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Electric Drive

An Electric Drive is an electromechanical system made of at 
least:

� one reversible Electric Machine (motor and generator 
mode)

� one Power Converter interfacing the e-machine with the 
energy/power supply and able to control the mechanical 
parameters (torque, mechanical power and speed) in motor 
mode, and the electric ones (voltage, electric power and 
current) in generator mode 

� some sensors: electrical (current and/or voltage), thermal 
(on the e-machine and the power converter) and mechanical 
sensors (e-machine rotor speed and position)
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AC Electric Drive Block Diagram
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AC Electric Drive Examples
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E-drive for Automotive Traction: Key Features

The main e-drive key features for automotive traction are:

� full reversibility (the machine can act both as motor and generator)

� high efficiency (largely higher than the ICE’s one on all the torque-speed 
map)

� zero losses in vehicle idle condition

� high dynamic behaviour and precision in torque/speed control

� max torque allowable also at zero speed

� high torque overload capability (transient/continuous torque ratio) 

� limited torque ripple (few percents of the desired value) and 
vibration/acoustic noise with favourable impact on the driveability

� high max speed values (up to tens of krpm with “conventional”
manufacturing technologies) with favourable impact on the sizing
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E-drive Contribution to Sustainable Mass Market Powertrains

Nowadays scenario:
� the existing “standard” powertrains (ICE plus mechanical 

transmission) have reached significant development and 
technological maturity levels and are able to fully satisfy the 
user needs

� at the same time, the “only” ICE based powertrains have 
problems in matching the user needs with the social 
(environmental) ones:

� local noxious emissions: CO, NOx, HC… � air pollution
� global emissions: CO2 (GHG) � average earth temperature 

increase and related climate changes

� Powertrains have to be dramatically improved in order to       
effectively contribute to a really sustainable development model
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Mass Market and Traction E-drives

Traction e-drives can effectively contribute to reach this 
ambitious target:
� thanks to their flexibility, they can assure a wide effect contribution: 

improving performance and/or comfort, reducing consumption and 
emissions…

� thanks to their modularity, they can cover wide power and torque ranges 
varying the form factor (l , rotor length/diameter ratio), between around 
0,5 and around 2

� they can be transversally applied in combination both with today and 
tomorrow propulsion systems (based on liquid fuel supplied ICEs) and 
alone in the future ones with electrical on board energy sources (as for 
instance FC Systems)

� These features will be increasingly important to find real 
synergies in a more and more fragmented mature market
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Short-Medium Term Scenario for Mass Production

For the short-medium term the direct usage in the ICE:
� (today) of fossil derived fuels, liquid (gasoline, diesel…) or 

gaseous (natural gas...)
� (tomorrow) of bio-fuels and/or synthetic fuels (GTL, BTL…)

will remain largely preferable due to:
� the impressive specific energy (around 12-13 kWh/kg instead of 

around 100 Wh/kg for the best electrochemical batteries)
� the availability of a wide and full refuelling net
� the highly reliability of the management and usage technology
� the simple, easy and quick refuelling procedures

� the electrically based alternative propulsion viable solutions 
will have to be hybrids (thermal-electric)
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Long Term Scenario for Mass Production

For the long term is possible to foresee the full development of
the hydrogen chain:

� Zero CO2 hydrogen production (renewable and/or nuclear)
� Distribution net
� Refuelling, usage and management (standardisation, safety, 

easier and quicker refuelling procedures…)

� the electrically based alternative propulsion viable solutions 
could be pure electric (FC supplied)
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FCVs Architectures for Mass Market Applications
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E-drives for FCVs: Key Features

The e-motor and related power converter are the only traction system of 
the vehicle. As a consequence the following characteristics are required:

� high continuous power up to maximum speed in order to bring the 
vehicle at its cruise speed 

� high speed (possibly with single speed reduction unit)

� high efficiency � vehicle range
� high dynamic behaviour � vehicle performance
� low torque ripple � driveability and comfort

to reach these goals, the e-motors have to be characterised by:

� high active length/rotor diameter ratio - llll (from less than 1 to 2)
� low pole pair number (usually 2 or 3)
� reduced rotor diameter in order to minimise:

� the centrifugal force (mechanical robustness)
� rotor inertia (high dynamic behaviour)
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Mass Market Applications: HEVs - FCVs Powertrain Synergies

Referring to the traction e-drives, the possible synergies can be 
investigated with a multilayer approach:

� complete synergies (level I): same e-drive or at least same e-
device (e-motor or power converter)

� wide synergies (level II): same “internal” parts:
� for e-motor: electromagnetic design and diameter (same 

laminations) with different core length
� for power electronics: same housing and power architecture 

and/or control board…

� minor synergies (level III):
� on single components (mechanical, thermal and or electrical 

sensors, passive components…)
� on materials (magnets…)
� on technology (to enable same or similar production lines)
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Main HEV Powertrain Configurations
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Series HEVs - FCVs Powertrain Synergies
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At traction powertrain level, the same e-motors and related power 
electronics can be used both in FCVs and series HEVs applications 
(Level I Synergy)

