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Low-emission Hydraulic Hybrid
for Passenger Cars

Two new technologies, the ,floating cup”-principle and a new hydraulic transformer, allow the complete substitu-
tion of the mechanical drive of a passenger car for a series hydraulic hybrid transmission. The new “Hydrid”
power train from Innas and the RWTH Aachen University reduces the fuel consumption of a medium-sized car by
50 %. The CO, emissions are reduced to 82 g/km, a level far below the EU-limit for the year 2012 (120 g/km).

1 Introduction

Innovation is driven by changes in the eco-
nomic environment. A change of market
demands and requirements leaves the in-
dustry no other option: it has to innovate.
The automotive industry is currently fac-
ing the most fundamental changes of its
history: strong fluctuating fuel prices, new
CO,limits and an unprecedented cost pres-
sure. Given these circumstances the indus-
try has to innovate and is indeed willing to
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do so. The new economic and legal de-
mands seem to be both defying and con-
flicting. For the reduction of fuel consump-
tion and CO,-emissions, all hope is focussed
on the (parallel) hybrid electric drive train,
with the all-electric transmission on the
horizon as the ultimate solution. The elec-
tric components however cause a strong
increase of the manufacturing cost, result-
ing in a limited market acceptance. Recent
studies showed a very limited potential for
hybrid electric vehicles of less than 10 % of

the total sales volume by the year 2035 [1,
2]. The hybrid electric transmission is also
by far the most expensive option for CO,-
abatement [3].

The cost increase of hybrid electric
transmissions is inevitable. Being a paral-
lel hybrid solution, the electric system is
an add-on to the mechanical transmis-
sion, and by definition increases com-
plexity, weight and cost of the vehicle.
Despite mass production, electric trans-
mission components are still an order of




a magnitude too expensive [4, 5]. Further-
more, the poor average cycle efficiency
of the batteries and the electric motors
result in a limited reduction of the fuel
consumption.

A better solution would be to replace
the mechanical transmission by a hydrau-
lic transmission having accumulators for
energy recuperation and power manage-
ment. The result is a “Hydrid”, a series hy-
draulic hybrid vehicle [6, 7], which has the
same basic architecture as a series electric
hybrid drive train, Figure 1. However, com-
pared to electric batteries, motors and con-
trollers, hydraulic transmission compo-
nents are extremely robust, have a much
higher power density and have much low-
er manufacturing cost. It is furthermore
expected that a hydraulic transmission
will have the same weight and manufac-
turing cost as the mechanical transmission
it replaces. Key for the success of the Hy-
drid is the introduction of hydraulic trans-
formers (depicted above) for power control.
Furthermore a new multi-piston principle
is applied which strongly reduces the
noise, vibration and harshness issues re-
lated to conventional hydraulic motors.
Simulations of the new drive train have in-
dicated that the fuel consumption will be
reduced by more than 50 %. Although the
average cycle efficiency of the hydraulic

transmission is not as high as of the me-
chanical transmission, this is more than
compensated by the efficiency advantages
of the hydraulic transmission due to its ca-
pabilities for power management and en-
ergy recuperation.

The new “Hydrid” transmission does not
exclude the electric battery. On the contra-
ry, it facilitates the introduction of a base
load electric system which can now be
much smaller than of current hybrid elec-
tric vehicles. But even without the help of
batteries, small hydraulic accumulators
with a volume of 10 to 20 1 are sufficient to
handle most of the brake energy recovery
and all of the power and traction transients
of the vehicle.

2 Maintaining the Performance

The drive train of a vehicle is dimen-
sioned for peak performance, for in-
stance for being able to climb a moun-
tain pass with a trailer load or for fast ac-
celeration from 0 to 100 km/h. These
peak requirements differ very much
from average, day-to-day driving condi-
tions, Figure 2.

