
HYBRID TURBOCHARGER WITH 
INNOVATIVE ELECTRIC MOTOR
As part of a project funded by the German Federal Ministry of Economics and Technology, 

G+L innotec GmbH has developed the basis for an electrically assisted supercharging 

system for passenger cars and commercial vehicles. The company is being supported by 

AVL List GmbH in its examination of how the system interacts with the internal combustion 

engine. The special feature of the design is a media gap motor with a large air gap between 

the stator and the rotor. This air gap is used to support the air mass fl ow of the compressor.
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IMPROVE TRANSIENT BEHAVIOUR

The main targets in developing combustion engines actually 
are to improve transient behaviour combined with high output, 
a wide rpm range with constantly high torque and a reduction 
of fuel consumption in the customer-relevant operation as well 
as in the New European Driving Cycle NEDC [1]. To achieve 
these targets there is no way around an adequate turbocharg-
ing system. The realisation of a hybrid turbocharger as mild 
hybrid could represent the ideal solution.

CHALLENGE

The major problem of all turbocharged combustion engines is 
their delayed response regarding the mean effective pressure 
buildup at low rpm. With turbochargers, the charging process 
is only coupled to the internal combustion engine on the ther-
modynamic level. On the one hand this offers the advantage 
that the exhaust gas energy can be utilised, on the other hand 
the disadvantage that depending on the load point in the char-
acteristic fi eld, the turbocharger speeds vary signifi cantly.

In case of a loadstep taking place at low engine speeds (1500 
to 2000 rpm), only a low enthalpy gradient is available to the 
turbine for the compressor capacity and power loss. Only the 
still free performance then serves to the acceleration of the 
rotor, consisting of turbine wheel, rotor shaft and compressor 
wheel. In addition, the lower turbine effi ciency in the lower 
map range is another handicap. A consequence of these effects 
is an only low available power to accelerate the turbocharger to 
the stationary endpoint. This incomplete charging process 
again does not only negatively infl uence the driveability but 
also the energy consumption as well as the pollutant emissions. 
Even with modern turbocharged engines, a large portion of the 
gas escaping in the driving cycle is emitted during dynamic 
operating phases [2].

APPROACHES

To make turbocharged downsizing engines really attractive to 
the common, additional measures must be taken to support the 
turbocharger in transient operation. These should all pursue 
the same targets: increase the energy supply for the turbines in 
dynamic operation. The most effective means to positively 
infl uence the dynamic behaviour of turbocharged engines is to 
feed the system temporarily with auxiliary power [3].

For more than ten years, the idea is pursued to support the 
charging process temporarily by the help of electric motors. 
The basic idea was to decouple the high-speed rotating parts 
responsible for the delayed response of the thermodynamic 
function and increase the number of revolutions primarily by 
the electric motor [3].

Besides the pure electromotive support of the charging pro-
cess, such an approach in principle offers the possibility to re -
cuperate energy. Rather than directing the exhaust gas energy 
via the wastegate unused, by utilising a generator, electric 
energy can be produced and stored temporarily in an energy 
storage. In addition, these charging units should be able to be 
controlled more accurately as a constant speed monitoring 
takes place. Features such as an active post-cooling, avoid har-
monics and over-speeding, pre-charging for the cold start to 
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reduce emissions etc. represent other 
possible benefits.

Many attempts to realise an electrically 
assisted hybrid turbocharger failed up to 
now because the used conventional elec-
tric motors have increased the moment of 
inertia of the rotor group to such an extent 
that an improvement of the response of 
the electrically assisted turbocharger 
could not be reached [3].

The critical size for a motor interpre-
tation of an electrically assisted turbo-
charger (ea-TC) is the quotient of the 
torque of the electric motor and the cor-
responding inertia:

EQ. 1   
ME – Motor

 ______ Jea-TC
  

In addition to the described problem of 
torque/moment of inertia, another chal-
lenge that should not be underestimated 
is the heat flow from the turbine into the 
bearing block. Especially with gasoline 
engine applications, this heat flow can 
cause a demagnetisation of the rotor 
magnets of the electric motors.