Common HEVs-FCVs powertrain



21Stuttgart, F-Cell Forum 2007 - September 25th, 2007 CRF-PR&T is the sole owner of this document. It cannot be copied or given to 
third parties without permission

Clutch
connected

Clutch
connected

Joint
connected

Joint
connected

Clutch connected

D
C

/A
C

C
o

n
ve

rt
er

Mechanical
Transmission

Electric
Motor

A
C

/D
C

C
o

n
ve

rt
er

Thermal
Engine

Fuel
Tank

Electric
Generator

Batteries

CombinedCombined

Double drive
system

Double drive
system

Single shaft

DC/AC
Converter

Mechanical
Transmission

Electric
Motor

Thermal
Engine

Fuel
Tank

Batteries

Single shaftSingle shaft

ParallelParallel

Double shaftDouble shaft

Double energy
source

Double energy
source

D
C

/A
C

C
o

n
ve

rt
er

Mechanical
Transmission

Electric
Motor

A
C

/D
C

C
o

n
ve

rt
er

Thermal
Engine

Fuel
Tank

Electric
Generator

Batteries

Double energy source

Double energy
storage

Double energy
storage

SeriesSeries

Electromechanical split

DC/AC
Converter

Electric
Motor

AC/DC
Converter

Electric
Generator

Planetary
gear

Fuel
Tank

Thermal
Engine

Batteries

MixedMixed

Electromechanical
split

Electromechanical
split

Electromagnetic
split

Electromagnetic
split

Niche 
applications

Niche 
applications

Series and Combined Hybrid Vehicles remain 
at small fleets or prototype level, focusing on 
niche markets driven by stronger environment 
requirements

Parallel and Mixed (Complex Split) Hybrid 
Vehicles are today available on the market 
as general purpose vehicles. They lead the 
way to cost-effective solutions for mass 
production

Clutch
connected

Clutch
connected

Joint
connected

Joint
connected

Clutch connected

D
C

/A
C

C
o

n
ve

rt
er

Mechanical
Transmission

Electric
Motor

A
C

/D
C

C
o

n
ve

rt
er

Thermal
Engine

Fuel
Tank

Electric
Generator

Batteries

CombinedCombined

Double drive
system

Double drive
system

Single shaft

DC/AC
Converter

Mechanical
Transmission

Electric
Motor

Thermal
Engine

Fuel
Tank

Batteries

Single shaftSingle shaft

ParallelParallel

Double shaftDouble shaft

Double energy
source

Double energy
source

D
C

/A
C

C
o

n
ve

rt
er

Mechanical
Transmission

Electric
Motor

A
C

/D
C

C
o

n
ve

rt
er

Thermal
Engine

Fuel
Tank

Electric
Generator

Batteries

Double energy source

Double energy
storage

Double energy
storage

SeriesSeries

Electromechanical split

DC/AC
Converter

Electric
Motor

AC/DC
Converter

Electric
Generator

Planetary
gear

Fuel
Tank

Thermal
Engine

Batteries

MixedMixed

Electromechanical
split

Electromechanical
split

Electromagnetic
split

Electromagnetic
split

General 
purpose 

applications

General 
purpose 

applications

HEV Powertrain Configurations and Mass Market Applicability



22Stuttgart, F-Cell Forum 2007 - September 25th, 2007 CRF-PR&T is the sole owner of this document. It cannot be copied or given to 
third parties without permission

Due to the different application needs and constraints, the e-motors for 
FCVs and parallel-split HEVs are geometrically different:

� FCVs e-motors: high l , low pole pair number and reduced rotor 
diameter

� Parallel-split HEVs e-motors: very low l , high pole pair number, high 
stator diameter and, for coaxial single shaft parallel hybrids, high 
internal rotor diameter

As a consequence:
� level I synergy is not possible
� level II synergy is very difficult and limited (it would require to 

share a low pole number FCVs e-motor lamination and high stator 
slots for poles and phases number (q) with a low q high pole number 
un-optimised HEVs lamination (stator joke oversize))

� level III synergy is largely possible

Parallel and Split HEVs - FCVs Powertrain Synergies
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HEVs - FCVs Power Electronic Synergies (1/2)

At power electronics level, the following level II synergies can be 
applied for single unit integrating inside one bidirectional DC/DC 
step-up and two DC/AC Inverter units:

� for FCVs powertrains: traction inverter, air compressor 
inverter and DC/DC for the power buffer

� for complex parallel hybrids: traction inverter with step-up unit 
and inverter for a BAS device

