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ABSTRACT
The requirements of passenger cars regarding driving fun and comfort are continuously
growing. In spite of this fact the fuel consumption and the emission of vehicles has to be
reduced. Hybridization is one of most effective measures to reach challenging emission and
consumption targets.
In order to show Siemens VDO's portfolio for hybrid components "at work" and integration
capabilities the hybrid development house at Siemens VDO decided to build a state of the art
full hybrid vehicle.
The idea: combine driving fun with reasonable fuel economy. The result: an uncompromised
sport coupé with excellent driving features.
Siemens VDO has accepted the challenge to fulfill the increasing demands on hybrid electric
drives. We are in the process to develop a Hybrid Tool Box, which includes high and low voltage motor inverters, electric motors and vehicle control algorithms. The sport coupé is
equipped with components out of this hybrid tool box with top level performance.
This paper describes the contents of the hybrid tool box and in detail the demonstration vehicle. It explains the development targets, the powertrain and electrical setup, and the hybrid
components like electric motors, power inverters and high power Lithium battery. Closer attention is dedicated to the driving strategy and energy management – a functional system called
Integrated Powertrain Management IPM®. Special solutions for air conditioning, combustion
engine start and pure electric driving will be discussed. In this context the concept of the "electric clutch" will be also presented. The summary of evaluations concerning driving dynamics,
pure electric range and fuel consumption will show the range of full hybrid capabilities.
The possible portability to different vehicle concepts will give an outlook.
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Introduction

Discussing about alternative propulsion systems for road vehicles the Hybrid Vehicle is currently everybody's favorite. Other than bio fuels, LPG/CNG or hydrogen the hybrid requires no
additional infrastructure. The motivations, however, vary in a wide range. From reducing fuel
consumption, improving emissions or showing a green image the scale goes up to using HOV
lanes, scooping tax benefits or offering latest technology. Hybrids are highly visible, and the
discussion about them as well.
This paper discusses Siemens VDO's toolbox solution for HEV components and goes in detail
introducing the Siemens VDO Full Hybrid Sport Coupé. Based on a Mercedes-Benz C-SportCoupé this vehicle exhibits the abilities of a high power hybrid in a new concept: a sporty application. With this vehicle Siemens VDO intends to display their components and their system
know how. A bunch of highly ambitious development targets for the HEV system and their
components have been set and will be discussed here.
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Siemens VDO's Hybrid Toolbox Approach

In October 2004 SV has started the "HEV@SV Tool Box" key project as successor of the
already ongoing EV- and Mild-Hybrid activities. Primarily the objective target was to centralize all essential technologies for construction of hybrid drive systems starting from micro- over
mild- up to full-hybrid and thereby generate a first product platform to be used as a proposal
for OEMs in 2008/2009.
As a matter of market analysis end of 2005 the main focus of the development was set on high
voltage systems. In detail this includes besides necessary system functions for electric drive and
vehicular integration particularly the components e-motor and power electronics as well as
interfaces for the energy storing systems.
New prototypes have been developed that will be inserted in different prototype vehicles at
Siemens VDO and key customers.
The system platform "HEV toolbox" enables us as a system provider for complete hybrid
drives. Further it enables SV with assistance of capable partners to illustrate the functional and
physical integration of "HEV tool box" as a whole within the vehicle. For this purpose the requirement is voluminous knowledge and an efficient tool chain to develop constructions of
hybrid systems and also to simulate their actions within the vehicle.
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Targets Definitions Full Hybrid Sport Coupé

3.1

Hybrid Sport Coupé – General Requirements

The basic idea is to create a hybrid sport application with excellent driving features. An improved acceleration and elasticity alongside with improved fuel consumption are the main features.
The physical driving behavior of the base vehicle may not be disturbed, but should be further
improved. Special attention is spent on weight distribution front axle to rear axle. Handling and
steering of the car will thus be kept at the optimum point. Special care needs to be taken for
regenerative braking, because it is done over the rear axle only. Stability and safety must not be
compromised.
The addition in weight needs to be as moderate as possible. Wherever possible the additional
mass must be placed in locations where above mentioned driving features are supported.

