, as a result, contrib-
uted to fuel savings.

With the latest generation of the 8HP
transmission, ZF has moved a step closer
to the objective of closing the torque con-
verter lock-up clutch at ever-earlier oper-
ating points, i.e. lower engine speeds,
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and enabling higher loads. One reason is
the use of a triple-line converter which,
via its own hydraulic line, is able to actu-
ate the lock-up clutch and, consequently,
enables more finely controlled bridging
procedures. A further innovation, which
was introduced with the second-genera-
tion of the 8HP transmission, is a torque
converter with a speed-adaptive mass
damper. In addition to the TWD spring
damping system, a mass pendulum is
used here which further increases the
decoupling quality at specific operating
points and, consequently, enables an even
earlier bridging of the converter slip.

INCREASED USE OF ELECTRONICS

Today, it is generally acknowledged that
transmission innovations are decisively
determined by the integration of
electrics, electronics, hydraulics, actua-
tors, and sensors. In doing so, the system
boundaries of the transmission have also
recently been exceeded and functional
growth has been achieved by means of
networking in the overall vehicle. This
development that has also significantly
contributed towards efficiency gains in
automatic ZF transmissions originated in
1987. Back then, the second-generation of
the 4HP transmission was also optionally
available with an electrohydraulic control
unit. The necessary hydraulic controller
for speed detection as well as a throttle
cable for load detection were previously
omitted on the respective transmissions.
These functions were assumed by an
(externally mounted) electronic control
unit (ECU). This component with a size
of a DIN AS paperback book had a read-
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FIGURE 4 Electronic control unit 9HP

only memory (ROM) of 8 KB. The
progress is clear to see when directly
compared to the 8HP which boasts a CPU
with the size of a stamp and can access

a ROM of 2 MB, FIGURE 3.

Even the electrohydraulic control unit
in the 4HP transmission communicated
with the engine control. Consequently, it
was possible to briefly reduce the engine
torque during the gear changes by means
of meshing in the ignition so that the gear
change was even less noticeable for the
driver and the loads of the shift clutches
were reduced.

The electronics in the transmission
rapidly gained importance up until the
introduction of the 6HP in 2001. This
became apparent as early as 1990 with
the SHP transmission where the use of
electronics now permitted regulated and
adaptive gear changes. Networking with
the vehicle data allowed access to impor-
tant influencing factors such as uphill
gradient, load, or travelling with a trailer.
The movements of the accelerator pedal
were also evaluated via sensors and led to
a driver type recognition and a respective
adaption of the shifting characteristic.

The degree to which the electronic con-
trol unit now influenced the shifting qual-
ity can be seen in the use of the shift free-
wheels in the ZF transmissions. From the
driver’s point of view, these components
permit a harmonious gear change as they
facilitate the torque transfer in the syn-
chronisation point. As it was not possible
to implement a clutch-to-clutch shifting
on a purely hydraulic basis, the engineers
of the 3HP transmission also decided to
support the torque during load shifts
via a freewheel. Therefore, they decided

to utilise three shift freewheels when
designing the 3HP transmission. In the
6HP transmission, it was already possible
to implement a pure clutch-to-clutch shift-
ing via a fine dosing of the pressure regu-
lators controlled by the electronics at the
shift elements in the transmission. Here,
the torque is transmitted from the open-
ing to the closing clutch without detours.
However, this electronically regulated
transition requires the shift elements to
be equipped with pressure regulators

and also requires a powerful control soft-
ware. In turn, the potential omission of
the freewheels which is made possible by
the electronics increases energy efficiency
as the weight is reduced and installation
space savings are achieved.

With the even more powerful elec-
tronic control unit that ZF also installed
into the transmission oil sump in the
6HP transmission, a more sophisticated
shifting strategy became possible which
enabled economical, sporty, or extremely
sporty driving. With the second-genera-
tion of the 6HP transmission in 2006,

ZF performed changes to the hydraulics
which permitted significantly shorter
shifting times. This drastically changed
the image of the multi-ratio transmission:
The technology that was once consid-
ered to be comfortable yet fuel-intensive
and less sporty has since (compared

to the manual transmission) become
measurably better in terms of economy
and driving dynamics. Consequently,

a variant of the 8HP transmission is
being used as a racing transmission in
mass motorsport. Although this 8HP
racing transmission boasts specific con-
trol software, the transmission hardware
actually corresponds to the status of
volume production.

The electronics also played an impor-
tant role with the nine-speed automatic
transmission which ZF put into volume
production in 2013 and with which ZF
also extended the transmission portfolio
of multi-ratio transmissions to vehicles
with front-transverse motorisation for the
first time since 1996 (SOP 4HP20), FIGURE 4.
It permitted the use of dog clutches as
two of the six shift elements of this trans-
mission. The abrupt mechanical shifting
characteristics of this clutch type which,
however, boasted significant advantages
in terms of drag losses and installation
space, could be made comfortable and
dynamic thanks to controlling interven-
tions by the electronics.

19
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GEARSET COMBINATIONS

The layout of the three gear steps in

the 3HP transmission was made possible
by a planetary gearset and five shift
elements. The increase in the number

of gears and the pursuit of more energy
efficiency which was also associated
with this created a problem for the ZF
engineers: More gears tended to require
more gearsets and more shift elements.
In addition to this, the engine perform-
ances also increased from 1965 onwards
which meant that all components there-
fore had also to be dimensioned for high

FIGURE 6 The nested planetary gearsets in the 9HP
use the limited installation space intelligently

600 700 800 900
Torque [Nm]

load peaks. This threatened to set a
weight spiral in motion which can be
seen in the development

of ZF transmissions up to the SHP: more
gears, more performance, but also more
weight, FIGURE 5. ZF put an end to this
spiral in 2001 with the 6HP transmission:
Even though the 6HP had similar perform-
ance figures compared to the predecessor,
it not only boasted one gear step more, it
was also 20 kg lighter. Thanks to the
reduced number of components, it was
also easier to assemble. A significant rea-
son for these advantages was the gearset
concept. With the 6HP, ZF used a Lepelle-

10'00 to-weight ratio of three-speed to
eight-speed automatic transmissions
with longitudinal drive

tier gearset for the first time which made
it possible to use gearset assemblies sev-
eral times. Even though three gearsets
and six clutch elements were required
for a five-speed automatic transmission
(without Lepelletier), a single and double
gearset in conjunction with five clutch ele-
ments were sufficient for the six gears in
the 6HP transmission. This alone enabled
a weight saving of approximately 11 kg.
Four gearsets and six shift elements are
used in the nine-speed automatic trans-
mission for vehicles with front-transverse
motorisation, a high nominal figure.
However, the gearsets were nested in

FIGURE 7 Reduction of fuel consumption as a result of new automatic transmission generations

(savings compared to the previous generation)

3HP 4HP 5HP 6HP 6HP
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generation

8HP 8HP 8P 8P 8HP
Start/stop ~ Mild Full 2nd
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W  Torque converter

Integrated launch element

HCC (hydrodynamically
cooled clutch)

i’ Hybrid module for
highly integrated
plug-in system

each other in such an intelligent manner
that the tight installation space and
weight provisions of a front-transverse
transmission were not impaired, FIGURE 6.
Furthermore, the first use of dog clutches
in an automatic passenger car transmis-
sion was significant in terms of the com-
pact installation space requirements of
the 9HP transmission.

However, the number of gear steps or
the transmission weight are not solely
responsible for more fuel efficiency. Here,
the drag losses inside the transmission
represent a significant factor. The trans-
mission oil, which ZF has constantly
further developed with its transmissions,
the hydraulic pump, and, once again,
the gearset concept play a role here.

For instance, if many of the multidisk
clutches or brakes that rotate on the shaft
in transmission oil are open, this leads
to higher drag losses. When selecting a
gearset concept for the eight-speed auto-
matic transmission (with computer sup-
port), filtering among numerous possible
gearset combinations also took place
according to the criteria of drag losses.
From five shift elements, only two shift
elements are open in each gear. This
concept makes a significant contribution
to the energy efficiency of the current

ZF automatic passenger car transmis-
sion which allows fuel savings of 6 %
although it has more gearsets than the
direct predecessor transmission, FIGURE 7.