DESIGN OF THE ELECTRICALLY 
ASSISTED TURBOCHARGER

As part of a project funded by the Fed-
eral Ministry of Economics and Technol-
ogy, the basics of a new hybrid turbo-
charger system for cars and trucks have 
been developed. In doing so, G+L inno-
tec is significantly supported by AVL 
Graz as regards the study of the interac-
tion with the internal combustion 
engine. This hybrid turbocharger is 
based on a classical electrically assisted 
turbocharger. In the design, however, 
the focus has been placed on:
 : minimising the moment of inertia
 : reducing the rotor mass
 : maximising the achievable torque
 : reducing the bearing load
 : minimising the thermal load
 : packaging
 : energy consumption.
In ❶, the differences between a classical 
electrically assisted turbocharger and the 
Cross-Charger are shown schematically. 
Basically, the electric motor has been re -
moved from the bearing block of the tur-
bocharger and replaced by a smaller high-
performance electric motor which was 
integrated into the compressor housing.

By the design feature as described 
above, the thermal load on the electric 

motor can be reduced. However, this 
design cannot be realised with conven-
tional brushless permanent magnet 
motors. The presented air gap motor is 
characterised by a uniquely large air gap 
between stator and rotor. With the Cross-
Charger, this air gap is used to promote 
the total air mass flow of the compressor.

The inner diameter of the stator cor-
responds to the inner diameter of the 
intake. The rotor magnet is combined 
with the lock nut of the compressor 
wheel. The stator is formed as a sealed 
cartridge which can be integrated as a 
prefabricated component into the com-
pressor housing.

As ❷ illustrates, in the Cross-Charger, 
the air gap motor is an integral part of 
the compressor housing. The contour 

and the gap between compressor housing 
and compressor wheel are formed directly 
by the cartridge of the stator (orange). The 
sealing gap can be represented exactly 
so that manufacturing and assembly 
 tolerances can be compensated. Similar 
aspects are already known from the tur-
bine sector [4].

For the realisation of the prototypes,  
a supercharged 1.8-l gasoline engine 
from Alfa-Romeo with direct injection 
with a specific power of 99 kW/l was 
selected together with AVL List GmbH, 
Graz within the funded project. The 
engine is equipped with a turbocharger 
called K04 of BorgWarner Turbo Systems 
(BWTS). The rotor assembly and the 
compressor housing were modified to 
integrate the air gap motor.

❶ Schematic diagram of an electrically assisted turbocharger (left) and the Cross-Charger (right)

❷ Integration of an  
air gap motor into a 
turbocharger
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In ❸, the modified compressor hous-
ing is shown with the built-in air gap 
motor. The diameter of the intake tract 
remains unchanged compared to the 
standard charger. With 14 mm, the rotor 
magnet which is applied in front of the 
compressor has almost the same diame-
ter as the originally used shaft nut. As 
the air gap motors are used only in the 
transient phase as torque support, they 
are designed for short-term use of up to 
5 s/cycle. As a consequence of these 
design modifications, the mass of the 
rotor assembly increases only by 38 g 
and the moment of inertia of the rotor 
arrangement increases only by 5.5 % 
from 24.134 kg*mm² to 25.450 kg*mm² 
compared to the standard component.

TEST BENCH

The above mentioned air gap motor is a 
fundamental innovation. The speed is 
controlled by a frequency converter gen-
erating a rotating field. When building 
up the rotating field, these converters 
use a vector-based pulse width modula-
tion. As it turned out in the course of 
development, the tuning of the frequency 
inverter to the electric motor specifica-
tions is an essential aspect in order to 
completely raise the potential of these 
electric motors. The tested air gap motors 
can generally provide a delivery capacity 
up to 6 kW. For the selected design, the 
output power was limited to 1.5 kW.

As the torque measuring curve in ❹ 
shows, the air gap motor has a high 
torque, especially within the speed range 
(15,000 to 45,000 rpm) in which it has to 
briefly accelerate the running gear of the 
turbocharger. This torque is spontane-
ously available on load impact. As the 

maximum speed of the test bench is 
60,000 rpm, the values above the maxi-
mum speed of the test bench were deter-
mined per FEM simulation.

SIMULATION INTERNAL 
COMBUSTION ENGINE 

The presentation of the expected poten-
tials in transient engine operation was 
carried out by AVL List GmbH with a  
1D engine model in a program called 
AVL Boost CS. Standardised load jumps 
from 1 bar medium pressure to full load 
were simulated at constant 1500 rpm.

