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MEGEVH network 2

Coordination:
2005-2019 A. Bouscayrol
2019-Present S. Jemai

6 projects
4 PhDs in progress
11 PhDs defended

8 industrial partners
10 academic Labs

(Energy management of
Hybrid and Electric Vehicles)

http://www.megevh.org/ 

Development of modeling & 
energy management methods

independently
of the kind of vehicle

EMR as 
common tool

v
Bat road

Strategy

vref



Support IEEE VTS 3

• Non-profit professional organization for advancing technological innovation 
and excellence

• 400,000 members from 160 countries (30 % students)
• 38 societies on technical interest

• Activities
– scientific workshop, conferences, publications, standards
– database IEEE Xplore, 3.5 millions documents, etc

IEEE - Institute of Electrical & Electronics Engineers 

• Technical topics
– land, airborne and maritime services
– mobile communication, vehicle electro-technology

• 2 publications and 4 annual conferences
• Distinguished Lecturer Program

IEEE – Vehicular Technology Society

Prof. A. Bouscayrol
• HIL simulation
• EMR formalism
• EVs and HEVs

IEEE VPPC’24, Washington DC 2024
300 attendees from 28 countries
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Green Houses Gase in Europe 6

[McKinsey 2020]

The GHG of all
sectors are
decreasing….

except 
transportation



Green Houses Gases in Europe 7

[Rodríguez 2018]



Comparison of thermal and electric vehicle 8

Thermal vehicle
• local pollution
• engine losses > 70%
• driving range > 600 km
• energy charging < 5 min

Electric Vehicles
• no local pollution
• e-motor losses < 10%
• driving range < 300 km
• energy charging > 5-10 h

EVs require a new mobility!MT = Mechanical Transmission 
PE = Power Electronics

PE electric
machineBattery

thermal
engine

fuel MT



Hybrid vehicles 9

fuel
Hybrid vehicle:
- advantage of each technology
- higher cost
- complex control

Battery PE

thermal
engine

TM
electric
machine

Various configurations:
• different power ratios PICE/PEM
• different component organization

Toyota Prius 3

http://www.toyota.com/

http://www.mpsa.com

Peugeot 3008 HY4



Fuel cell vehicles 10

H2 PEFC electrical
machine

Fuel cell vehicle :
= EV with battery 

replaced by a fuel cell 
and a H2 tank

http://www.honda.com/

Honda Clarity FX

FC vehicle with 
hybrid storage
= another kind 

of HEV

electrical
machine

Battery

H2

PE

FC

http://www.toyota.com/

Toyota Mirai



Other vehicles 11

Solar-impulse (50 kW)Boeing Dreamliner (1,4 MW)

MS Turanor (120 kW)MAGLEV 
Shangaï

DAF LF Hybrid truck

E-bike, e-motorbike Light EVs, Grenobe (France)



Ragone plot 12

SuperC

batteries

petrol
+ 

ICE

H2
+

Fuel
Cell  

Fly
wheel ?

unidirectionalHybridation ?

Energy density (Wh/kg) ~ mileage range

Power density 
(W/kg) 

~ acceleration,
charge time



Hybrid topologies 13

ICE

EM

BAT

EG

Series Parallel HEV

Fuel

ICE

EM

BAT

Fuel

?

ICE

EM

BAT

Fuel

EG

Series HEV electrical node

ICE

EM

BAT

Fuel

Parallel HEV

mechanical node

power flows



Hybridization rate 14

• thermal traction

• internal charge of battery

• Stop & Go

• regenerative braking

• electrical boost

• electrical traction

• external charge

EMICE

ICE EM

ICE EM

ICE EM

ICE

EM

TV

µ HEV

mild HEV

full HEV

(power ratio associated with functionalities)

Plug- HEV



Control challenge 15

BEV

GB

TV control

Electric
machine

TV

Trans.power
electronicsBat.