MODULAR DESIGN

Over the course of time, ZF has increas-
ingly made the modular concept in the

MTZ 0612015 Volume 76

- FIGURE 8 Transmission modular kit of the
ZF 8HP transmission and the starting
elements which can be combined with it

field of transmission production a reality.
While the 3HP22 transmission — which fol-
lowed the 3HP12 debut transmission - was
de facto a new design, the 4HP transmis-
sion already demonstrated approaches of

a transmission family for various engine
torques. To this very day, ZF follows this
modular approach of adapting a basic
transmission design for multiple torque
classes by means of variously dimensioned
components, especially gearsets and
clutches. This modular approach was also
transferred to the input and output compo-
nents: Since the 4HP22 transmission in
1985, ZF has also offered its automatic
transmissions with integrated transfer case
for vehicles with four-wheel drive. The dif-
ferentiation of the torque converter tech-
nologies for various motorisations had
already been mentioned. The eight-speed
automatic transmission was marketed as a
“transmission modular kit” for the first
time. This can be attributed to the fact
that, with it, the same basic transmission
can be equipped with various starting
elements and four-wheel drive variants.
This transmission modular kit represents
consumption reductions, increases in
dynamics and comfort, and flexibility:
Besides vehicle segments, the 8HP modu-
lar kit, FIGURE 8, also enables plug-in
hybrids, four-wheel drive configurations,
motorsport applications, and can also be
found in the field of highly-loaded LCV
applications. In combination with an
electric motor in place of the torque con-
verter, all hybrid functions can be imple-
mented from the mild hybrid to the plug-
in hybrid. Even on the latter, the electric
motor, separating clutch, torsional

damper, and hydraulics are arranged in a
space-saving manner that the eight-speed
automatic transmission requires almost
the same installation space as the conven-
tional version with torque converter.

CONCLUSIONS AND OUTLOOK

Thanks to its high flexibility, the 8HP
transmission modular kit covers all
requirements across a wide range of
vehicle segments and platforms that
arise from current and forthcoming com-
bustion engine technologies as well as
the diversity required by OEMs and end
customers. Alongside gains in dynamics
and comfort, it focuses on the increase
in passenger car efficiency. Thanks to
optimised functions, increased effi-
ciency, and operating point shifts, the
second-generation 8HP basic transmis-
sion which was launched in June 2014
achieves a savings potential of up to 3 %
compared to the predecessor transmis-
sion and is well suited for downsizing
and downspeeding concepts. Further-
more, the 8HP transmission is a pioneer
due to the fact that, via highly integrated
hybrid modules, it enables relatively sim-
ple powerful plug-in systems and, conse-
quently, a standard consumption reduc-
tion of over 70 %. In face of increasingly
strict emission and consumption provi-
sions, e.g. the EU-wide CO, fleet limit of
95 g/km planned from 2021 onwards as
well as the forecast dominance of com-
bustion engine-based drive concepts for
at least a decade, the need for such flexi-
ble and advanced transmission technolo-
gies will increase further.
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DEVELOPMENT EMISSIONS

A significant hurdle to overcome in implementing

low pressure loop EGR is dealing with condensation
of water near the entrance of the turbocharger’s
compressor, which can damage the compressor wheel
due to high-speed collision with water droplets. The
team at BorgWarner has developed a low pressure
loop EGR mixer that is effective at condensing and
collecting the water droplets and routing the water
around the compressor wheel.
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LARGE NUMBER OF VARIABLES

In an engine equipped with a low pres-
sure loop (LPL) EGR system, the junc-
tion upstream of the compressor wheel
where the fresh air and exhaust gas
mix, is the most favourable point in
the system for condensation droplets
because the exhaust gas in the EGR
path is cooled as it travels through

the EGR cooler and associated piping.
A gasoline engine, and to a greater
extent a natural gas engine, will encoun-
ter enough water condensation at some
steady-state conditions to quickly dam-
age the compressor wheel due to the
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high-speed collision between the com-
pressor blades and the water droplets
[1]. These conditions are a function

of ambient temperature and humidity
as well as the engine speed and load,
engine temperature, EGR rate and the
vehicle under-hood airflow and thermal
management. Due to the large number
of variables that can effect condensa-
tion, a robust means of managing EGR
condensate is needed.

A new condensing EGR mixer has been
developed from BorgWarner as a compact
module that mounts to, or can be incor-
porated into the turbocharger compressor
housing and includes an integrated EGR
valve. The mixer was developed from the
known concept of utilising a mild venturi
section to enhance EGR delivery and
mixing. The system was designed to
maximise condensation and separation
of liquid water from the EGR stream. To
manage the collected condensate Borg-
Warner has devised and tested an EGR/
condensate “mid-pressure” path that is
utilised to both purge the system of lig-
uid water as, well as provide for an addi-
tional EGR route.

CONDENSATION MANAGEMENT

Depending on conditions, droplets may
form anywhere in the EGR path and
most-likely in the mixing junction, since
the junction is cooled by the near-ambi-
ent temperature airflow coming from the
aircleaner assembly. Compressor wheel
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damage from condensed droplets has
been observed in the field in production
diesel engines and studied on a test
bench. Damage is a function of droplet
size, quantity, location and turbocharger
speed and can be catastrophic as seen in
results from [1], FIGURE 1.

Prediction of condensation is greatly
complicated by the fact that the heat
transfer in the EGR path is not just a
function of the characteristics of the EGR
cooler and the EGR source temperature
but also significantly affected by heat
transfer from the EGR piping and the
EGR valve itself, and this heat transfer is
dependent on the underhood air temper-
atures and velocities, which in-turn are
functions of:

- ambient air temperature

- vehicle speed

- ambient wind velocity and direction

- vehicle-to-vehicle variations in under-
hood airflow.

Therefore, any calibration strategy of

avoiding the possibility of compressor

damage from condensed water droplets

by shutting off LPL EGR delivery, will

require a significant safety factor beyond

what might be determined based on

steady-state and transient measurements

on an engine dynamometer.

ESTIMATION OF LPL EGR

CONDENSATION RANGE

To prepare for an evaluation of the new
EGR mixer, tests to determine the approx-

FIGURE 1 Compressor blade damage for different
water injection parameters (from [1])

imate ranges for steady-state conditions

of condensation on turbocharged 2-1 GDI

engine installed on an engine dynamo-
meter at near-standard conditions

of ambient temperature and humidity

were performed.

For this series of tests, the engine was
equipped with a prototype LPL EGR sys-
tem comprised of stainless-steel tubing
as well as an EGR valve and EGR cooler
from BorgWarner. The EGR mixer was a
stainless-steel fabricated “T” mixer. The
test cell temperature was maintained at
21 °C, the engine coolant at 86 °C, and
the combustion air was supplied at con-
trolled temperature and humidity. Con-
densation was judged by observing a
sight-glass installed at the entrance of
the compressor, FIGURE 2, during a ten-
minute steady-state run. Some observa-
tions about steady-state condensation
limits are:

- As engine load rises, the likelihood of
condensation reduces due to the
increase of EGR source temperature
and reduced temperature reduction
through the EGR cooler and pipes.

- As EGR rate rises, the condensation
likelihood reduces due to the reduced
temperature drop through the EGR
cooler and pipes.

Based on these near-standard condition

tests, steady-state condensation can

occur at engine loads up to 6 bar brake
mean effective pressure (BMEP) and
ambient conditions up to 25 °C at 50 %
relative humidity.
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CONDENSING MIXER WITH
MID-PRESSURE LOOP

In the early EGR tests the test team mod-
ified a natural-gas carburetor for use as
an EGR-mixer and observed that the
thin-wall aluminium venturi section
provided an enhanced surface for con-
densation of water from the incoming
EGR stream due to the large surface area
of the venturi section being cooled by
the incoming fresh air stream.

Since the outside surface of the venturi
will tend to collect condensed water
BorgWarner designed a prototype EGR
mixer using a thin-wall aluminium ven-
turi with the following enhancements:

%’ FIGURE 3 Mixer module

- collection chamber with control valve

- cooling fins on the outside of the ven-
turi to increase condensation rate

- integration of an EGR valve.

MIXER DESIGN

CFD was used to optimise the venturi
pressure drop and the EGR holes (loca-
tion, size and arrangement) in the throat
of the prototype mixer design. The mixer
assembly, FIGURE 3, consists of two hous-
ing components that creates a chamber
that surrounds the venturi throat. One of
the housings has the EGR connection and
the condensate purge on it. The EGR
valve is directly bolted to this mixer. Fins

Exhaust condensates (or MPL EGR)

FIGURE 2 Observation of steady-state
condensation on engine test bench

were incorporated on the external surface
of venturi throat to enhance heat transfer
(between hot EGR and cold air intake)
to favour condensation of exhaust gas.