A Boost CS model for a turbocharged 
1.8-l four-cylinder gasoline engine with 
direct injection, a specific performance 
of nearly 100 kW/l and adapted parame-
ters for the alternation of load (phase 
shifter) and combustion was provided 
with the up  dated moments of inertia of 
the basic turbocharger wheel assembly 
and the corresponding increased values 
of the additional Cross-Charger rotor. 
The ob  tained torque/speed values of the 
air gap motor (1.5 kW version) were 
specified as special performance to be 
called at the turbocharger shaft. Activa-
tion of the air gap motor starts with the 

❸ Prototype of the Cross-Charger compressor housing with integrated air gap motor

❹ Electric motor torque depending on the  
rotation speed, output power limited to 1.5 kW
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engine load signal=1 and was set at 3 s. 
After switching off, the Cross-Charger 
rotor runs powerless without relevant 
drag losses. ❺ shows, apart from the 
torque/performance and speed chart  
of the 1.5 kW air gap motor, the engine 

output to the turbocharger rotor accu-
mulated during the activation interval  
of 3 s amounting to approximately 4 kJ 
(energy content of approximately 10 mg 
of fuel). For the complete 3 s lasting 
boost operation, an electric power of 

approximately 7.3 kJ is consumed by the 
system.

The input of power leads to a signifi-
cantly steeper increase of the turbocharger 
speed. An important requirement for this 
is the very small additional moment of 

❺ Results for the air gap motor in the 1-D simulation (turbocharged 1.8-l gasoline engine,  
load jump 1500 rpm, pe = 1 bar, max. power output approx. 170 kW,  Cross-Charger (CC) activated for 3 s)

❻ Influence of the load change, results of the 1D simulation   
(turbocharged 1.8-l gasoline engine, load jump 1500 rpm, pe = 1 bar,  
max. power output approx. 170 kW,  Cross-Charger (CC) activated for 3 s)
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inertia of the air gap motor rotor. The 
external power supply with acceleration 
of the rotor assembly also causes an 
additional degree of turbine power made 
available by the turbine operating in 
ranges with tip speed ratios of more 
favourable efficiency during load jump. 
With the current turbine, up to 20 % 
higher turbine efficiency can be achieved 
which further favours the runup.

The result of the rapid turbocharger 
runup to the quality of the load change 
is shown in ❻ by means of the residual 
gas contained in the cylinder. Whereas 
in general the boost pressure rushes in 
front of the turbine backpressure, with 
the CrossCharger simultaneity is made 
of boost pressure and turbine backpres
sure. In the load jump, therefore, out of  
a smooth transition from the rudimen
tary partload load change with high 
internal EGR rate to the desired flushing 
gas exchange at full load arises. The cyl
inder will get more filling, and due to the 
lower boosting temperature at the start 
of compression, more favourable ignition 
angles are possible.

In sum, with the CrossCharger, the 
mean effective pressure buildup is signif
icantly improved, with an increase of the 
moment gradient by more than 2.5 times 
compared to the turbocharger without 
air gap motor. A comparatively simulated 
version of the basic turbocharger with a 
lighter TiAl turbine wheel also reflects 

the relations to this future design of tur
bocharger frequently discussed. The lin
ear convex medium pressure increase 
and a proactive characteristic of the 
torque buildup caused by the electri
cally assisted systems are significant. 
They will lead to a harmonious and pre
dictable power performance in the vehi
cle even at lowest rpm.

SUMMARY

The major problem of all turbocharged 
combustion engines is their delayed 
response regarding the mean effective 
pressure buildup at low rpm. The most 
efficient way to improve the dynamic 
behaviour of turbocharged engines is to 
feed the system temporarily with auxil
iary power at a certain time. In this paper, 
results are shown from a project funded 
by the German Ministery of Economics 
and Technology. The basics of a new 
hybrid charging system CrossCharger are 
explained which is a further development 
of an electric assisted turbocharger (ea
TC). The presented air gap motor is a con
stituent part of the compressor. This short 
electric assistance caused by the Cross
Charger leads to a severe improvement of 
the mean effective pressure buildup. The 
achieved torque gradient of a turbo
charged combustion engine is improved 
by 2.5 in comparison to a standard turbo
charger without an air gap motor.
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