The engine operation has an enor-
mous influence on the fuel consump-
tion. When accelerating or cruising dur-
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Figure 2: Required total wheel power for a mid-sized passenger car with a curb weight of 1450 kg

driving the US FTP-cycle, in comparison to the installed engine power. During 80 % of the propul-

sion time, the required wheel power is less than 11 kW (indicated by the grey band in the diagram)

ing the FTP-cycle, the maximum required
wheel power is 32 kW, less than one third
of the installed engine power. During 80
% of the time the power demand is less
than 11 kW and for half the time even
less than 5 kW. At these power levels the
engine has a very poor efficiency, which
is the main reason for the high fuel con-
sumption of passenger cars, especially
when driving in the city. Low load opera-
tion of the engine can however be com-

pletely avoided by applying an energy
storage system in the drive train. The en-
gine power does not need to be reduced
and the vehicle performance is not com-
promised. The energy storage allows the
engine to be operated at relatively high
loads and power outputs, even when the
vehicle only requires a low propulsion
power. Whatever the engine produces in
excess can now be supplied to the energy
storage system.

Figure 3: Lay-out of the Hydrid: a series hydraulic hybrid transmission
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There are several advantages for hav-
ing an energy storage system integrated
in the transmission of a passenger car.
The engine operation is strongly im-
proved, without compromising the max-
imum performance of the engine or the
vehicle. Moreover, the storage system fa-
cilitates start-stop-operation of the en-
gine, thereby eliminating idle losses of
the engine. Furthermore, the energy
storage system can also be used for recu-
perating the kinetic energy of the vehicle
when braking. Contrary to most expecta-
tions, passenger cars do not need a large
energy storage for energy recuperation.
Most brake actions only require a storage
capacity of about 30 Wh, much less than
the capacity of an average starter battery.
However, the power demands for such a
storage system are quite high, Figure 2.
Any energy storage system for a passen-
ger car must therefore be capable of han-
dling and managing high and strongly
varying power levels: it foremost needs a
high power density, not a high energy
density.

3 Replacing the Mechanical
Transmission

Hydro-pneumatic accumulators fulfil
these demands. An accumulator is basi-
cally a pressure vessel having an internal
nitrogen volume. When oil is supplied to
the vessel, the nitrogen is compressed
thereby increasing the pressure of both
the oil and the nitrogen. Accumulators
are extremely robust, and although the
energy content is much lower than that
of batteries, they have an unparalleled
power capacity of more than 20 kW per
kg. Due to weight and cost constraints,
the size of the accumulators have to be
kept small, somewhere between 10 and
30 litres for an average passenger car.
The accumulators are connected to the
common pressure rail or CPR, Figure 3,
which is the power grid of the system. The
internal combustion engine is no longer
hard coupled to the wheels, but is instead
only used to drive a hydraulic pump. The
pump is a simple constant displacement
pump for which the torque demand T is
proportional to the pump pressure differ-
ential Ap:
Ap-V

T=30=

Eq. (1)



Hydraulic accumulators have a limited pres-
sure range, for instance between 200 and
400 bar. Assuming a displacement volume
Vof the pump of 60 cc/rev, it can be calculat-
ed that the pump (and engine) torque T var-
ies between 191 and 382 Nm. The engine
can therefore only be operated at high loads.
Strong part load operation is completely
avoided. The hydraulic power plant is only
operated if and when this is required for
maintaining a certain pressure level in the
high pressure accumulator. In case the ac-
cumulator does not need to be charged, the
engine is shut down completely, thus avoid-
ing any idling losses.

By means of the hydraulic transmis-
sion, the vehicle traction is directly cre-
ated at the wheel shaft by the hydraulic
motors. The traction is controlled by
changing the pressure differential across
the in- and output ports of these motors.
When reversing the pressure differential,
the hydraulic motors will act as pumps,
thereby decelerating the vehicle while
recuperating the brake energy and stor-
ing it in the accumulators. The hydraulic
transmission can be an all-wheel drive,
Figure 3, having a variable traction for
both axles and allowing energy recupera-
tion on all four wheels.

