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Abstract: The next generation of heavily downsizedgasoline engines will demand advanced chargedelivery systems. High-pressure charge-air is
required across a broad engine speed range, and to
meet driveability requirements, this high pressure
charge-air needs to be available almost instantly.
Gasoline engine downsizing is already established
as a proven technology for reducing CO 2 emissions
by up to 25 %.
Further benefits are possible through greater
downsizing. However, there is a trade-off between
the CO2 reduction achieved and vehicle driveability,
which currently limits the level of engine downsizing
adopted. The key objective of this project is to
demonstrate the highest specific power and torque
output combination of any gasoline engine for the
road car market, whilst retaining an excellent
drivability and fuel economy.
Keywords: Downsizing, eBoosting, eSupercharging,
TGDI, high-specific output.
1. Introduction
CO2 emissions from road transport have increased
by 21 % between 1990 and 2011 [1]. Clearly the
total greenhouse gas emissions of the transport
sector are still increasing, and are predicted to grow
further in the coming years [2]. This is driven by the
rapidly expanding global vehicle fleet which is
anticipated to increase by over 63 % during the next
20 years [3]. Thus, present automobile development
efforts are keenly focused on measures to reduce
the CO2 output of vehicles.
The current method for establishing the fuel
consumption, and hence CO2 emission values, for
new cars in Europe today is via the vehicle typeapproval process, which involves testing vehicles on
a chassis dynamometer over a prescribed vehicle
speed profile, known as the new European Driving
Cycle (NEDC), following the strict procedure laid
down in Regulation 101 [4]. However, Mock et al. [5]
have analysed data gathered from real world driving
and compared the reported fuel consumption to the
type-approval value. Their analysis makes use of
several large sets of on-road driving data, for both
private and company cars, from various European
countries. The analysis of Mock et al. [5] reveals a
clear trend: while the average discrepancy between
type-approval and on-road CO2 emissions was
below 10 % in 2001, by 2011 it had increased to

around 25 %. However, this should not be allowed to
detract from the real strides that manufacturers have
made in greatly reducing the CO2 emitted by
vehicles, as type-approval based emissions figures
have decreased by almost 20 %, from 164.9 g/km in
2007 to 133.1 g/km in 2012 [6]. This, coupled with
the results of the study by Mock et al. [5], would
suggest that the ‘real-world’ emissions levels have
dropped by about 14 % in the 5 years from 2007 to
2012, which is a very significant reduction.
The vehicle CO2 values established via typeapproval testing form the basis for consumer
information, CO2 regulation, and CO2-based vehicle
taxation and therefore ought to provide a reliable
and stable indication of fuel consumption and
emission levels observed, on average, under ‘realworld’ conditions on the road [5]. Partly to bridge the
gap between ‘real-world’ and type-approval figures,
and partly to align the differing type-approval
procedures used for testing vehicle fuel consumption
around the world, the worldwide harmonized light
vehicles test procedure (WLTP) is being developed
and is anticipated to replace the NEDC in Europe
after 2017 [7].
To meet the aggressive targets for fleet-average
CO2, the next generation of heavily downsizedgasoline engines will demand advanced chargedelivery systems. High-pressure charge-air is
required across a broad engine speed range, and to
meet driveability requirements, this high pressure
charge-air needs to be available almost instantly. As
the degree of downsizing is increased so do the
requirements placed on the engine systems for the
optimum benefits to be realised. Further benefits are
possible through more aggressive downsizing,
however, the trade-off between the CO2 reduction
achieved and vehicle driveability limits the level of
engine downsizing currently adopted by vehicle
manufacturers.
This paper presents results from a 1.2 litre, 3cylinder, engine fitted with an eSupercharger in
addition to a conventional turbocharger. The results
clearly show the potential of eSupercharging as a
technology enabler for extreme engine downsizing.
Additionally, the compatibility with 48 V microhybridisation offers potential for further CO2
emissions reduction.
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2. Downsizing
Gasoline engine downsizing is firmly established as
one of the main technologies for achieving the fleet
CO2 reduction targets, with increasing degrees of
downsizing being applied in the market place.
Gasoline engine downsizing is the process whereby
the engine operating load point is shifted to a higher,
more efficient region, through the reduction of engine
swept volume, whilst maintaining the full load
performance of the original engine, via pressure
charging. It has long been recognised as an effective
technology for engine CO2 reduction [8].
Further improvements in fuel economy have been
shown to be possible through increased levels of
engine downsizing [9-10] However, as specific
output increases so too do the technical challenges;
the foremost of these being:
 A robust combustion system that allows a
high compression ratio to maintain part load
efficiency
 Good low speed torque and transient
performance
 Real world fuel consumption benefits
through a reduction in full load fuel
enrichment
 Base engine robustness and durability
These challenges require unique engine design
solutions to enable the significant efficiency
improvements of an aggressively downsized engine
to be realized.
2.1 MAHLE Downsizing Demonstrator Engine
In order to conduct research into the requirements
for advanced downsizing engines and their
components, MAHLE previously developed a
demonstrator engine and installed it into a vehicle
[11]. The resulting engine developed by MAHLE was
a direct injection, 1.2 litre, 3-cylinder inline,
turbocharged, gasoline engine, shown in Figure 1.