MID-PRESSURE PATH FOR
CONDENSATE MANAGEMENT

While it is apparent that a venturi EGR
mixer can offer some compressor protec-
tion due to the function of the small holes
in the throat of the venturi acting to
atomise water droplets in a fashion simi-
lar to that of a carburettor, a more robust
solution would be to segregate the col-
lected water and route it around the com-
pressor. To this end, the possible disposi-
tions of collected water were considered:
- compressor outlet
- charge-air-cooler outlet
engine throttle (pre- or post-blade)
- environment
turbine inlet or exit.
These choices, with the exception of
post-blade throttle, would require a
pump to purge the condensate reservoir.
A better choice is to route the condensate
drain to the intake manifold because
there is a favourable pressure drop to
purge the water collection reservoir
whenever the throttle is not fully open.
In addition, this path provides for the
following advantages:
- Water spray may clean deposits

from the intake ports and valves.
- Water spray may provide some

knock relief.
- The path provides for another

EGR path.
As shown in FIGURE 4, this additional path,
a mid-pressure-loop (MPL) for EGR mixed
with water droplets, is a result of this
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FIGURE 4 LPL venturi mixer with MPL

routing of the venturi chamber to the
intake manifold. For a system as shown
in FIGURE 4, the logic for operating the
engine would be as described in TABLE 1,
based on the main EGR valve being a
normal proportional control valve and
MPL valve being a simple on/off valve.
With this system design, the only
engine operating condition where con-
densation can continuously collect is
boost with the engine throttle fully-open.
Fortunately, the likelihood of condensa-
tion reduces with power level, due to the
temperature increases in the EGR path.
An alternative to active control of the
condensate purge, is to adapt a positive
crankcase ventilation (PCV) valve to the
mixer drain in place of the on/off valve.
A PCV valve combines the functions of a
flow regulator and a check valve, and just
as it functions in crankcase ventilation, it
should provide continual purging of the
condensate collection chamber. Evaluating
this is a future planned activity. Whether
purging the mixer is active or passive,
the MPL path can eliminate the likelihood
of water accumulation in the mixer and
therefore minimise the possibility of
water freezing in cold ambient conditions.

Another aspect of the MPL is that as
an EGR path, it will tend to behave as a
high-pressure-loop in terms of tempera-
ture of EGR delivered to the intake mani-
fold, avoidance of fouling of the com-
pressor and charge-air-cooler, and effect
on pumping work. To evaluate these
effects and confirm the effectiveness of
the condensing EGR mixer with MPL
to protect the compressor, BorgWarner
tested the prototype on our 2.0-1 turbo
GDI engine.

CONDENSATE PROTECTION FROM
MID-PRESSURE-LOOP OPERATION

To determine if operating the engine
with the EGR coming through the MPL
would protect the compressor from drop-
let damage, BorgWarner set the engine
at a steady-state condition that had sig-
nificant visible condensation at the com-
pressor inlet. At an engine test condition
of 2000 rpm, 6 bar BMEP, 10 % EGR,
with 10 °C intake temperature and

50 % humidity combustion air fed from
the test cell, steady-state condensation
at the sight glass, was eliminated when
we opened the MPL control valve

Catalyst

Engine condition Valve No. 1 Valve No. 2 Logic
Normal LPL EGR,
. condensate can accumulate,
Boost Modulating Closed Venturi holes
atomise droplets
Lower PMEP,
clearing out condensate,
\I:lni(t)geigattaektlao\?:cuum Modulating Open minimise deposits,
minimise thermal
load on coolers
Closed-throttle decel Closed Open Clear-out condensation
MTZ 0612015 Volume 76

Post-cat LP-EGR

Main EGR valve (No. 1)

MPL valve (No. 2)

and maintained the EGR rate equal
to the pure LPL case.

MID-PRESSURE-LOOP EFFECT
ON ENGINE EFFICIENCY

As has been reported in several publica-
tions, including [2], there may be signifi-
cant pumping mean effective pressure
(PMEP) improvements from use of HPL
EGR compared to LPL due to changing
the operating points of the turbocharger
compressor and turbine and the engine
throttle angle. To see if this effect held
for the MPL, BorgWarner ran compari-
son tests at matched conditions with the
MPL valve open vs. closed. In FIGURE 5
the result at 2000 rpm, 6 bar engine load
for a range of EGR rates during sweeps of
intake cam phase is shown. The maxi-
mum PMEP reduction in at this engine
condition was 4 %, which should yield
a small (approximately 0.5 %) improve-
ment in BSFC.

For the prototype mixer the target
was to have no more than 5 kPa pres-
sure-drop across the venturi at full-
power. The maximum pressure drop
across the prototype venturi mixer was

TABLE 1 Logic for operating
engine with MPL

25

personal buildup for Force Motors Limited Library



DEVELOPMENT EMISSIONS
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-40° -35° -30° -25° -20°

3.5 kPa. This was within 1.5 kPa of the
pressure drop of the simple “T” mixer.
One of the advantages of a venturi is that
the depression at the throat can be used
to increase the pressure difference driv-
ing EGR and therefore enhance steady-
state and transient EGR delivery. The
maximum depression at the EGR port
generated by this venturi mixer at full-
load was 11 kPa. BorgWarner was not
able to verify an increase in maximum
EGR rate in these tests due to combus-
tion quality limitations for both mixers.

SUMMARY

The new condensing EGR mixer was
designed to both maximise condensa-
tion and separation of liquid water from
the EGR stream, as well as manage its
disposal through the engine in a man-
ner that both avoids damage to the com-
pressor and minimises liquid freezing
potential in very low ambient condi-
tions. The system architecture includes
a mid-pressure path that is utilised to
both purge the system of liquid water
as, well as provide engine efficiency
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-15° -10° -5 0° 5° 10°

Intake cam angle [°]

improvements at moderate load opera-
tion points. This mixer design when
connected to an engine with a mid-pres-
sure loop, will provide the following
demonstrated advantages over a simple
“T” mixer:
- management rather than avoidance

of EGR condensation and protection of

the compressor
- EGR steady-state and transient

flow rate improvement
- small PMEP (and therefore

engine efficiency) improvements.
In addition to the measured system
benefits, the following are expected
benefits that will be evaluated in future
testing: engine intake noise attenuation,
trapping of hard particles in EGR (such
as pieces of catalyst substrate) and tran-
sient EGR control.
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FIGURE 5 PMEP improvement
from using MPL EGR at 2000 rpm,
6 bar (intake cam sweep)
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DEVELOPMENT EMISSIONS

Adaptive Oil Separa‘tibn
for Efficient Crankcase Ventilation

The trend towards combustion engines with increasing mean pressures results in oil
particles in the blow-by gas which are finer and finer. QOil separation systems separate
these fine oil particles out of the blow-by gas, thus fulfilling an important function in
the crankcase ventilation. With its new Multitwister technology, Reinz has expanded
the oil separator by adding an adaptive solution which actively influences the pressure
curve and increases its efficiency even further.
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ONGOING CHALLENGES
IN OIL SEPARATION

The general trend towards downsizing
seems like it will never stop. However,
this technology has a major drawback:
finer oil particles in the blow-by gas. Due
to the design, a mixture of these particles
and combustion gas leaks past the piston
and into the crankcase. The purpose of oil
separation is to completely separate these
oil particles from the blow-by gas in order
to guarantee the best crankcase ventila-
tion and cleanest exhaust gases possible.
This is the only way to meet the deman-
ding requirements of emissions legislation
- which will only become more stringent
in the future. What’s more, efficient oil
separation systems make for longer inter-
vals between oil changes and protect com-
ponents more effectively.

The smaller and smaller oil particles
pose new challenges to developers. If the
blow-by gas is sucked back out of the
crankcase and fed into the combustion,
the unseparated oil in the intake air will
get into the intake tract. The possible con-
sequences are deposits in the turbochar-
ger and at the intake valves, as well as
higher emissions. In addition, automobile
and engine manufactures stipulate lower
limit values for coarse and fine oil partic-
les in the blow-by gas in the full load
range - even over the entire engine cha-
racteristic map, as is the case with some
manufacturers. About ten years ago,
the permissible maximum was approxi-
mately 5.0 g/h, followed by a phase in
which 1.0 g/h was considered the stan-
dard value. Nowadays, original equip-
ment manufacturers demand specs no
greater than 0.5 g/h in the oil discharge -
and sometimes even 0.25 or less.

The combination of tiny oil particles
and low limit values makes oil separa-
tion more and more complicated. Oil
separators will have to become more
efficient if future requirements are to
be met dependably.

THE EVOLUTION OF OIL
SEPARATION SYSTEMS

Multitwister technology from Reinz-Dich-
tungs-GmbH ranks among the smallest
yet most effective oil separation systems
for crankcase ventilation. The standard
version of the injection-moulded part is
made up of parallel-connected axial cyc-
lones (boreholes/channels) with two 180°
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guide spirals with opposed rotation. As
was previously the case, this configura-
tion is achieved by connecting two identi-
cal “twister plates” to one another with
the boreholes in a laterally inverted man-
ner so that the opposing spirals converge.
The blow-by gas, which is full of oil mist,
is accelerated in a rotation while flowing
through, causing the majority of the oil
droplets to hit the outer walls, where they
form a film. Turbulence caused by inver-
sion of rotation within the Multitwister
increases its performance even further.
The end of the pipe now dependably
discharges the even better separated
quantity of oil, thus reintroducing the oil
to the lubrication circuit in a highly envi-
ronmentally friendly manner.

SYSTEM WITH
ENHANCED EFFICIENCY

The most significant advancement of the
Multitwister MT 2.0 is its increased effici-
ency, FIGURE 1. A decisive factor in the
efficiency of an oil separator is how many
of the coarse and fine oil particles it mixes
out of the gas mixture flowing through it.
This data describes the X50 value in rela-
tion to the number and quality of oil par-
ticles upstream of the oil separator. The
newly developed system improved the
Multitwister’s performance, reducing the
X50 value from 1.0 to 0.65 pm - at the
same pressure loss. This improved value
makes the system markedly more envi-
ronmentally friendly: the more efficiently

3.0

2.5

2.0

Multitwister 1.0

1.5

1.0

Fractional separation efficiency X50 [pm]

0.5
Multitwister 2.0

5 10 15

an oil separator works, the more oil can
be fed back into the circuit.