EV control

Controls of TVs and BEVs: 
mono-objective (no optimization) to  ensure the driving cycle

pedals

clucth

pedals

Fuel
ICE

parallel 
HEV

Electric
machine

Trans.

power
electronicsBat.

HEV control

Controls of HEVs: 
• multi-objective: ensure driving cycle 
AND reduce fuel consumption

• various modes: pure electric, 
(pure thermal, hybrid, etc.)

pedals

Fuel
ICE

Power
coupling



Charging challenge 16

New technologies and developments? “Smart” charge?
but also
A new way to manage our energy charge?

• slow charge at home 
/ at work (4-10h?)
(plug or induction)

• ultra-fast charge at specific 
station (1/2h?)

• battery swap station
(5-10 min?)

http://france.betterplace.com/



Grid connection challenge 17

http://my.epri.com

V2G

G2V

New concepts for 
grid management?
but also
A new way to manage 
our energy prize?

(Vehicle to Grid)



Life Cycle Assessment challenge 18

Life Cycle Assessment (LCA): 
“From cradle-t-o-grave”
Methodology for estimation of the 
environmental impacts of a product 
all along its life time
(pollutant emissions, water, air 
toxicity, soil pollution, energy…)

LCA for vehicles
“for fair comparison”

Manufacturing Usage End of Life

Well-to-wheel

recycling

waste



Life Cycle Assessment  & GHG 19

Manufacturing
+ end-of-life

usage

Electric 
Vehice

Thermal
Vehicle

electricity:
80% coal

electricity:
75% nuclear
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Simplified EV 21

Objective: 
control of the traction system in straight lines

Simplifications: 
• a permanent magnet DC machine is considered in a first step
• an equivalent wheel is considered (no curve)

ubat

i Tim

Ω gear

its



Modelling and EMR 22

ubat

Tim

Ω gear

its

ubat

ichop

uchop

iarm

mchop

   
 i
 u

chopchop

chopchop





=
=

arm

bat

im
Vm

Battery

Structural
Representation

Functional Description



Modelling and EMR 23

idcm

ubat

i Tim

Ω gear

its

ubat

Battery
ichop

uchop

iarm

Tdcm

Ω shaftedcm

mchop

Ω gear

Tgear

dcmarmdcmchopdcmarm iReui
dt
dL −−= geargeardcmgear fTT

dt
dJ ΩΩ −−=





=
=

geardcmdcm

dcmdcmdcm
ke

ikT
Ω



Modelling and EMR 24

ubat

i Tim

Ω gear

its

ubat

Battery
ichop

uchop

iarm

Tdcm

Ω shaft Twh

idcm

Tdiffedcm

mchop

Fwh

Ω shaft

Tgear

Ω gear Ωdiff vev







=

=

shaftgeargear

diffgeargear

k

TkT

ΩΩ 





=

=

geardifdif

whdifdif

k
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ΩΩ 





=
=

diffwhev
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Rv
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Modelling and EMR 25

ubat

i Tim

Ω gear

its

ubat

Battery
ichop

uchop

iarm

Tdcm

Ω shaft Twh

idcm

Tdiffedcm

mchop

FwhTgear

Ω gear Ωdiff vev Fwh

Fres

vev

vev

restotev FFv
dt
dM −=

Ω shaft



Modelling and EMR 26

Ω shaft

ubat

i Tim

Ω gear

its

ubat

Battery
ichop

uchop

iarm

Tdcm

Ω shaft Twh

idcm

Tdiffedcm

mchop

FwhTgear

Ω gear Ωdiff vev Fwh

Fres

vev

vev

Conflict of association:
Ωshaft and vev state variables but shaftgeardiffwhev kkRv Ω=

permutations



Modelling and EMR 27

ubat

i Tim

Ω gear

its

ubat

Battery
ichop

uchop

iarm

Tdcm

Ω shaft

idcm

edcm

mchop

Fwh

Fres
Ω gear Ωdiff vev

Fwh

Fres

vev

vev

Conflict of association:
a unique state variable is required!

merging

Tgear Tdiff vev

restoteveq FFv
dt
dM −=

( )222
whdiffgear

shaft
eq Rkk

J
MM +=



Modelling and EMR 28

ubat

Battery
ichop

uchop

iarm

Tdcm

Ω shaft

idcm

edcm

mchop

Fwh

Fres
Ω gear Ωdiff vev

Tgear Tdiff vev

Env.