3.2

Technical Performance Targets
•
•
•
•
•
•
•
•

3.3

Convincing "Fahrleistungen": 0... 100 km/h < 6 s, 80...120 km/h < 10 s
Electric Power level: 75 kW
Torque: 276 Nm (more than combustion engine of base vehicle)
Electric Driving: Range ~ 5 km
no torque converter (T/C)
> 20 % better fuel economy than conventional base vehicle
Smart solution for air conditioning in engine off mode
comfortable (unnoticeable) blend from electric drive to conventional drive

Base Vehicle
Mercedes- Benz C230 K Sport Coupé
0...100 km/h:
8.1 s
fuel consumption
9.2 l/100km
CO2 emissions
219 g/km
weight
1475 kg
4 Cylinder in line, 16 valve,
1.796 ccm
max. power:
141 kW
max. torque:
260 Nm @ 3.500 U/min
compression ratio
8.5 : 1
5-speed automatic gearbox, torque converter
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Drive Train Architecture: Parallel Hybrid

The powertrain consists of the main e-motor, a clutch and a second smaller e-machine (SSG).
The main e-motor connects directly to the input shaft of the automatic transmission and replaces the torque converter. The second electric machine is located in the belt drive. It is responsible for quick and comfortable engine starts. Once the engine is synchronized to gearbox
speed the interconnecting clutch is closed. The target requirement is to generate zero shock in
the drivetrain and perform this sequence in less than 800 ms.

But the second machine secures also a safe operation of the hybrid vehicle when the battery is
low, especially with high vehicle load at steep grades, where the electric clutch (see below)
needs a lot of electric energy. The SSG is able to deliver a power of 5 kW continuously.
The concept of the electric clutch
To gain a maximum of fuel efficiency the torque converter has been removed from the
drivetrain. This measure had also other benefits: less weight and inertia, more space for the emotor.
In the regular drivetrain the T/C is used as launch element for the vehicle. The speed of gearbox input (N=0) and engine (N=700 rpm) have to be gradually equalized during launch. This
generates great losses in the T/C. A nice side effect of the T/C is its torque amplification. Depending on slip it may be as high as a factor 2.
The FH Sport Coupé uses the e-motor for launching. The e-motor has its maximum torque at
low speed including speed zero. A powerful and comfortable launch can be expected without
increased losses. Also during launch the e-motor has a great efficiency. In simulations we compared the launching behavior of the original vehicle compared to the "electric clutch". Even
with no T/C the e-clutch is faster to accelerate the car, whereby no fuel is used.
The T/C is also used as damping element between engine and gearbox and used to generate a
maximum of comfort during shifting. Damping has been addressed in the interconnecting
clutch, where a rotational damper is integrated.
The task of comfortable shifting has to be adopted by the gearbox itself. New shifting control
calibrations are required. The e-motor may be used to synchronize the transmission. The currently achieved comfort is already acceptable, and can be further improved by smaller changes
in the shifting algorithms.
Another option for high comfort is to avoid shifts completely, by using the massive boosting
torque of the e-motor.

Fig. 1: Mechanical Implementation of e-motor, clutch
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Functional Contents

5.1

Powertrain-Management, Operating Strategies and Energy
Mangement

5.1.1 Development approach
In a first step open loop simulations have been done by modeling the physical components and
the plant with the simulation tool AMESIM (Figure 2). Based on the results strategic driving
rules have been defined. An example is the timing of the mode transition between pure electric
launch and combined driving mode in order to reach the maximum possible vehicle acceleration.

Figure2: AMESIM model of the drivetrain and the plant

In a second step the strategic driving rules have been designed in the tool
MATLAB/SIMULINK and validated in a co-simulation with the AMESIM model. ClosedLoop-Simulations are an efficient method to validate and optimize the driving strategy before
implementing it in the real car. Figure 3 shows simulation results for the different driving
modes and the State of charge of the traction battery in the FTP75-cycle.

Figure 3: Example for Driving Mode Display of the simulation

After the validation in the simulation the designed SIMULINK control algorithms have been
implemented on a rapid prototyping unit in the Sport Coupé.
The control algorithms and the functional parts will be described in the next chapter.

5.2

Driving Strategy

Siemens VDO's driving strategy for Hybrid Electric Vehicles is called IPM® - Integrated Powertrain Management. IPM® is a supervisor on vehicle level.