The Multitwister MT 2.0 is robust, relia-
ble, maintenance-free and is built into the
valve bonnet and oil separator modules.

It is highly flexible in volume regardless
of its position, so that it can be installed
at any location. Its 20 % increase in effici-
ency puts the Multitwister MT 2.0 in the
top class of passive oil separation systems.

IMPROVED GEOMETRY

The main question in refining the Multi-
twister was: How can the design and
efficiency be optimised without changing
the size and shape? After all, the oppor-
tunities for changing the installation situ-
ation - and thus the valve bonnet - are
marginal (if any), since the standardised
outer contour of the Multitwister can
only be inserted and welded in.

The development engineers pursued
various innovative approaches with
the same outside geometry, which they
put into practice using CAD adaptations,
flow simulations (CFD calculations),
numeric and statistical methods and pro-
totype analyses. The internal configura-
tion of the Multitwister MT 2.0 presents
the following optimisations:
- reduced wall thicknesses
- optimised twister diameters
- improved helix geometry within

the individual channels
- efficient modular design for rapid

serial production.

20 25 30 35 4C

Pressure loss dp [mbar]

FIGURE 1 Increase in the Multitwister’s efficiency from Version 1.0 to 2.0
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FIGURE 2 CFD-based flow optimisation of
the Multitwister's internal geometry

Static pressure [Pa]
-1248.3

The increased efficiency is especially
the result of the improved helix geome-
try in conjunction with the optimised
borehole diameter. The reduced flow
resistance and the reduced pressure
loss it entails markedly improve the
efficiency of oil separation.

During the development phase, the
engineers phased the “old” configuration
of the Multitwister by modifying the
helix geometry curve step-by-step. In
order to reduce the flow resistance, the
wall thickness was reduced from its origi-
nal 0.9 to 0.15 mm and, in the final step,
the borehole diameter was adapted to 2.0
mm. This makes for a lower flow resis-
tance while keeping the deflection and
acceleration of the oil particles the same
and increasing the efficiency by 30 %.
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-538.14 171.98 882.10 1592.2 2302.3

FIGURE 3 Adaptive Multitwister MT 3.0 as standard insert part

Static pressure [Pal

-4392.7

All design modifications are based on
flow simulations with subsequent proto-
type tests at the company’s proprietary
testing facilities. After all, the ratio of the
aperture diameter to the wall thickness in
the helix geometry had to be implemen-
ted in practice so the component could
be reliably produced in serial production.
Numeric calculation with CFD software
played a decisive role in configuring the
Multitwister, FIGURE 2. In order to make
effective use of the flow simulations, the
flow chambers were derived directly from
a 3D CAD model and visualised with
finite elements. The quotient of pressure
loss and flow speed served as a guideline
in this process. The goal was to keep
pressure loss as low as possible and incre-
ase flow speed at the same time. The so-

-1827.7 737.29

3302.3 5867.3 8432.

called radial speed determines the quality
of oil separation. It also accelerates the
particles towards the wall and enables
the actual separation.

Over several test phases, the develop-
ment team determined designs with vari-
ous wall thicknesses and borehole dia-
meters, which constituted a major
advancement in efficiency. These specs
were transferred to prototypes, measured
in a laboratory and tested at our testing
facilities. The Multitwister MT 2.0 and
the adaptive Multitwister MT 3.0 descri-
bed in the following are the results of a
complete development chain with CAD,
CFD, interpretation of the results, imple-
mentation in components as well as
laboratory and testing facilities.

A twister plate with a wall thickness
of 0.15 mm poses a special challenge
for tool technology. The goal was to pro-
duce the complex component in a simple
but reliable process. Reinz uses fibre-
glass-reinforced polyamide 6.6 for injec-
tion moulding - a highly resistant, anti-
hydrolysis, standard-tested material for
hot oil applications. This material has
already proven itself in practice in valve
bonnets and oil separator modules with
resounding success.

The advantage of the Multitwister
design over oil separation systems with
non-woven solutions lies in its unlimited
resistance to substances found in the
blow-by gas. In contrast to non-woven
materials, Multitwister shows no signs of
sooting or aging processes. Multitwister
even performed flawlessly in a test with
extremely short drives in the winter time
to check its behaviour in cold weather.
Another benefit of Multitwister made of
polyamide 6.6 is that it is free of residual
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FIGURE 4 Comparison of pressure curves of adaptive and non-adaptive oil separation systems

dirt. While non-woven fibres can sepa-
rate, Multitwister completely fulfils
engine manufacturers’ residual dirt requi-
rements. Long-term results have shown
that Multitwister is just as efficient after
ten years of use as it does when new.

ADAPTIVE SYSTEM

The Reinz Multitwister MT 3.0, FIGURE 3,
expands the spectrum of options by
adding an adaptive version. A down-
stream, pre-tensioned valve plate opens
and closes a defined number of Multi-
twister channels, thus optimising the
pressure curve. The opening and closing
action is controlled by the pressure of
the volume flow. Fewer channels are
open in areas where the volume flow is
low. The higher the volume flow rate is,
the more channels are released. Adjus-
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ting the volume flow rate makes the
Multitwister more effective, especially
at low volume flow rates - which clearly
improves total oil separation over the
entire characteristic map.

The developers had a special aspect to
take into account when developing the
adaptive technology based on the Multi-
twister MT 2.0: The CFD calculations
required special simulation models due
to the combination of flow and mecha-
nics. These models first had to simulate
the oncoming flow at the component,
the resulting pressure loss, then the force
on the switching device, and finally the
renewed pressure drop when the swit-
ching device is opened. In addition,
the pressure will vary depending on
how far the gap between the switching
device and component is set. FIGURE 4
shows a comparison of pressure curves

of adaptive and non-adaptive oil separa-
tion systems.

The oil separation is generally configu-
red for the maximum or nominal volume
flow rate specified by the OEM, and thus
configured at a point. The static geome-
try did not optimise the oil separation,
although the pressure conditions would
permit this. The adaptive Multitwister
MT 3.0 provides entirely new results in
this respect. The Multitwister MT 3.0 is
upgraded to a three-stage oil separation
system in one variant: Only six of a total
22 channels are opened, and they sepa-
rate oil quickly and efficiently when
quantities of blow-by gas are low. If the
volume flow rate reaches a defined level,
eight more channels will be opened. The
remaining eight channels are only ope-
ned once the maximum volume flow rate
has been reached. The number of chan-
nels as well as the switching points are
individually configurable.

SUMMARY AND OUTLOOK

Cost and weight reasons make passive
oil separation systems remain the most
efficient solution for car engines on the
medium term. So the goal is to make
these systems more efficient. The adap-
tive Multitwister MT 3.0 is an important
step in this direction. Reinz is currently
working on a new development which
combines oil separation and pressure
regulation in a single component. This
system creates the conditions for using
the maximum vacuum for oil separation
at every load level. An integrated system
like this is already being used in a preli-
minary development engine to regulate
the crankcase pressure over the entire
characteristic map, yielding results with
considerably less oil discharge.
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Measurements of Instantaneous
Volume Flow Rates
During Fuel Injections

When fuel is injected into gasoline engines, pressure pulsa-
tions occur in the entire fuel injection system, such as common
rail supply pipes or injectors. These pulsations prevent detailed
information about the fuel injection from being deduced from
the pressure signals detected in the system. But when dampers
specially designed for these pressure pulsations are employed,
pressure difference information, from signals at the front

and at the end of the pulsation damper, can easily be utilised
for instantaneous volume flow rate measurements. Further-
more, the inserted pressure pulsation dampers also allow the
pressure reduction in the common rail, caused by the fuel
injections, to be employed to measure the instantaneous

fuel injection volume flow rates in running gasoline engines.

In the following, FMP Technology reports the development
and results of verification measurements.
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AIMS OF THE WORK

To fulfill the stricter requirements of
emission legislations and fuel economy,
many new technologies have recently
been developed to improve direct fuel
injection systems. An important trend
in current R&D work is precise control
of the amount of fuel injected into

the cylinders, as demanded by the
engine load-dependent combustion
processes. In modern DI systems, this
is usually achieved by coordination

of injection pressure and valve open-
ing time. In this context, many new
developments have emerged in the last
few years, such as new magnetic/piezo-
electric actuators with optimised open-
ing and closing properties, optimisation
of needle structure and improvements of
injection orifice geometries. In spite of
this, the control of fuel injection is still
far from being perfect. Due to the rapid
opening and closing of the injector
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valves, pressure pulsations are produced
and penetrate the entire injector system.
Usually, such pressure pulsations propa-
gate at the speed of sound and travel
from one injector to another, passing
the connecting pipes and also the com-
mon rail. The maximum amplitude of
these pressure pulsations can reach up
to £30 % of the mean injection pres-
sure. Since the flow rate through the
injector nozzles is proportional to the
pressure difference, pressure pulsations
will cause different fuel flow rates
through the individual injections into
the cylinder. Hence, even though the
opening time of the injector valves can
be precisely controlled, the pressure pul-
sations distort the desired well-control-
led fuel/air ratio adjustments for the
combustion process. Pressure pulsation
dampers are needed for better control of
the fuel injection into the cylinders of
gasoline engines.