4 A New Hydrostatic Principle

In a conventional drive train the vehicle
traction and speed is directly related to
the engine torque and speed. The new
Hydrid transmission separates the power
supply from the load control and the
wheel traction is directly created at the
wheels. This makes the vehicle extremely
responsive, but it also sets high demands
for the wheel motors which now have to
fulfil all extreme demands of the vehicle,
and have to run in a wide speed and
torque range. The maximum torque
needs to be delivered at low vehicle
speeds where conventional hydraulic
motors have high friction losses. Further-
more the noise, vibration and harshness
(NVH) is extremely critical for the design
of a passenger car. The direct connection
of the hydraulic motors to the wheels
eliminates the opportunity of using
dampers and flywheels to reduce torque
ripples. The wheel motors therefore need
to have an extremely constant torque
output.

Figure 4: Cross section of a constant displacement floating cup motor/pump

on

Pl

Figure 5: Measurement of the torque output of three different hydraulic motors, relative
to the theoretical maximum torque output. The measurements are performed at 300 bar and

rotational speeds below 1 rpm

In the past few years a new hydrostat-
ic principle has been designed to fulfil
all these requirements [8]. The main
characteristics of this ,floating cup“
principle, Figure 4, are:

- multi piston design typically having
around 24 pistons

- mirrored configuration for reducing
the hydrostatic load on the bearing

- adirect conversion of hydraulic pres-
sure forces to torque (and vice versa)
with very low friction losses

- fit for low-cost mass production tech-
nologies like deep drawing, sintering,
fine blanking and sorting.

Figure 5 shows a comparison of the

measured torque at near-to-zero speed

conditions for three different hydrau-
lic motors relative to the theoretical
maximum torque. Only the floating
cup motor shows almost no torque loss-
es due to friction at these operating
conditions. It also is apparent that the
torque variations of conventional hy-
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Figure 6: Pressure differential between the high and low pressure accumulators and the demand-
ed pressure differential at the wheel motors during the first 500 seconds of the FTP75-cycle

draulic motors are not acceptable for a
direct wheel drive in a passenger car.
Only by means of a substantial increase
of the number of pistons, the torque
variations can be reduced to acceptable
levels.

The floating cup principle is capable
of running in a wide range of operating
conditions. As a motor it can directly
drive the wheel without the need of a

gear transmission. It can also be operated
at high pressures, thereby creating a
high wheel torque with a relatively small
motor. At a pressure of 500 bar, a float-
ing cup motor having a displacement of
56 cc delivers a wheel torque of 446 Nm.
Having four-wheel motors, the total
torque created is sufficient for a gradabil-
ity of 44 %, or for accelerating the car
from 0 to 100 km/h within 9s.

U [Lmin]

5 The hydraulic transformer

The pressure level in the high pressure
accumulator varies depending on the
state of charge. The pressure level rises
when recuperating the brake energy or
when charging the accumulator with
the engine-pump-combination. The
pressure in the accumulator differs
strongly from the pressure needed for
creating the required traction at the
wheels. Figure 6 shows the calculated
pressures for the first 500 s of the US
FTP75 cycle. In the simulation the vehi-
cle is only driven by two- wheel motors;
the other two are disengaged. A positive
pressure differential indicates a propul-
sion mode of the vehicle, whereas a neg-
ative pressure differential occurs when
the vehicle is braking.

The gap between the two pressure dif-
ferentials is bridged in the Hydrid by
means of a hydraulic transformer. This
transformer is the hydraulic equivalent
of a CVT, converting pressure and flow
instead of torque and speed:

npvming

Figure 7: Efficiency maps of the main transmission components of the Hydrid, including the NEDC operating points
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(Ap-Q), = (Ap-Q,, Eq.(2)
A new transformer has been designed on
the basis of the floating cup principle to ful-
fil the requirements of automotive trans-
missions [9]. The transformer allows a full 4-
quadrant operation of the vehicle (forward
propulsion, forward braking, reverse pro-
pulsion and reverse braking). One of the
most important features of the transformer
is its ability to amplify pressures. This is es-
pecially needed for fulfilling demands con-
cerning gradability, acceleration perform-
ance and elasticity, when the total required
wheel torque is much higher than the
torque needed for driving the NEDC or FTP-
cycle. The hydraulic transformers allow the
application of simple, small, robust and effi-
cient constant displacement motors for
driving the wheels. The motors can be kept
small since the transformers can amplify
the pressure level to a boost pressure of 500
bar, even when the pressure level in the ac-
cumulator is only 200 bar.