α

A

α
M g

Faero

½ Froll½ Froll

Fgrade

αρα sinMgvACcosMgkF evxairrollres ++= 2
2
1



Tuning path 29

Objective: control the EV velocity

Tuning variable: modulation ratio of the DC-DC converter

chopper DC machine gearboxes wheel chassis

ubat

Battery
ichop

uchop

iarm

Tdcm

Ω shaft

idcm

edcm
mchop

Fwh

Fres
Ω gear Ωdiff vev

Tgear Tdiff vev

Env.
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Maximal Control Structure 31

Maximum Control Structure: 
• inversion of each element step-by-step
• all variables are assume measurable

chopper DC machine gearboxes wheel chassis

ubat

Battery
ichop

uchop

iarm

Tdcm

Ω shaft

idcm

edcm
mchop

Fwh

Fres
Ω gear Ωdiff vev

Tgear Tdiff vev

Env.

vev-refFwh-refTdiff-refTgear-refTdcm-refidcm-refuchop-ref



Practical Control Scheme 32

Example of simplification: 
• merging of gains

vev-refFwh-refTdiff-refTgear-refTdcm-refidcm-refuchop-ref

merging

ktot=k1k2k3k4

chopper DC machine gearboxes wheel chassis

ubat

Battery
ichop

uchop

iarm

Tdcm

Ω shaft

idcm

edcm
mchop

Fwh

Fres
Ω gear Ωdiff vev

Tgear Tdiff vev

Env.



Practical Control Scheme 33

chopper DC machine gearboxes wheel chassis

ubat

Battery
ichop

uchop

iarm

Tdcm

Ω shaft

idcm

edcm
mchop

Fwh

Fres
Ω gear Ωdiff vev

Tgear Tdiff vev

Env.

vev-refFwh-refTdiff-refTgear-refTdcm-refidcm-refuchop-ref

vev-est

Example of estimation: 
• estimation of velocity



Simulation using a functional software 34

Matlab-Simulink ©, using the EMR library



Implmentation on the real vehicle 35

Electronic
Control Unit

sensors
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CVT-based HEV 37

IC Engine CVT

belt

inverter

Parallel HEV using a Continuous Variable Transmission (CVT)

fuel
tank

battery

PM electrical
machine

Tice

Ωice

Tem

Ωice

Ttot

Ωice

Ttc

Ωtc

Tcvt

Ωwh

CVT: gearbox with a continuous ratio
Interest: accurate adaptation of the ICE speed
Drawback: efficiency max of 85%



EMR and MCS of the CVT-based HEV 38

EMS for fuel reduction:
• choice of the CVT ratio (ucvt)
• energy distribution between e-drive and ICE (kD2)
• brake distribution between e-brake and m-brake (kD1)

[Chouhou 13]
Tblt-ref Ttc-ref Tcvt-ref vhev-ref

brake

ubat

battery

ICE

road
ivsi

Tem

Tem-ref

Ωblt

Tice-ref

Tice

Ωice

Ωtc

Tblt Ttc Tcvt Fwh Ftot

Fres

vhev

vhevvhev

vhev

Fbk

Fbk-ref

ucvtktc

Ωcvt Ωwh

Ftot-refFwh-ref

Strategy

kD2 kD1

vhevSoC

CVT wheels chassis
belt

clutch



EMR and MCS of the CVT-based HEV 39

brake

Fwh Ftot

vhevvhev

vhev

Fbk

Fbk-ref

Ftot-refFwh-ref

Strategy
kD1

vhev

Ftot=Fwh+Fbk

Fwh-ref=kD1Ftot-ref
Fbk-ref=(1-kD1)Ftot-ref

modelling

control

Strategy kD1f=1       traction
kD1f=0.5    50% e-braking (front wheels)