Numerous pressure pulsation dampers
have been described in the literature and
also in numerous patents (e.g. [1, 2, 3, 4,
S, 6,7, 8,9, 10]). Most of these dampers
work on the principle of detuning of a
resonator section in an injector, produc-
ing a basic frequency of:

@
Eq.1 f3=m

where c is the velocity of sound for gaso-
line and Ly is the length of the consid-
ered injector from the common rail to
the nozzle exit. Placing an orifice at the
common rail exit detunes the resonator
and, for a frequency of ¢/2Lcy, damping
of the basic frequency in Eq. 1 occurs.
Pressure pulsation dampers of this type
are available for gasoline engines.

Other damping mechanisms are nowa-
days available for injector systems in gas-
oline engines, and the reader is referred
to the literature for the different pressure
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Damper core

pulsation dampers employed in internal
combustion engines. For the present
work, the damping employed in [11] is of
particular interest since it employs the
same pressure damping mechanism as
used here, which utilises the viscous
damping of the pressure pulsations:

Eq' 2 Ediss = (V +Vpul) AP

and the fact that V,,-pulses move with
sonic velocity, i.e. about ten times faster
than the fluid pulse. Being reflected at the
end of the ring type damper, the le—
pulses penetrate the energy dissipation
section several times in the time the
fluid flow pulse penetrates it only once.
Hence the dissipations, per sound wave
penetration, are as follows:

. 8u VL
Eq' 3 (Ediss)\) = rd
and thus
(Ediss)Vpul
Eq. 4 :
N 84 Vil
=~z (N=10)

All this is described in the patent appli-
cations DE 10 2012 212 745 Al and PCT/
EP2013/065318. A sketch of the ring slot
damper applied is shown in FIGURE 1.

THEORY OF THE INSTANTANEOUS
FLOW RATE MEASUREMENTS

FIGURE 2 shows an example of pressure
distributions measured in the injection
system without a damper (left) com-
pared with that with a damper (right).

It is clear that, with a pressure pulsation
damper, the temporal pressure distribu-
tions at different positions are almost
linearly parallel to each other. The start

FIGURE 1 Sketch of the components
of the ring slot damper
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of injection (SOI) and end of injection
(EOI) can be easily determined from
the intersections of the pressure curves.
The pressure drops before and after the
damper can be modelled as linear func-
tions of injection time. The well-defined
pressure curve and valve opening time
provide all necessary information for
calculation of the instantaneous injec-
tion volume rate.

Based on the temporal pressure distri-
butions, the instantaneous flow rate dur-
ing injection can be obtained using the
following equation:

mD,, 6%

Eq. 5 V()= T2uL

AP (1)

where AP () is the pressure difference
before and after the damper, FIGURE 3,
D,, is the inner diameter of the ring slot,
4 is the slot width with 6 «D,,, i1 is the
dynamic viscosity of the fuel and L is
the effective length of the ring slot.

The theoretical modelling is based on
the volume flow rate through a small
rectangular channel. Detailed informa-
tion can be found in [11, 12, 13]. The
instantaneous flow rate can be used for
investigations of the needle action, the
pressure change and the actual injection
time etc. during injection.

In theory, the total amount of fuel
injected is dependent only on the pres-
sure loss in the common rail if one
neglects the influence of the fuel pump.
When introducing a ring slot damper
in the measurements, the pressure distri-
bution in the common rail is almost a
straight line during injection. Hence,
the total amount of injected fuel can be
easily modelled as:

Lend

Ea.6 My = p) cAPu(d)dt
0

where M,,; is the total mass injected, p;
is the fuel density, ¢, is a system-depend-
ent constant and AP (t) is the time-var-
ying pressure drop in the common rail.
Thus, by integrating the pressure loss

in the common rail during the valve
opening time, the total mass supplied

by one injection can be obtained through
Eq. 6. Hence, two ways can be adopted

to measure the instantaneous flow rates
from the pressure signal detected from
the pressure difference over the employed
pulsation dampers or deduced from the
pressure in the common rail.
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TEST RIG AND

MEASURING PROCEDURE

As shown in FIGURE 4, the experimental
setup consists of a fluid supplying sys-
tem, a high-pressure pump, a common
rail injection system and an electric
control unit. A rail pressure up to

220 bar could be produced by adjust-
ing the rotation speed of the pump.

A valve was placed between the com-
mon rail and the fuel pump to exclude
the influence of the pump in the system
during the flow rate measurements.

A pressure sensor was mounted on the
common rail to record the temporal
pressure distribution during the injec-
tion. Commercial injectors of the type
Bosch HDEV 5.2, with an electromag-
netic valve, were applied to make the
injections. The injection-controlling
signal was generated with a signal
generator driven by the programme
Labview that was employed to control

. Valve opening time
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FIGURE 2 Comparison of temporal pressure distribution
with and without damper (injection pressure was
100 bar and valve opening was 1.55 ms)

the start and the duration of the injec-
tion. A ring slot pulsation damper was
applied in the damper carrier between
the common rail and the injector to
determine the injected mass flow rate.
A detailed description of the carriers
of the pressure pulsation dampers is
shown in FIGURE 5. Two pressure sensors
were mounted on the damper housings
(the blue parts in FIGURE 5), in order
to measure the pressure at the front
and end of the dampers. The instanta-
neous pressure was measured as a
voltage signal by the sensors and then
transformed into digital signals by the
data acquisition system. These digital
signals were exported to the programme
Matlab where they were processed to
calculate the actual injector valve open-
ing time (this is because of the inability
of the magnetic valves to respond rap-
idly to the pulse signal) and the pres-
sure drop in common rail. Through this
pressure drop and valve opening time

Pressure in passive injector
Pressure in common rail
Pressure in active injector

FIGURE 3 Definition of the processing
parameters on the pressure image,
obtained by Labview (SOI: start of
injection; EOI: end of injection)
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FIGURE 4 Sketch and photograph of the test rig

1) Receptacle for damping unit
2) Damping elements

3) Carrier sleeve

4) 0-ring 6x2 Viton

5) Distance sleeve

6) O-ring 18x3 Viton

FIGURE 5 Sketch of
damper carrier

7) Closure of damping unit

8) Sealing ring G14

9) Swagelok connection 1/4 inch
10) Pressure transmitter
11) Sealing disc CU6,0 10,0
12) Pipe nipple

FIGURE 6 Temporal pressure distributions during the injections

with pulse widths of 1.5 ms (left) and 2.0 ms (right)
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— Pressure between the damper and injector

the injected volumetric flow rate
can be calculated.

Note that the pressure oscillations
induced by the fuel pump were excluded
by closing the valve between the pump
and the common rail during the injection.
The pressure pulsations generated by
the fuel pump contribute are very small
compared with the pressure pulsation
caused by the opening and closing of
the injector valve. Therefore, in order
to provide a detailed understanding
of the valve-induced pressure pulsations,
the individual injections were carried
out at constant common rail pressure.

RESULTS AND DISCUSSION

The injection time and pressure distri-
butions during the valve opening were
extracted on the basis of the two intersec-
tion points of the pressure curves in the
common rail and the injector, FIGURE 3.
Two examples obtained with rail pres-
sures of about 127 bar and signal pulse
widths of 1.5 and 2.0 ms are shown in
FIGURE 6. All other measurements with
different injection parameters provided
very similar results so only the example
in FIGURE 6 is shown here.

The instantaneous flow rate of the
injection can be determined using Eq. 5.
FIGURE 7 shows the measured instantane-
ous pressure drop (left) and the flow rates
obtained (right) during the injections with
the pulse width of 1.5 ms.

The results show clearly that the instanta-
neous flow rate during one injection con-
sists of three phases, namely the building-
up phase for the injection flow rate, the
actual injection phase and the closing-
down phase. From these diagrams, the
times of needle lift-up, main injection and
needle shut-down can be quantitatively
defined and the outlet velocity at the ori-
fice exit can be easily obtained by the
ratio of the volume flow rate to the cross-
sectional area of the orifice. For example,
with an injection time of 1.5 ms, the valve
reaction time was about 0.6 ms and the
actual valve opening time was about

2.8 ms. The volume flow rate of the main
spray was approximately 5 cm?/s, but
reaction with the injection time. It can
also be clearly seen that the distribution
of the pressure drop is very close to that of
the volume flow rate. Using these signals,
the mean flow rate of one injection can be
easily determined, and showed very good
agreement with the measurement.