Without a transformer, variable dis-
placement motors would be needed to
meet the variable torque requirements at
the wheels. However, the maximum torque
of a variable displacement motor is deter-
mined by the pressure level in the high
pressure accumulator. The advantage of
pressure amplification is lost and the dis-
placement of the variable motor needs to
be increased to compensate for the lower
pressure level. In order to create the same
maximum torque, even when the accumu-
lator pressure is only 200 bar, the motors
would require more than double the dis-
placement volume. Aside from the extra
weight and cost of these larger variable dis-
placement motors, the larger size also re-
sults in a stronger part load operation and
a poor part load efficiency of the motors
during normal operating conditions.

6 Fuel Consumption and
C0,-emissions

The Institute of Fluid Power Drives and
Controls (IFAS) at RWTH Aachen Univer-
sity has performed an analysis of the spe-
cific fuel consumption and CO,-emis-
sions of the Hydrid. On the basis of effi-
ciency tests, efficiency maps of all pumps,
motors and transformers were derived,
Figure 7. These maps were implemented
in a DSHplus simulation model of a pas-

Table: Hydrid car parameters

empty curb weight

1450 kg

maximum traction

5700 N (4-wheel drive)

maximum vehicle speed 190 km/h
frontal area 2.26 m?
drag coefficient 0.26
dynamic wheel diameter 0.63m
rolling resistance coefficient 0.008

engine 100 kW diesel engine
size of the accumulators 20 Liter
pressure range of the accumulator 200-420 bar

pump displacement

56 cc/rev (constant displacement)

size hydraulic transformers

56 cc/rev (pump equivalent)

size of the wheel motors

56 cc/rev (constant displacement)

maximum Ap wheel motors

500 bar

senger car, including the most relevant
valve losses, accumulator losses and loss-
es in the connecting hydraulic lines. A
mid-sized European passenger car has
been taken as a benchmark, see the Table

for the specifications. The fuel consump-
tion has been calculated for both the
NEDC and the US FTP75-cycle.

The energy flow in a transmission with
energy recuperation is always more com-

Figure 8: Calculated energy flows for a conventional mechanical transmission (six-speed,
manual, AWD) and the new Hydrid drive train
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plicated than in a regular transmission
without recuperation. Figure 8 shows the
aggregated energy flows as calculated for
the New European Driving Cycle (NEDC).
The transmission losses of the mechanical
drive train are almost negligible and are
for certain much lower than of the hydrau-
lic drive train. The energy loss of the hy-
draulic drive train is partly due to the lim-
ited energy storage capacity of the accumu-
lator. With the hydraulic drive train, all
brake actions are performed by the hydrau-
lic wheel motors, which are then acting as
hydraulic pumps. The brake energy is
stored as much as possible in the hydraulic
accumulator, but as soon as the high pres-
sure accumulator has reached its maxi-
mum value, the rest of the brake energy is
dissipated in a pressure relief valve. Of the
1.9 MJ calculated hydraulic transmission
losses, 0.5 M] is dissipated in the pressure
relief valve. In the end 55 % (NEDC) to 76 %
(FTP75) of the energy supplied back by the
hydraulic transformers is effectively stored
in the accumulator. All hydraulic losses are
converted into heat. During the cycle the
average required hydraulic cooling capaci-
ty for both cycles is around 1.6 kW. An ad-
vantage of hydraulic components is that
the hydraulic oil transports the heat away
from the transmission components. Un-
like electric components there is no extra
cooling system needed.