As Figure 4 shows, IPM ® requires functional interfaces to the main drivetrain components, the
combustion engine, the electric machines, the transmission and the interclutch to realize different driving modes like pure electric driving or combined driving. Interfaces to the Battery
Management Systems (BMS) are essential for a sufficient and reliable Energy Management in
the Sport Coupé.
The driver pedals, the gear-lever and the Hybrid Display are of high importance for the selection of the driving modes on the one hand and the feedback to the driver on the other hand.
Last but not least several electric auxiliary components like air-conditioning compressor or
brake-booster vacuum pump have to be supervised to maintain comfort and safety functions.
Smart concepts realized in the Sport Coupé cause the need for optimized and efficient control
algorithms.

Figure 4: Interfaces from and to IPM®

The IPM® core functionality consists of two main parts, the Traction Energy Management
TREM and the Torque Management.
TREM receives the current battery status regarding state of charge SOC and state of health
SOH from the BMS. Depending on these characteristics the different driving modes are released or limited. The BOOST function for example can be deactivated by the TREM to prevent the battery from further discharge. Further on TREM sets charge and discharge limits
depending on the current battery status. Those limits are specific for the type of energy storage.
The Torque Management includes a driver and situation detection, which includes a driver
pedal interpretation for the accelerator and the braking pedal. In the Operating State Control
the different driving states like Launch, Pure Electric Driving, Boost, Regenerative Braking
and several more are determined. Depending on the selected driving state the corresponding
torque request is calculated in the Torque Management. For each driving state a torque or
speed request for the combustion engine and both electric machines, a target gear for the gearbox and a status for the interclutch have to be calculated. A special challenge is the transient

behavior between different driving states. Dynamic transients must not cause shocks in the
drivetrain and must not be recognized by the driver.

Figure 5: IPM® core

A typical driving cycle is shortly described in the following:
After the power up the driver engages gearlever-position D and steps on the accelerator pedal.
The Sport Coupé launches immediately in pure electric mode with the combustion engine declutched from the drivetrain. During further acceleration the combustion engine is started by
the Side Mounted Starter Generator and synchronized to the transmission input speed. If the
speed difference is minimized the interclutch is closed and the driving torque can be transferred
from the combustion engine. The electric machine is now either operated in generator mode to
charge the battery or in motor-mode to support the acceleration. During braking phases the
interclutch remains either closed or the clutch is opened and the combustion engine is shut off
to optimize the potential for regenerative braking.
In cold start situations IPM® can request gear neutral although gearlever-position D is selected
by the driver. The interclutch is closed and the combustion engine is started by the e-motor.
With the engine idling the interclutch is opened again, the gear is engaged and the vehicle is
launched pure electrically.
If the high voltage battery is deeply discharged the drivetrain is operated as serial hybrid. The
SSG generates continuously up to 5 kW of electric power.

5.3

Engine Operation

The engine serves as a torque source, besides the e-motor. IPM® controls on-off-state, torque
and speed of the engine.
All combustion system related items are still managed by the engine management. These functions are for instance warm up control, emissions, cat converter functions or oxygen sensor
functions.
Special attention is paid to a quick start. An engine start optimization was implemented by
using a special sensor that detects the rotation direction of the crankshaft it is possible to save

the exact crankshaft position during stand still of the engine. That enables a quick start within
average 90 ° crankshaft angle to the first fire or 350 ms from 0 to 1000 rpm.
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Components for Hybridization

6.1

E-Motor

The electric machine is an induction machine with an outer diameter of 286mm. The total axial
length including winding overhang is 153mm.
Figure 6 gives an overview about the simulated performance in motor mode with a DC-voltage
of 288V. As can be seen the continuous torque is 97Nm over a wide speed range. The 30 seconds peak torque, important for the acceleration behavior, is 276Nm within a speed range from
0rpm up to 2700rpm enabling a mechanic peak power of more than 75kW.
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Figure 6: Motor performance of the electric machine (DC-voltage 288V)

Figure 7 shows the simulated operating characteristics in generator mode for a DC-voltage of
288V. The continuous DC-power increases from 7kW at 1000rpm up to more than 30kW for
speed values over 3300rpm. Moreover the peak DC-power reaches values of more than 75kW
at higher speed for short time. In total the electric machine has a very high braking and boosting capability. This has a strong influence to the driving fun as well as to fuel economy. It
should be pronounced that measurements show a good accordance to the simulation results.
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Figure 7: Generator performance of the electric machine (DC-voltage 288V)