The initial work focussed on developing a high
specific torque and high-specific output engine which
featured two-stage turbocharging [12-13]. The twostage turbocharging system was developed to
enable good transient response along with the high
torque levels at all engine speeds demanded by a
downsizing approach. A schematic of the two-stage
turbocharging arrangement used is shown in
Figure 2.

Figure 2: Schematic of the twin-turbocharger
arrangement.
The resulting engine exceeded 30 bar peak brake
mean effective pressure (BMEP). The peak power
output of the engine was 144 kW (120 kW/litre) at
6000 rev/min. Stoichiometric fuelling (lambda = 1.0)
could be maintained over the majority of the full-load
line.
Table 1: Base engine specifications.
Parameter
Engine displacement
No. of cylinders
Bore/stroke
Compression ratio
Fuel injection
Spark plug
Engine control
Turbocharger

Value
1.2 litres
3 in-line
83.0 / 73.9 mm
9.3:1
Multi-hole central DI
M10
MAHLE Flexible ECU
Bosch Mahle Turbo System

When implemented into the MAHLE downsizing
demonstrator vehicle, shown in Figure 3, the engine
was modified to have a single turbocharger in order
to demonstrate a cost effective concept which could
realise significant market share. The single
turbocharger derivative has been developed to
achieve 30 bar peak BMEP, and 100 kW/litre, to
maintain excellent vehicle dynamic performance,
whilst still providing significant CO2 reductions [11].
The specifications of the single turbocharger
derivative are summarised in Table 1. A key feature
of the development of the single-stage turbocharged
Figure 1: MAHLE Downsizing demonstrator engine.
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engine was to ensure that the transient response of
the engine remained acceptable.

Figure 3: MAHLE Downsizing demonstrator vehicle.
The engine was installed into the D-segment
demonstrator, which features stop-start capability,
and testing has confirmed that the vehicle achieves
a fuel consumption figure of 5.8 l/100 km (CO2
emissions of 135 g/km) over the new European
Drivecycle (NEDC).
The MAHLE downsizing engine has a higher BMEP
level than any gasoline engine currently in mass
production. A comparison of the BMEP curves =, for
both the single and two-stage turbocharged
derivatives, is shown in Figure 4. Also shown in
Figure 4 are the BMEP of typical production engines.
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The high specific power output will be achieved
through the use of a larger turbocharger which will
inevitably have a detrimental effect upon the lowspeed torque and transient response of the engine.
An
electrically
powered
supercharger
(eSupercharger) will be used to enable the transient
response and low speed torque to be recovered,
resulting in a very high specific output and specific
torque characteristic with excellent transient
response for good drivability, allowing the
downsizing effect to be maximised for minimised
CO2.
The eSupercharger manufactured by Aeristech,
shown in Figure 5, was found to be suited to this
application, having a compressor which can provide
the desired pressure ratio and mass-flow rate. The
specifications of the Aeristech eSupercharger are
summarised in Table 2. MAHLE Powertrain has
previously applied Aeristech’s eSupercharger to
increase the power output of a range extender
engine from 30 kW to 50 kW [14].