� for complex split hybrids: traction inverters (for the two 
electric machines) with step-up unit

Level III synergies are always possible
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HEVs - FCVs Power Electronic Synergies (2/2)
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FCVs Powertrain Trends: E-motor Typologies

� the best solution is an AC mixed machine: synchronous 
with buried permanent magnets

� this e-machine can be seen both as an AC synchronous 
with Internal Permanent Magnets or a Synchronous 
Reluctance with Permanent Magnets mainly depending on 
the amount and position of the buried PMs

� the design target is to maximise the performance with a 
correct balancing and integration of the isotropic 
torque (the synchronous brushless contribution) and the 
anisotropic one (the synchronous reluctance contribution)

Toyota Prius: rotor PMs
positioning in the first and second 
generation solution
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High volumes manufacturability

Identify highly automated and cost competitive  processes in order 
to guarantee the typical high performance of the devices realised 
in low volumes (with limited manufacturing process automation):

� Segment bars winding (one or two layers): very high filling 
factors, really short end windings, lower leakage inductances, 
better cooling with a high quality manufacturing process

� Single pole winding combined with teeth plug-in approach

� New end winding potting techniques to guarantee a better 
cooling, higher electrical insulation and mechanical 
robustness

FCVs Powertrain Trends: E-motor Technologies (1/2)
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End-winding Potting
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Single pole winding combined with teeth plug-in approach

High volumes manufacturability

FCVs Powertrain Trends: E-motor Technologies (2/2)

CRF
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FCVs Powertrain Trends: Power Electronics and Control (1/2)
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Power Electronics Trends

Control Trends

· Digital control techniques with low cost high 
performance DSPs, FPGAs and/or m-processors

· Direct Torque Control (DTC) approaches and 
mechanical sensorless controls

· Hybrid Modulation Techniques:
• Digital PWM (Space Vector) at low speed
• Six Step at high speed

and reduced commutation modulation approaches

Integrated step-up and inverter structures
Higher voltage switches (synergies with industrial 
applications)
Novel active (SiC-IGBT) and passive (aluminium
capacitors) devices to:

• Increase the operating temperature Tj 200°C (to 
enable higher cooling temperatures)

• Reduce the losses:
• Commutation time reduction
• Lower conduction losses (lower VCEsat)

Compliant with harsh automotive environment
High volumes packaging/manufacturing technologies
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FCVs Powertrain Trends: Power Electronics and Control (2/2)

Toyota
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FCVs Powertrain Trends: E-motor and Inverter Integration

Daimler

E-motor and inverter integration in order to:
• reduce the mechanical housings
• simplify the e-drive cooling system
• have a shorter AC connecting power wiring
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HySYS Project: general information

Project name: HySYS – Fuel Cell Hybrid System Component Development 
Coordinator: Daimler, Dr. Jörg Wind

Project main partners:
CRF, Daimler, PSA, Renault, Volvo, VW, AVL, Bosch, Continental Temic, Magna 
Steyr, Saft, ATB, Fischer Precise, TNO, CNM, ENEA, Continental Temic, Fumatech, 
MicroChemical, NuCellSys, Rivoira, Selin Sistemi, RWTH Aachen,  EPFL, University 
of Montpellier, University of Maribor, Fachhochschule Esslingen

Expected final results:
� Low cost automotive electrical turbochargers for air supply with high efficiency and 

high dynamics
� Low cost humidifiers with high packaging density
� Low cost hydrogen sensors for automotive use
� Effective low cost hydrogen supply line
� High efficient, high power density drive train
� Low cost high power Li-Ion batteries
� Enhanced FC-drive train efficiency
� Two FC-vehicles to validate the achieved results and visualize the progress
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E-drives for FCVs HySYS Project Examples

� 3 phase DC/AC power converter
� 440 Arms continuous (231 kW)
� efficiency: 98% 
� integrated 14V DC/DC converter 

(2.5 kW)

� 3 phase PMaSR e-motor
� rated power: 40 kWmec
� max transient torque: 205 Nm
� max operating speed: 12000 rpm

CRF- Selin Sistemi
Conti Temic
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Conclusions

� Traction e-drives, thanks to their features, are a key option for 
the modern powertrains to satisfy at the same time the 
environmental needs and the final users ones both in 
combination with ICEs (short-medium term) and alone (long term)

� in order to speed up the process towards the FC applications 
reducing the related costs, it is very important to find all the 
possible synergies with Hybrids to enlarge the volumes and 
reduce the costs also at electric powertrain level

� the wider possible direct synergies is with the series hybrids but 
this solution is not the “ right one” for the mass market

� the synergies with the parallel-split mass market hybrids are also 
possible but can be obtained only acting at a deeper level
(“inside” the e-devices) and need a level of knowledge of these 
devices higher than the “ standard” car manufacturer one
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Thank you for the attention!