6.2

High Voltage SSG

As mentioned above the SSG has following tasks: engine start, redundant generator, air conditioning. For the engine start 60 Nm, at 3000 rpm at SSG (288V) are required. For the redundant generator 6 kW continuous DC power are possible with a water-cooled (by engine coolant 80°C) unit. , This is needed for the serial hybrid mode in multiple uphill launch condition.
In the Sport Coupé the installed unit is air cooled and can generate 5 kW continuously.
The weight and size are comparable to a 14V high power generator. However, the typical efficiency is with 90 % very high.
We use an induction machine with computer optimized design for torque density and efficiency.

6.3

High Power Inverter

The inverter electronics are one of the main focus points of the toolbox. In the Sport Coupé a
first inverter prototype was integrated using the platform developed in the Siemens VDO HEV
toolbox.
This inverter has the following key characteristics:
• Voltage range up to 450 V
• Continuos phase current 150 Aeff
• 5 sec boost current 300 Aeff
• Coolant Temperature 75°C
The inverter integrates several functions besides the e-motor drive. It also houses the control
board with the microcontroller. Monitoring, diagnostics and basic safety concept is included.
The IPM® functions may also be located in this ECU.
The power stage consists of three half bridge modules, using IGBTs as switching devices.
The volume of the inverter ECU is smaller than 5 liters. This small size and the ability to transfer up to 100 kW of electric power from DC side to AC side and vice versa are a remarkable
quality.
It may be placed under hood and fulfills engine and transmission mounting requirements.

Currently the A-Sample ECU is validated on the motor test bench. Thermal Measurements are
ongoing. All power data mentioned above have been tested and can be confirmed by measurements.

6.4

Auxiliaries

6.4.1 Air Conditioning, Engine Quick Start
In order to supply to the driver power-steering in case of stopped engine, the power-steering is
supplied by an electric pump.
The alternator is replaced by the SSG as explained. It performs the engine start and drives the
air conditioner. The original starter has been removed.
The SSG is equipped with a two layer pulley with integrated clutch. The following picture
shows the realized belt drive and illustrates the double function of the SSG:
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Figure 8 Belt drive and SSG belt principle

In case of cranking the SSG clutch is closed and the SSG can start the engine. If the engine is
running it is possible with a closed SSG clutch to drive also the air conditioner compressor by
the engine. Then the SSG machine is neutral or supplies the board net. In the hybrid operating
states electric driving or stop-start (the engine is stopped) the SSG clutch is open and the air
conditioner compressor can be driven by the SSG, if necessary. The energy for air condition is
delivered by the hybrid battery. Due to the high rotation speed of the SSG the air conditioner
compressor could be designed smaller than usual in such a car, thus reducing weight and improving efficiency.

6.4.2 Braking system
Common braking systems in vehicles are hydraulic braking systems, i.e. brake pedal, braking
booster with requested vacuum connection to the engine.
The Siemens VDO full hybrid system allows electric driving and stop-start function, i.e. the
combustion engine is switched off and therefore no vacuum supply for the brake booster and
other components are available. In order to guarantee the operation of the braking system during engine stop an additional vacuum pump is installed in the demonstrator.
One main benefit of hybrid systems is the regeneration of braking energy by the electric motor.
This energy is stored in the hybrid battery for later usage of electric driving or boosting. The

efficiency of the regenerated energy is dependent on the cooperation with the braking system.
In best case, all requested braking power is stored in the battery. However the battery charging
and electric motor power are limited, so that the requested braking power will only be recuperated until the limits are reached. Then the hydraulic brake takes over the difference between
driver requested braking torque and regenerative braking torque. Siemens VDO modified the
brake pedal with an "idle" travel, i.e. while pressing the pedal in the idle travel a sensor recognizes the actual position whereby IPM® adjust the electric regenerating power. Further brake
pedal travel activates the hydraulic system additionally.
The following picture shows the principal modification.