35

personal buildup for Force Motors Limited Library



DEVELOPMENT SENSORICS

84 Signal pulse width 1.5 ms
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— Time dependent pressure difference
— Mean value (integration) = 4.4484 bar

In order to verify this method, further
measurements were carried out under
different conditions. The results of the
method are compared with the experi-
mental measurements in FIGURE 8, which
clearly indicates that the developed
method shows very good agreement
with the total mass weight method for
different injection times. The maximum
standard deviation between the two
methods is approximately 3 %.

Furthermore, because the valve
between the fuel pump and the common
rail was closed during this set of experi-
ments, the pressure loss of the common
rail during the injection is due solely to
its volume loss. Hence, the total injected
mass can also be determined by the tem-
poral pressure distribution in the com-

8 Signal pulse width 1.5 ms
¥ -
= 61
E
=
o 0.933 %
24
5 4
2
@
E
2 o]
=2
0

00 05 10 15 20 25
Time after start on injection [ms]

Time dependent volume flow rate

mon rail. The points in FIGURE 9 indi-
cate the relation between the measured
injected mass and the maximal pressure
drop APcg max in the common rail. A linear
distribution is obtained, between the
total mass injected and the maximal
pressure drop in the common rail over a
wide range of signal time. This indicates
that the amount of fuel injected can be
easily determined from the pressure sig-
nal in the common rail. The measurement
results give a simple correlation for the
prediction of the total mass injected:

CD&%0¢
inj T uL

Eq. 7

CR,max

where C is an empirical constant
depending on the system set-up.

Mean value (experiment) = 4.28 [cm?/s]
—— Mean value (integration) = 4.3199 [cm?3/s]

3.0

FIGURE 7 Plot of the measured
instantaneous pressure drop
(left) and the obtained flow rates
(right) during the injections with
a pulse width of 1.5 ms

CONCLUSIONS AND
FINAL REMARKS

At present, fuel injection flow rates into
gasoline engines can only be measured
under laboratory conditions, using the
HAD Moehwald or IAV system ([14, 15]),
both employing the same measurement
method. They employ fluid in jection
into filled chambers and, if the com-
pressibility of the injected fuel is known,
the instantaneous pressure changes in
the chamber can be used to measure
the instantaneous flow rate of the
employed injector.

There have been other attempts
to measure instantaneous flow rates
in strongly time-dependent flows.
Such attempts are described in [16,

FIGURE 8 Comparison of the measured mass per injection obtained by weighing with that obtained by pressure damping
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FIGURE 9 Relation between the total injected mass
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17, 18] and are based on centerline
velocity measurements in pipes, yield-
ing the specific information needed to
deduce the entire velocity profile at a
certain time. With this profile, the
instantaneous flow rate through the
pipe could be obtained by integration
over the computed velocity profile.

All the above-mentioned methods
have the disadvantage that they are very
expensive and require considerable space
for the instrumentation. Because of this,
there is no practically applicable method
available to measure injection flow rates
in gasoline engines that are running in
automobiles. To remedy this situation, the
authors carried out the development work
described in this paper, which resulted in
a measuring technique that utilises inex-
pensive components that could be incor-
porated in the injection systems of auto-
mobiles driven by gasoline engines in
order to permit instantaneous volume
flow rates to be measured utilising the
pressure difference signals over a pulsa-
tion damper and/or the pressure reduc-
tion in the corresponding common rail.
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Mistuning and Damping of Turbine Impellers

Modern combustion engines have to comply with a permanently growing require-
ment profile with respect to economy, power and environmental acceptability.

In this regard, the turbocharging technology became more significant. Primarily,
casted radial impellers are deployed in small and medium sized turbochargers
with wheel diameters ranging between 30 and 250 mm. The impact of operational
parameters on structural dynamic characteristics of such radial impellers has been
analysed at the Institute of Transport Engineering of the Brandenburg University of
Technology at Cottbus within the framework of an FVV research project.
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MOTIVATION

DAMPING CONTRIBUTION OF AMBIENT FLUID

MODAL PARAMETERS OF ROTATING IMPELLER

EFFECT OF IMPELLER TEMPERATURE ON MISTUNING AND DAMPING

SIMULATION OF ROTATING IMPELLERS AT HIGH TEMPERATURES

U A WIN|=

SUMMARY AND OUTLOOK

1 MOTIVATION

The operation of exhaust turbochargers yields an increase of
engine efficiency and a decrease of exhaust emissions. Turbo-
chargers applied in Diesel engines of small and medium size are
mainly crafted by casting. These commonly integrally manufac-
tured impellers are denoted as blade integrated disks (Blisks). The
mechanical damping of such wheels is reduced to the magnitude
of material damping due to the lack of join patches as being
present in separated blade-disk constructions [1]. However,
despite of intensive efforts in manufacturing it is not possible to
craft geometrically and materially identical blades [2]. Both devia-
tions of blade geometry from the desired contour and material
inhomogeneities occur in consequence of the casting process.
These deviations from the ideal design intention known as mistun-
ing are connected with a number of particularities with respect to
structural dynamic characteristics, which have to be considered
in terms of a reliable design. Among others mistuning can affect
localised operational deflection shapes yielding a concentration of
vibration energy on one or a few of blades, respectively [2]. Blades
being concerned can be faced to higher magnitudes of vibration
compared to the tuned design intention and the regular character
of mode shapes gets lost. Hence blades are confronted with the
danger of crack initiations causing blade failure in the worst case.
Aiming for a save operation of the turbocharger, more advanced
endurance predictions of casted turbine impellers are required
considering mistuning. For this reason numerical models of the
impeller being close to reality are needed. These models are
derived updating originally ideal design models based on meas-
ured data of vibration tests. Analyses presented below refer to the
research project ‘Mistuning and Damping, Part Il [3, 4] which has
been initiated by the Research Association Combustion Engines
(FVV). Different ambient pressure and temperature conditions as
well as centrifugal forces affecting the forced response are
explained by means of comprehensive experimental work in com-
bination with numerical analyses.

2 DAMPING CONTRIBUTION OF AMBIENT FLUID

A reliable prediction of vibration levels expected while operation
of a turbine impeller requires a substantial knowledge about damp-
ing characteristics. Due to the lack of join patches as well the
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extremely low mechanical damping of casted turbine impellers the
main damping contribution results from the impact of the ambi-
ent air. Experimental investigations carried out considering at an
impeller at rest within a pressure chamber, FIGURE 1, will explain
the correlation between ambient pressure and damping contribu-
tion of the ambient fluid. An impeller MTU ZR 265 type bas been
provided for this purpose.

Starting at 1013 mbar the ambient pressure is gradually
decreased down to technical vacuum at 1 mbar within the first part
of the test series. Subsequently, a second test series covers opera-
tionally relevant pressures ranging between 1000 and 6000 mbar.
Electrodynamic shaker excitation of the impeller is employed
inside the test facility, whereas the vibration response is measured
at the blade tip close to the trailing edge (turbine outlet, FIGURE 1)
via a Laser-Doppler scanning device. Aiming at a quantification of
the ambient pressure’s effect on damping according to the
research objectives formulated before, exclusively the internal
pressure is varied. All other test parameters (e.g. ambient tem-
perature) are kept constant.

By means of multi degree of freedom (MDOF) fitting evaluations
of all resonances ranging between frequencies of 4800 and
15,000 Hz yield the dependencies of modal damping ratios on
ambient pressure given in FIGURE 2. The normalisation of all damp-
ing ratios refers to a mean damping ratio at normal conditions
(p=1013 mbar, 9 =20 °C). In detail a clear drop of the damping
ratios with decreasing ambient pressure becomes apparent. This
proves that the damping being measured at the impeller at rest
mostly results from the ambient fluid. In particular those modes
of vibration are affected which are characterised by large-scale
displacements of the blade and with that by a large transfer or
energy into the fluid. Comparable results could be found within
investigations at similar impellers [5, 6]. From the physical point

FIGURE 1 Pressure chamber with impeller MTU ZR 265
41
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FIGURE 2 Modal damping ratios of all resonances between 4.8 and 15 kHz at rest (9 = 20 °C,
p=1to 6000 mbar) normalised on mean damping ratio at $ = 20 °C and p = 1013 mbar)

FIGURE 3 Horizontal spin test stand with impeller MTU ZR 265 (a, b) and
positions of BTT probes (c) and strain gauges (d)

of view the reduced fluid damping at lower pressures can be
explained with the reduced wave impedance in this case. The noise
radiation in the open area can be quantified with the aeroacoustic
impedance, which is defined by the product of fluid density and
acoustic velocity [7, 8]. A decreasing ambient pressure level at
constant temperature affects a reduction of the fluid density as
well which finally yields a reduced wave impedance or a reduced
fluid damping, respectively.