50% mech-braking (rear wheels)
kD1f=0      100% mech-braking when SoC is 100%

Example of a part of the strategy: braking management



Performances of the CVT-based HEV 40

[Mayet 16]
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ruled-based EMS:
• � imposed by the CVT
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0 500 1000 15000
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kcvt
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4-gear Thermal Vehicle:   
5.04 L/100 km

CVT-based HEV:             
4.02 L/100 km
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Research @ L2EP

Control team

eV activities

Examples

1

2

3

4

electricity
& Vehicles



Objective of the eV group

Validation of new concepts of electrified vehicles for more sustainable transport

Originalities:
• from real components to real vehicles
• graphical formalism (EMR) for model and control organisation
• Hardware-In-the-Loop testing (coupling hardware & software)

Example from
H2020 PANDA

Off-line simulation (vehicle model)

Software

Fwh2

vhev

ubat

ied2

Ftot1

vhev

ubat

Bat.
itot

Road
Ftot2

Fres

vhev

vhev

Ted1

Ω ed1

Brake

Ted1-ref

Fbr-ref

Fbr vhev

ubat

ied1

ICE
Tice-ref

Tice Ω gb1

Ttot Fwh1

vhev

Ted2

Ω gb2

Ted2-ref

Ω gb1

strategy

vhev-refFtot2-refFtot1-ref

Fwh1-ref

Fwh2-ref

Ttot-ref

kd1
kd2kd3

Tgb1

Tgb2

Ω wh2

Ω wh1

kgb2
kgb1

Tgb1-ref

Tgb2-ref

(13)

(22)

EMR-based
organisation

Hardware
to be tested

Plug-in Hybrid demo car



Objective of the “eV” group

Validation of new concepts of electrified vehicles for more sustainable transport

Originalities:
• from real components to real vehicles
• graphical formalism (EMR) for model and control organisation
• Hardware-In-the-Loop testing (coupling hardware & software)

Fwh2

vhev

Ftot1

vhev

Road
Ftot2

Fres

vhev

vhev

Ted1

Ω ed1

Brake

Ted1-ref

Fbr-ref

Fbr vhev

ICE
Tice-ref

Tice Ω gb1

Ttot Fwh1

vhev

Ω gb2

Ted2-ref

Ω gb1

strategy

vhev-refFtot2-refFtot1-ref

Fwh1-ref

Fwh2-ref

Ttot-ref

kd1
kd2kd3

Tgb1

Tgb2

Ω wh2

Ω wh1

kgb2
kgb1

Tgb1-ref

Tgb2-ref

(22)

Ted1

Real-time simulator (vehicle model)
real e-motors 

under test Power 
Interface

safety
process

Electronic 
Control Unit

Power
Amplifiers

Digital
connectionphysical

connections

Hardware Software

EMR-based

Example from
H2020 PANDA

Plug-in Hybrid demo car



44“eV” experimental platform

• e-storage workplace (R. German)
• e-charging workspace (P. Delarue)
• e-drive workspace (N. K. Nguyen)
• e-transmission workspace (W. Lhomme)
• e-vehicle workspace (A. Bouscayrol)

Virtual visit @
https://lt360.site/ce2i/l2ep/ev-ulille.php

https://lt360.site/ce2i/l2ep/ev-ulille.php
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International Labs

eV collaborations & education

University: CUMIN Region: C2EI / ELSATIndustry National Labs

Education 
Master ULille / A&M ParisTech, etc.