2000

3000
4000
5000
Engine speed (rev/min)

6000

7000

Figure 4: MAHLE Downsizing demonstrator engine
perfromance.
3. Aeristech eSupercharger
In this study, the possibility of further increaseing the
level of downsizing, via higher specific engine
output, is invesigated. The MAHLE downsizing
engine will be re-configured to achieve a very high
specific output power, without compromising specific
torque or transient response.
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Figure
5: Aeristech 2012 eSupercharger as used in
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the present study.
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Aeristech
has been developing a compact and cost
130
120
effective
electric
machine, for variable high-speed
110
100
applications,
for the past 6 years. For this
90
application,
Aeristech has developed power
80
70
electronics
for
48 V operation, which is in-line with
60
current automotive trends and is compatible with
micro-hybridisation for further CO2 emissions
reduction. The unit is capable of running
continuously at high boost pressures and high massflow rates. The capability to operate at full boost
continuously sets the eSupercharger apart from so
called eBoost systems [15], which only offer short
duration boost assist for improvements in engine
transient response.
Due to its impressively fast response time, the
electric supercharger effectively addresses the lowspeed turbo lag issues associated with downsized
engines. Electric superchargers can provide the
engine with high boost pressure at low flow rates,
equating to both dramatically improved engine
performance (with reduced CO2 emissions) and
response at low engine speed.
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Table 2: Summary of eSupercharger specifications.
Parameter
Compressor type
Motor
Max operating speed
Lubrication
Cooling
Input voltage
Unit mass

Value
Centrifugal
High-speed PM
120,000 rev/min
Greased for life
Liquid
48 V nominal
4.2 kg

Conventional belt-driven mechanical superchargers
consume some of the power the engine produces, in
particular at low revolutions, whereas electric
superchargers are decoupled from the engine and
need only be activated when required. Furthermore,
recuperation during vehicle deceleration events has
the potential to enable the electricity required to
power the eSupercharger to be generated without
consuming any additional fuel. The degree to which
this can be done will be dependent upon the storage
capacity of the 48 V battery, the amount that the
eSupercharger is required, and the whether the
vehicle duty cycle provides the opportunity for
regeneration events to take place.
Aeristech
next
generation
eSupercharger
development, shown in Figure 6, is due for
completion in Q2 2015, and is intended to support
market introduction in 2017. The 2015 unit includes
fully integrated power electronics. Aeristech's
proprietary electric motor and control technology
supports low-cost electric boosting at all voltage
levels, from 12 V and 48 V passenger car and offhighway applications to high voltage (200 V to
400 V) fuel cell and hybrid vehicle applications. As in
the present study, the relatively high continuous
boost pressures and flow rates offered by
Aeristech's eSupercharger can offset the need for a
multi-stage
turbocharger
arrangement
and
potentially provide a net reduction of cost and
complexity in the boosting system of heavily
downsized engines.

4. E-supercharging for Heavily Downsized
Gasoline Engines
The eSupercharger could be located either
downstream of the main turbocharger compressor,
as shown schematically in Figure 7a, or upstream,
as shown in Figure 7b. In order to provide highpressure air at low engine speeds, at flow rates
below where there is sufficient exhaust energy for
the larger main turbocharger to provide highpressure air, the eSupercharger is optimised for low
flow rates. This means that the eSupercharger will
not be capable of passing the full air flow required by
the engine at higher power outputs. Thus the
eSupercharger must be bypassed when high engine
power is required. Additionally, there must be
sufficient ovelap between the eSupercharger
operation map and the main turbocharger map to
enable a seamless handover between the two
devices in operation, to aviod any torque interuption
which would give an undesirable drive feel in the
vehicle.
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Figure 6: Aeristech 2015 eSupercharger
development with integrated power electronics.

Figure 7: Schematic of the twin-turbocharger
arrangement; a) Post turbocharger compressor;
b) Pre-turbocharger compressor.
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been placed upstream of the
compressor, as depicted in Figure 7b.