3 MODAL PARAMETERS OF ROTATING IMPELLER

Subsequently centrifugal forces are considered in order to contrib-
ute to a more advanced structural mechanical understanding of
rotating impellers. In detail the tests aim at a clarification of cen-
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trifugal forces on mistuning and damping, the horizontal test facil-
ity used for this purpose is shown in FIGURE 3 (a, b). The forced
response is measured synchronously via 13 identical strain gauges
positioned on each blade as well as via blade tip-timing (BTT).
The positioning of the strain gauges is chosen in a way that blade
dominated modes with up to four nodal lines could be detected at
sufficiently high signal level, FIGURE 3 (d). BTT signals are gath-
ered at the blade tip (turbine outlet, FIGURE 3 (c). This position
enables to measure blade dominated modes of vibration featuring
one, two or four nodal lines on the blade.

The test stand provides a speed range between 10,000 and
19,000 rpm (166 to 316 Hz). Targeted variations of rotation speed
shall identify the dependence of modal parameters on the speed.
Using only one air jets enables the excitation of speed synchro-
nised operational vibrations in numerous engine orders. In order
to keep transient effects as small as possible the lowest feasible
speed ramp of 0.5 Hz/s has been chosen corresponding to the
technical limit of the test stand.

The dependence of natural frequencies on rotational speed is
shown in FIGURE 4 for a margin limited by 4800 and 4950 Hz. As
expected increasing rotational speeds effect increasing natural
frequencies. The measuring methods, strain gauges and BTT both
yield identical results. Hence, the effect of stiffening due to cen-
trifugal forces causing the rise of natural frequencies could be
proved. A sole exception could be found close to a comparatively
high rotary frequency of about 300 Hz where a drop of natural
frequencies appears. This can be explained by a simultaneous but
not avoidable heating of the impeller. In this case the temperature
caused drop of Youngs's Modulus results in lower natural frequen-
cies. This illustrates that all operational parameters have to be
considered for a prediction of vibration characteristics. If the stiff-
ening impact due to centrifugal forces also effects the mistuning,
the distance between adjacent resonance peaks would change.
However, such a behaviour could not be proved by the measure-
ment data. Hence it can be concluded that rotational speeds rang-
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ing from 10,000 to 19,000 rpm do not cause any change of impel-
ler mistuning.

In derogation from the dependence of natural frequencies on
rotational speed no clear correlation could be found considering
the distribution of modal damping ratios in the whole speed range.
Instead it is apparent that a comparison of damping ratios obtained
from rotational testing and those measured at rest at coarse vac-
uum (1 to 360 mbar, Section 2) approximately yield identical
results, FIGURE §. According to Eq. 1 the original pressure depend-
ence of damping ratios measured at rest has to be specified in
dependence on the impedance. With this a direct comparison of

FIGURE 4 Natural frequencies in dependence on rotary
speed (strain gauges and BTT)

measurement data gathered at different pressures and tempera-
tures at rest as well as under rotation becomes possible.

Eq. 1 ZF=p~C=RS?T~\/m

Here are ZF the acoustic impedance, p the fluid density, ¢ the

speed of sound, p the fluid pressure, Rs the specific gas constant,

T the fluid total temperature und « the isentropic exponent.
Based on the analyses shown before, the dependence of natural

frequencies on rotary speed could be confirmedwhereas no cor-
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under rotation (4850 to 4950 Hz) in dependence on
acoustic impedance of ambient fluid
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relation has been found with respect to modal damping ratios.
Adjusted to the specific operational conditions damping ratios
measured at rest and those measured under rotation demonstrate
a match of high degree.

4 EFFECT OF IMPELLER TEMPERATURE
ON MISTUNING AND DAMPING

Investigations of this section aim at a targeted heating of the
impeller to high temperature level instead of moderate variations
of impeller temperature caused by operation shown before. The
experimental set-up as well as the test runs largely remain

FIGURE 6 Natural frequencies (S/G, BTT) in
dependence on impeller temperature

unchanged and correspond to the description given in Section 3.
Further impeller temperatures of 357 K, 598 K, 675 K and 725 K
are provided. Results of all test-runs showing the dependence
of natural frequencies and impeller temperature are shown in
FIGURE 6 for frequencies between 4650 and 5000 Hz. Increas-
ing temperatures yield a continuous drop of resonance frequen-
cies at the rotating impeller. Again the results measured with
strain gauges and those measured via BTT are in close correla-
tion. Besides the absolute drop of natural frequencies the dis-
tances between adjacent resonance peaks remain unchanged,
similar to findings within the test-runs at varying speeds. In spite
of significant variations of temperature the scatter band of pos-
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150 FIGURE 7 Damping ratios obtained at hot rotating
operational conditions versus ambient normal
conditions at rest (9 = 20 °C and p = 1013 mbar)
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sible resonances due to mistuning at each engine order excita-
tion does not change.

Aiming at close to reality predictions of the forced response dur-
ing impeller operation, the quantification of the damping as accu-
rate as possible is a necessary condition. In agreement with Eq. 1
the dependence of modal damping ratios on the acoustic imped-
ance of the fluid is given in FIGURE 7. It is assumed that the fluid
temperature corresponds to the blade temperature at striking dis-
tance. It is confirmed that the damping ratios are decreased with
decreasing acoustic impedance.

FIGURE 8 Measured versus calculated natural
frequencies absolute a) and relative error b)

5 SIMULATION OF ROTATING IMPELLERS
AT HIGH TEMPERATURES

It is addressed how far the FE Model updated according to [9] is
suited for reliable forced response computations of rotating impel-
lers at high temperatures. Within linear, dynamic simulation gravi-
tational and centrifugal forces as well as the impeller’s tempera-
ture have to be considered. FIGURE 8 shows a comparison of numer-
ically and experimentally determined natural frequencies between
4800 and 4950 Hz at a rotary speed of 303 Hz (18,200 rpm)

L FIGURE 9 Eigenmode transactions of the hot rotating

6 7
Sector 1D [-]
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12 13 impeller MTU ZR 265 (n = 18,200/min, 9= 518 K,
p =122 mbar) — compare between S/G (S/G 2 and 3
defective), BTT and updated FE-model
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and an average impeller temperature of 518 K (244.85 °C). A good
match is found with respect to the predicted band of resonances
and results measured by the strain gauges.

Operational deflection shapes obtained from simulation, strain
gauge and BTT-measurement are compared in FIGURE 9 each nor-
malised with respect to blade tip deflections. Apart from the fail-
ure of the strain gauges positioned at Blades 2 and 3, wherefore
zero values are dedicated to these blades, comparable BTT and
strain gauge results are obvious. In addition, the good match of
numerical and experimental results proves the validity of the
model updated before. Considering all results it can be concluded
that FE-models adjusted for laboratory conditions at rest [9] are
well suited to predict the forced response of a real turbine impel-
ler at arbitrary operational conditions in terms of pressure, tem-
perature and rotational effects.

6 SUMMARY AND OUTLOOK

The effect of pressure, temperature and centrifugal forces on mis-
tuning and damping of a radial impeller could be quantified by
means of comprehensive test series. According to this gas pres-
sure and gas temperature or acoustic impedance, respectively sig-
nificantly affect the damping contribution of the fluid. This is of
primary importance since damping measurements at room condi-
tions have shown that the overall damping is mainly contributed
from fluid structure interactions.

Natural frequencies of the impeller clearly change in case vary-
ing structural temperatures due to the material law’s dependence
on temperature. In addition, centrifugal forces yield blade stiffen-
ing explaining the rise of natural frequencies with increasing rotary
speed. However, mistuning remains unchanged. Furthermore it
could be shown that FE-models updated with measurement data
obtained at room conditions [9] are well suited to compute forced
response analyses at rotation, modified pressure or increased tem-
peratures close to reality. Hence, these FE-models enable the user
to consider local amplifications of stress due to mistuning under
hot operating conditions.
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Future research aims at the consideration of further fluid param-
eters such as viscosity and their effect on damping characteristics.
Up to now the impact of operational wear has not been taken
account. It is expected that both, particle erosion and fowling of
blade surface significantly affect mistuning as well as damping.
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Control Strategy for a Parallel Hybrid Drive

By measuring the real driving emissions, the pressure to meet the CO,
targets has been further increased. CO, and pollutant emissions can already
be improved considerably through partial electrification (hybridisation) of the
conventional drivetrain. Hybridisation requires a suitable control strategy,
which ideally takes the different types of emissions, such as CO,, NO, and
soot emissions, and customer use into account. At the Institute of Automotive
Engineering at the TU Braunschweig, a research project was carried out,
which was awarded with the Hermann Appel Prize 2014 of the IAV.
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DYNAMIC EMISSION MODELLING

IDENTIFICATION OF A ROBUST CONTROL STRATEGY IN THE NEDC

RESULTS DRIVING CYCLE AND CUSTOMER SIMULATION
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SUMMARY

1 MOTIVATION

Increasing political pressure to reduce fuel consumption, CO, and
pollutant emissions (e.g. soot and NO,) from the vehicle fleets forces
the automotive industry to develop alternative vehicles. In addition
to electric cars, with infrastructure and range problems still not
being solved, hybrid vehicles currently play a particularly important
role. The New European Driving Cycle (NEDC) is used as a standard
of comparison for the efficiency of vehicles [1, 2]. The emissions in
the legislated driving cycles are less relevant for the customers and
in view of planned measurements of the real driving emissions
(RDE). In fact, the emission performance in individual customer use
is important, which comprises different driving styles and vehicles
loads on urban and extra-urban roads and on freeway. Therefore,

an approach to design the control strategy of a hybrid vehicle was
developed, which takes the driving cycle and customer use as well
as the combined emissions into account and minimises them.