booster
connection
with slotted
hole for
electric travel

Figure 9: Modified Brake Pedal

In case of a fully charged battery, the electric braking power is reduced. Therefore the hydraulic braking system can also be activated during the idle travel by IPM® by controlling the brake
assist valve. This ensures the same braking behavior to the driver at all times, independent from
SOC/SOH of the battery

6.5

Battery

The development target was a full hybrid demonstrator with focus on outstanding driving performance, reduced fuel consumption and the ability for pure electrical driving. In order to
achieve the required peak power of 75kW to be delivered by the electric motor an adequate
energy storage system had to be chosen. Further constrains to the storage system were the
voltage level of 250V to 420V defined by an optimized operation of the power electronics and
the available space in the vehicle. Additionally, the energy storage has to be as light and reliable
as possible. These requirements led to the use of a Lithium-ion battery with an average power
density of 1300W/kg on cell level which is significantly higher than the power density of currently available NiMH batteries. An energy storage system based on double layer capacitors
could yield a similar or even higher power density however it could not delivery the energy
amount necessary for the pure electrical drive functionality.
The peak current of 300 A has to be delivered for a time of up to 5sec. The continuous power
load is limited to 30kW and a corresponding maximum current of 120A. Various Lithium-ioncells have been analyzed and tested before a high power nickel-cobalt based cell with 6.8Ah
capacity and a mass of 0.37kg was selected. Besides the very high discharge capabilities, its
peak recharge power of 200A for 10sec was another criterion which favored this choice.
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Figure 10: Power Handling per Cell, LiION

To reach the specified voltage level 100 of these cells were connected in series leading to a
battery system of 80 liters size. All auxiliary components such as fans, contactors, battery management system, fuse and sensors are included within this system.
For the safe operation of the battery system the voltage of each of these cells is supervised
individually. The thermal management is based on air cooling where the design of the battery
system guarantees a uniform temperature distribution among the cells. A number of temperature sensors make sure that no heating of the battery above the critical temperature of 60°C
occurs. An integrated battery management system always supervises all safety relevant quantities like over- and under-voltage as well as temperature, ground fault and sensor failures. Furthermore the cells were tested in several mechanical abuse scenarios. During those tests, fire or
explosions never occurred.
The functional integration of the battery system relies on the CAN communication of the battery management system with the vehicle management IPM®. The battery management provides the necessary data like the total battery voltage, the minimal and maximal cell voltage,
the state of charge, the momentary current limits for charge and discharge as well as the temperature. Based on this information IPM® ensures an optimized operation of the energy storage
system in conjunction with the total vehicle and the driver's demand.

Figure 11: Actual Photograph and X-Ray-View from Battery Prototype
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First Simulation Results Regarding Driving Performance and Fuel
Economy

Our simulations on system level and vehicle level show very promising values. The 0 ... 100
km/h acceleration takes less than 5 seconds. The elasticity values are very low: about 5 second
for 80 ... 120 km/h in 5th gear and the value for the 60 ... 100 km/h sprint is less than 4 seconds
in 4th gear.
Figure 12 shows the Torque and power characteristics for engine, e-motor and the combination as sum of the two corresponding values. It can be seen, that a peak torque of 530 Nm is
available. Since the gearbox of the car was exchanged to a 580Nm-unit, this torque can be
utilized in practice.
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Figure 12: Torque and power over rotation speed

Simulations in FTP driving modes show improvements of 30 ... 38 %, depending on driving
strategy and applied IPM®-functions. The functionality includes Stop Start, regeneration, pure
electric drive, gear shifting optimized to electric drive and regeneration and operating mode
shift.
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Summary and Outlook

This powertrain configuration supports a high potential for fuel consumption reduction as well
spontaneous and crisp driving behavior. One of the challenges is to design an electric drive
system that performs in extreme situations like steep grades with multiple stop start sequences.
For the Sport Coupé Prototype we found a solution that promises to work well. The potential
in fuel savings of 38 % (simulated) is great and benefits from omitting the T/Q and the high
efficiency of the electric drive including the battery.
The system can thus be transferred to other vehicle platforms like transversal engine, small mid
or large sedans. Even SUVs are possible, the weight to torque ratio has to finely balanced and
the serial hybrid mode needs to be adapted to cooling and battery capacity.
By coupling the traction energy management TREM to the navigation system and other advanced vehicle functions the fuel economy and driving limitation of the hybrid can further be
improved in future.