turbocharger

5. MAHLE E-supercharged Downsized Engine
The significant increase in specific power output and
BMEP (over the standard 30 bar) of the engine
would put additional strain on the engine structure
and components.
To establish whether the additional output would
take the engine past its safe operational limits,
analysis was carried out using both CFD and FEA.
The analysis work undertaken included a cylinder
head, block and valvetrain thermo-mechanical
analysis (using models validated against previous
experimental data), crankshaft and connecting rod
strength simulation, plus an investigation into the oil
film thickness of the main and big-end bearings at
the higher loads. In addition, detailed analysis of
specific components, such as the cylinder head
gasket and bolts, was also carried out. Peak interbore cylinder block temperatures were predicted to
rise by 10 %, as shown in Figure 8, cylinder head
exhaust-valve bridge by 8 % and valve heads by
3 %. The results showed that the existing cooling
system is capable of supporting this anticipated
increase in heat flux and physical load.
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Figure 8: Calculated peak inter-bore cylinder block
temperatures.
Placing the the eSupercharger downstream of the
main compressor, as depuicted in Figure 7a, has the
advantage
of
effectively
broadening
the
eSupercharger map, towards higher-massflows, this
arises due to the air exiting the main compressor
being at a higher density as the turbocharger begins
to provide boosted air, which potentially enhances
the overlap of the operating maps for the two
devices. However, placing the eSupercharger
downstream of the main compressor means the the
eSupercharger would be subjected to full boost
pressure from the turbocharger compressor at full
engine load. Additonally, unless an intercooler is
placed between the main compressor outlet and the
eSupercharger, the eSupercharger will also have to
withstand the temperature of the compressor outlet
air, which can reach 180 °C. To protect the prototype
Aeristech eSupercharger used in this study it has
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Figure 9: eSupercharger and main turbocharger
compressor maps.
A detailed thermodynamic model of the MAHLE
downsizing engine, developed within the commercial
package GT-Power [16], has been used to enable
the selection of a suitable turbocharger. The
turbocharger unit has been selected to enable the
peak power target for the engine to be achieved,
whilst providing enough overlap with the
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supercharger operating map. The turbocharger
compressor map, along with the eSupercharger
compressor map, is shown in Figure 9.
With the analysis work completed and the
turbocharger selected, MAHLE carried out a design
study to package the Aeristech eSupercharger onto
the engine. A completely new air intake system was
required, that included an eSupercharger bypass
valve,
which
remains
closed
when
the
eSupercharger is in operation and is opened when
the turbocharger requires no assistance. New
components were also designed for the mounting of
the eSupercharger and the integration of the new
turbocharger, as shown in Figure 10.

Figure 10: MAHLE engine with eSupercharger and
revised intake system.
Revised turbocharger service pipework was also
designed to provide adequate water cooling and oil
lubrication to the turbocharger. In addition, a simple
Port Fuel Injection (PFI) system was designed to
enable blended operation between Direct Injection
(DI) and PFI and to increase the total system fuel
flow capability to match the anticipated requirement,
which is beyond the flow capacity of the existing DI
system.
Following the completion of the design of the revised
components, the prototype parts were manufactured.
The engine was successfully assembled using the
new components, and fully instrumented, prior to
fitting to the testbed at MAHLE Powertrain’s facility in
Northampton. Additional functionality was added to
the MAHLE Flexible ECU (MFE) system to enable
control of the eSupercharger and bypass system
during steady state and transient events.
Modifications to the engine wiring harness were also
designed and manufactured in-house.

6. Engine Test Results
During the testing, charge air temperature, engine oil
temperature, engine coolant temperature and
eSupercharger coolant temperature were all
monitored and controlled to pre-defined values,
intended to be representative of in vehicle operation.
The MAHLE downsizing demonstrator engine has
undergone significant testing over recent years,
which has resulted in a robust base engine operating
map, which is typically used as a baseline for further
optimisation of control parameters, especially
following hardware changes. The base control map
provided ‘safe’ values for the timing of the
camshafts, ignition angle and fuelling timing and
rate, which were subsequently manually optimised to
give best performance at each operating site tested.
Initial testing was carried out using a lower
compression ratio (CR) than used in the 120 kW,
single turbocharger, version of the engine. The
baseline CR is 9.3:1 and initial testing was carried
out at 8.7:1. This CR change was implemented using
a different piston. The results of the testing at the
lower CR indicated that the low knock propensity of
the MAHLE engine enabled the combustion phasing
to be retained at a relatively advanced point within
the cycle. Thus, the engine was reconfigured to run
at the original 9.3:1 CR. The ability to maintain the
same CR, as the base engine ensures that the part
load fuel consumption map will be the same as that
of the baseline engine, thus ensuring the drive-cycle
fuel consumption benefits already achieved with this
engine in the MAHLE downsizing demonstrator
vehicle.
The engine following boosting system hardware
combinations were investigated using these methods
to understand the contribution of the individual
components within the system and their interaction
with each other:
 Turbocharger only;
 eSupercharger only;
 Combined eSupercharger and turbocharger.
Figure 11
shows
the
BMEP,
power
and
eSupercharger power requirements measured
during the engine testing, along with values for the
baseline 120 kW single-turbocharger version of the
engine. From Figure 11 the effects of the revised
boosting system, in each of the three operating
modes described above, can be clearly seen. The
performance achieved by the engine is summarised
in Table 3.
The results, shown in Figure 11b, clearly
demonstrate the significant improvement in peak
power offered by the new turbocharger (increasing to
193 kW, from a baseline maximum of 120 kW) but
equally, the penalty that this turbocharger imposes in
terms of BMEP output, when operated without the
eSupercharger, at low speeds is evident from
Figure 11a. Without the eSupercharger, the new
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turbocharger has almost no charging effect until
engine speed is above 2,000 rev/min, and peak
torque is not achieved, operating with the
turbocharger alone, until 3,000 rev/min. If this
configuration were to be used in a vehicle, a serious
negative effect on the drivability would be
anticipated,
particularly
in
heavier
vehicle
applications.
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Figure 11: Test results from the MAHLE downsizing
engine with combined eSupercharger and
turbocharger; a) BMEP; b) Power; c) eSupercharger
power requirement.
The test data presented in Figure 11 is for steadystate performance. The transient performance would
be considerably worsened from the baseline case, in
turbocharger only configuration. This test established
that the revised turbocharger is able to offer
considerably increased engine performance, but the
results also highlight the need for an additional
(assisting) boosting device to assist at low engine
speeds.
When operated in isolation (turbocharger waste-gate
fully open), the eSupercharger demonstrates strong
performance enhancements at low engine speeds
and can be used to achieve more than 26 bar