2 VEHICLE MODEL

FIGURE 1 shows the structure of the simulation model for driving
cycle and customer simulation. The driving requirements in cus-
tomer use, such as the target speed (also referred to as orientation
speed profile or OSP), and speed changes are generated by sta-
tistics generators, which are based on real measured data. The
statistical real-world driver tries to reach the specified speed by
using the foot pedals. This is characterised by a specific behaviour
with different accelerator gradients and positions that varies
according to driven vehicle, driving style and driving environment
[3]. In the cycle simulation, the driver and driving environment
models are replaced by a speed controller, which keeps the vehi-
cle exactly at the specified speed.

3 VEHICLE

The modelled vehicle is a parallel, full hybrid (full HEV) with torque
addition. In addition to the conventional internal combustion engine
(ICE) and a dual-clutch transmission (DCT), there is a second shaft
between ICE and transmission, which can be separated by two
clutches (KO and K1). The electric motor (EM) is located on this shaft.

The control strategy of the hybrid vehicle is represented in
FIGURE 2. It selects the operating mode based on the state of
charge (SOC) of the battery and propulsion power P. Recuperation,
purely electric driving, purely combustion-engine operation and
load point shifting are possible hybrid functions. In load point
shifting an intelligent fuzzy control is used to control the torque
distribution between ICE and EM based on several rules. Finally,
hysteresis is implemented to prevent an alternating change
between the operating modes.
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4 DYNAMIC EMISSION MODELLING

Suitable emission models are required for the layout of the control
strategy to reduce emissions. Simulations showed that the fre-
quently used static emission maps (based on the input signals
torque and rotational speed) can lead to deviations in comparison
with dynamic test rig measurements. In customer use, the emis-
sions between simulation and measurement differ significantly
from each other. Better accuracy can be achieved by considering
a transient or dynamic input signal [4].

Since synthetic driving cycles, such as the NEDC, include less
dynamic driving manoeuvres and only a limited number of differ-
ent operating points (due to the periods of constant driving), the
engine emission behaviour can be represented by a simple empiri-
cal meta model. Thus, neural networks are developed for the
NEDC in accordance with the measured data of rotational speed,
torque and the respective type of emissions. FIGURE 3 shows a
comparison of the simulated time curves of the dynamic emis-
sions CO,, NO, and soot and the emission measurements for a
conventional vehicle in the NEDC. The dynamic emission models
lead to emission values similar to the emissions measured in the
cycles. The accumulated values show a deviation of less than
1 %. For NO, emissions, there are only slight deviations in the
first 200 s (cold start phase). The soot emissions are also close
to the measurements.

In order to model dynamic emissions in customer use, a more
complex approach is required since the correlations between real
driving manoeuvres and emissions are also more complex. For
this reason, a semi-empirical approach was chosen, which is pre-
sented in [5]. Representative driving manoeuvres are used as
input data; the respective emissions were determined on an
engine test rig. Modelling resulted in meta models, which are
based on T-varying first and second order transfer functions. Input
variables of the transfer functions include emissions from static
maps and transient time constants, which are represented by a
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neural network. The time constants vary depending on rotational
speed, torque and torque gradient. Experience has shown that
real emissions in customer use can be calculated more precisely
using this model approach.
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FIGURE 3 Comparison of measurement and dynamic simulation of CO,, NO,

and soot emissions in the NEDC, conventional vehicle (neural networks with
rotational speed, torque and torque gradient as input variables are used for
the simulation)
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5 IDENTIFICATION OF A ROBUST
CONTROL STRATEGY IN THE NEDC

FIGURE 4 shows the operating ranges in a torque/rotational speed
diagram of an ICE for different customers (variation of driving style
and driving environment). In urban traffic, the ICE is mainly oper-
ated at low rotational speeds and torques. On extra-urban roads and
freeway, however, considerably higher torques and rotational speeds
are required. The driving style also has significant influence on the
operating points and therefore also on the resulting emissions and
fuel consumption in customer use. This emphasises that it is not
sufficient to only consider the operation area represented in driving
cycles when developing the control strategy for real driving.

A control strategy needs to be found that on the one hand
reduces the combined emissions and, on the other, leads to simi-
larly low emissions for different driving conditions. It can thus be
said that influences — or basic parameters — have a low sensitivity
for changes in fuel consumption or emissions, that is to say they
have to be robust. In order to meet these requirements, the limits
of the control strategy were varied using a Sobol DoE with approxi-
mate 2000 combinations, the emission values were combined as
one target function and a robust control strategy parameter set
was identified [6-8]. The objective parameters (raw emission val-
ues) are normalised and then combined as one target function,
Eq. 1. Furthermore, the normalised objective parameters are
weighted according to their priority.

Eq. 1 z = g,°CO,+g,-NO, +g;-soot+...

With gy, ..., g, as the weighting factors and n as the number of
objective parameters.

In order to determine the robust control strategy, not only the
minimum values of the target function, but also results similar to
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the minimum value (5 % tolerance) are used, FIGURE 5 (left). Based
on a frequency distribution (derived from classifying the values
according to Sturges’ rule [9]) the robust optimum can be identi-
fied. The robust optimum is located in a flat area surrounded by a
high number of minimum-similar results. Hence, conclusions can
be drawn about the robustness of the control strategy.

Since the parameters of the robust control strategy deviate from
the optimum NEDC control strategy due to the optimum compro-
mise for different driving styles, they are tested in customer use to
illustrate the advantages of the stable character of the robust con-
trol strategy. The results of the CO,, NO, and soot emissions are
represented in FIGURE 6 for different customers. The CO, emissions
of the robust control strategy are at least as low as those resulting
from the optimum NEDC control strategy. An exception is the sensi-
ble urban driver. In terms of NO, emissions, the robust control strat-
egy is superior in customer use as well. The robust control strategy
also leads to a reduction of soot emissions. Higher soot emissions (in
the raw emissions) are only expected for the sporty urban driver.

6 RESULTS DRIVING CYCLE
AND CUSTOMER SIMULATION

A comparison of the emissions in customer use and in legislated
driving cycles shows that the lowest emissions occur in the NEDC,
FIGURE 7, which can be explained by the low dynamics in the cycle.
Despite the lower average speed, the results of the FTP75 are slightly
above those of the NEDC due to the higher accelerations. The high-
est emissions occur in the WLTP, owing to the highest speeds and
the highest requirements in terms of longitudinal dynamics.

As expected, the emissions occurring in customer simulation
deviate from those in the driving cycles. While the NEDC leads to
slightly lower CO, values, the FTP75 simulation generates values
that are similar to those generated by some customers. The results
for NO, revealed the following: the emissions in the NEDC and
FTP75 are similar to those occurring with sensible and some aver-
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age drivers while a sporty driving style leads to considerably higher
NO, emissions.

Compared to customer use, the soot emissions in driving cycles
tend to be higher. The emissions generated by sensible and aver-
age drivers in urban traffic and on extra-urban roads are similar
to those in the NEDC and FTP75 cycles.

7 SUMMARY

The control strategy of a hybrid vehicle can be modified in order
to reduce CO, and pollutant emissions (through engine operation
optimisation). Due to the current emissions legislation, the focus
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FIGURE 6 CO,, NO, and soot emissions of two control strategy
configurations of a hybrid vehicle (left: robust control strategy,
right: optimum NEDC control strategy)
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here is on the NEDC. The customer use also has to be taken into
account when developing the control strategy since the real driv-
ing emissions will be measured in the future for legislation. A
robust control strategy is therefore required, which leads to simi-
lar and at the same time low combined emissions independent of
the type of use.

Based on a DoE and a subsequent evaluation of the target func-
tion values, which consists of the normalised and weighted
raw emission values of CO,, NO, and soot, different control strat-
egy configurations could be rated in terms of robustness and
emission reduction potential. For this, a minimum of a target func-
tion was identified, which is located in a flat area surrounded
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FIGURE 7 CO,, NO, and soot emissions of the robust control strategy compared
to the emissions in NEDC, FTP75 and WLTP
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by a high quantity of similar values. Compared to an optimum
NEDC - but not robust — control strategy, the identified robust
control strategy leads to slightly higher emissions in the NEDC.
In customer use, however, it reduces the CO,, NO, and soot val-
ues considerably.

Due to their driving style specific customers, such as the sporty
one, lead to higher NO, emissions than in the considered legislated
driving cycles (NEDC, FTP75 and WLTP) for any control strategy
configuration. The CO, and soot emission values of the full hybrid
with robust control strategy, however, are similar in customer use
and driving cycles.
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