The amount of energy that needs to be
supplied by the internal combustion en-
gine is almost equal for both transmis-
sions: the higher losses of the hydraulic
transmission are offset by the brake losses
of the mechanical drive train. Yet, there is
a large difference in the fuel consumption
of both drive trains, which is entirely due
to the way the engine is operated and the
effect this has on the engine efficiency. In
the Hydrid configuration the engine is
switched on and off and is only in opera-
tion during 10 % of the NEDC-time. But
when it is in operation, it is always run-
ning at high loads, between 170 and 350
Nm, Figure 9. Operation at low load condi-
tions, as is often the case with the mechan-
ical transmission, is avoided completely. As
a result, the specific fuel consumption is
reduced from 6.6 1/100km for the reference
vehicle to 3.1 1/100km for the Hydrid. The
specific CO,-emission is reduced from 174
to 82 g/km. The on-off operation of the en-
gine and the shift of operating conditions
will have an effect on the emission of par-
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Figure 9: NEDC-operating points of the engine of a conventional vehicle with a mechanical trans-
mission and of a vehicle with a Hydrid transmission, plotted on the efficiency map of the diesel
engine. The size of the bubble indicates the amount of energy the engine produces at that point

ticulates, NO, and other legislated exhaust
gas emissions. However, this is a concern
for all hybrid vehicles in which the engine
is shutdown whenever this is possible and
the engine is operated in different operat-
ing points. Eventually it is to be expected
that the engine control, and maybe even
its design will be changed to adapt and op-
timise the new operating regime of the
engine for the hybrid drive train.

7 Conclusion

Two new technologies, the floating cup
principle and a new hydraulic transform-
er, enable the entire replacement of the
mechanical transmission in passenger
cars by a series hydraulic hybrid transmis-
sion. This new Hydrid transmission reduc-
es the specific fuel consumption of a mid-
sized sedan by more than 50 %, without
compromising the cost, weight, accelera-
tion performance or gradability of the ve-
hicle. The CO,-emission is reduced to
82 glkm, far below the limits set by the
European legislation for the year 2012
(120 g/km). These reductions are mainly
realised by forcing the engine to operate
at high loads only and shutting it down
when whenever the accumulator is
charged. Essential for the low fuel con-
sumption of the Hydrid are the high part
load efficiencies of the new hydraulic

components. The same series drive line
lay-out may be realised with electric or
conventional hydraulic units, but these
lose a very large part of the reduction po-
tential because of their rather poor part
load efficiencies. The new Hydrid trans-
mission also facilitates the application of
electric batteries, which can be used for
their strength (energy density) without
letting their weakness (power density)
lead to compromises regarding cost,
weight or performance of the vehicle.

References

[1] Bandivadekar, A. et al: On the road in 2035. In:
Report No. LFEE 2008-05 RP, MIT, 2008, Boston, USA
Pickett, J.: Sustainable biofuels - prospects and
challenges. In: The Royal Society, 2008, ISBN 978 0
85403 662 2

Vahlenkamp, T.: Kosten und Potenziale der Vermei-
dung von Treibhausgasemissionen in Deutschland.
McKinsey & Company, Inc. 2008

Rogers, S.: Advanced power electronics and
electric motors (APEEM) R&D 2008

Fessler, R.: Electrical and electronics technical
team roadmap, FreedomCar USA 2006

Achten, P. et al: Energy efficiency of the Hydrid.

In: 6.IFK, Dresden, Volume II, 2008

Kohmaéscher, T. et al: Hydrid — ein Weg aus der
Emissionsfalle. In: Automobil Konstruktion 3/2008
Palmen, A. et al: Wirkungsgraduntersuchung an
einer Floating Cup-Axialkolbenpumpe. IFAS RWTH
Aachen, 2007

Achten, Pel al: The Innas Hydraulic Transformer —
The Key to the Hydrostatic Common Pressure Rail.
In: SAE2000-01-2561

[2

[3

[4

[5

6

[7

8

9



	Page #1
	Page #2
	Page #3
	Page #4
	Page #5
	Page #6
	Page #7