BMEP. Measurement data is shown up to
3,000 rev/min, after which point the turbocharger
operating alone gives significantly higher output than
the eSupercharger. The power consumption of the
eSupercharger system, including the losses from the
power electronics, are shown in Figure 11c, resulting
in a peak electrical power requirement at steady
state conditions of less than 7 kW.
Finally, the eSupercharger and turbocharger were
tested as a combined system, where the mass-flow
provided by the eSupercharger passes through the
turbine and aids in driving the main compressor. This
combined system that offers significant performance
advantages over the individual components. It can
be seen from Figure 11a the test data that the
combined system not only restored the performance
below 3,000 rev/min, it actually allows the total
system to exceed the previous baseline torque levels
at all engine speeds. Of particular note is the
increase at 1200 rev/min, where the output of the
engine is raised from the baseline level of 20 bar
BMEP, up to almost 29 bar. Furthermore, at
1000 rev/min the maximum engine output achieved
was 25 bar BMEP.
The final overall torque curve offered by the
combined system provides higher than baseline
torque at all engine speeds, with a final power output
of 193 kW (161 kW/l). On the 1.2 litre engine used
for the testing, this results in a specific power output
of 161 kW/litre and a BMEP output in excess of any
gasoline engine currently available in series
production.
These exceptionally high levels of steady state
BMEP output clearly demonstrate the benefits
enabled by the eSupercharger used in this
investigation. It is also anticipated that the transient
response benefits, which will be verified during future
testing, are expected to offer a highly responsive
driving experience, with impressive levels of
available torque at any engine speed.
Table 3: Performance summary for the
eSupercharged MAHLE Downsizing engine.
Parameter
Maximum power
Specific power output
Maximum torque
Maximum BMEP

Value
193 kW
161 kW/litre
313 Nm at 2000 rev/min
33 bar at 2000 rev/min

7. Conclusions
MAHLE Powertrain integrated a 48 V version of the
Aeristech eSupercharger into the design of their
downsized engine and built a prototype engine to
enable testing.
The engine testing showed an increase in maximum
power to 193 kW, resulting in specific power output
increase from 100 kW/litre (with a single
turbocharger)
to
161 kW/litre.
Furthermore,
increases to low speed torque of 9 bar BMEP at
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1200 rev/min were measured, as well as general
increases in torque output at all engine speeds.
The concept of combining an eSupercharger and
high-flow turbocharger has proved successful and
the Aeristech eSupercharger was also demonstrated
to enable continuous, high-pressure, operation on
the engine dyno. This is a clear advantage over
many of the competing technologies, which are
typically limited to short bursts and are therefore not
ideally suited to thiss types of very high specific
output power application, where the eSupercharger
will be relied upon for relatively high duty cycle
operation.
In conclusion, MAHLE Powertrain and Aeristech
have demonstrated a concept engine with classleading performance, which will enable fuel economy
improvements through engine downsizing at specific
power outputs not previously demonstrated. In
doing so, the companies have pioneered a new
development in engine boosting technology by
hybridisation of the air intake system, making the
electrical charging device a fundamental part of the
enabling technology. The eSupercharger is, in this
application, no longer simply a transient device, but
also a key contributor to the steady state engine
performance. In doing so, previously unachievable
levels of specific power output have been realised.
MAHLE Powertrain will continue to develop the
eSupercharged version of their downsizing engine
and plan to have a fully functioning demonstration
vehicle available before the end of 2015.
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