International 
summer 
schools: 
EMR 
ACES
HIL Demo & driving

 

eCAMPUS
International Lab

(France / Canada)
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front EM

GBICE

HV battery

fuel tank

rear EM

LV 
Battery loads

Diesel HEV: increase of the ICE efficiency
Double parallel: increase the energy recovery

Double-parallel diesel HEV 3008 HY4
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Idcdc-BT
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Ωmel-ar Ccrab
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Ωred
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Froue-ar

vveh

vveh
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Cbv
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4
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2

3 
4

1 
2

Cav

Ωemb

Cav

Ωemb Cemb2

Ωemb Cemb

Ωbv

Cemb

Ωbv
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Ωbv

Cmth-ref

Cmelav-ref

Cmelar-ref

pemb

Pcrab

Kbv

Bat.HT

Env.
vveh

vvehFtot

Fresvveh

Ftract

Freins
vveh

Ffreins

Ffreins-ref

Idcdc-HT

Vbat-HT

PHT-BT-ref
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Vbat-HT

Ch.BT
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Ich-BT

Vbat-BT
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Bat.BT

vveh-ref
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Ibat-BT-ref

Cmth-ref

Cmelav-ref

Cmelar-ref

1

3
2

4

1

2
3

4
Ftract-ref

Froue-av-ref

Froue-ar-ref

Cred-ref

Cbv-refCemb-ref

Ccrab-ref

Ccrab-ref
Cmel-ar-ref

Cav-ref Cemb-ref

Cav-ref

Cav-ref

krep-av-ar

krep-melav-mth

Ftot-ref

Idcdc-BT-ref

strategy

[Letrouvé 13]

EMS for fuel reduction:
• energy distribution between EM1, EM2 and ICE 
• brake distribution between e-brake and m-brake
• management of the balance of batteries
• management clutches and gear ratio

Control of the Double-parallel diesel HEV
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Test on « HIL » plate-form

Validation on prototype

Simulation on Matlab-Simulink©

Test driving cycle
at PSA Poissy

vveh

Consoice
0 20 40 60 80 100 120 140 1600

10

20

30

40 Fuel consumption [ml]
25

26

27

28

29 BatteryState-of-Charge [%]
-40

-20

0

20

40

60 EM1 Torque [Nm]
0

20

40

60 velocity [km/h]

time [s]

1.26 km 

Ruled-based
EMS

[Letrouvé 13]

Validation of the Double-parallel HEV control
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component 
realization 

components 
design 

subsystem 
specifications 

system 
specifications 

components 
testing 

subsystem 
testing 

prototype 
testing 

virtual 
subsystem 

virtual 
prototype 

Cloud of models 

- 20% 

PANDA concept 
time 

lLevel of details 

Coordination RIA H2020 
Powerful Advanced N-level Digital Architecture for models of EVs and components
Grant Agreement 824256 - 3,5 M € - 3 years – 11 partners – 6 countries 

Unified model organization of electrified vehicles and their components
For virtual and real testing (EMR at the core of the project)

GA 824256

European Project


 

lLevel of details







Cloud of models







PANDA concept















virtual



prototype







time







- 20%







virtual



subsystem







prototype



testing







subsystem



testing







system



specifications







subsystem



specifications







components



testing







components



design







component



realization













51

BEV (Renault Zoe) P-HEV (Valeo Demo Car)FCV (Mobipost)

Cloud of 
models

Accuracy 97% Accuracy 95% Accuracy 
97% 

Virtual testing of electrified vehicles



52Real testing of the P-HEV subsystems
Cloud of 
models(Hardware-In-the-Loop testing)

HIL testing the battery HIL testing the e-drive HIL testing the e-subsystem

 

0 500 1000 1500
time(s)

-50

0

50

100

150
Battery current (A)

 

Tested module current (A) 

Current peak=126 A 

Real-time
simulator

German 24]
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EV consumption & Climatic condition

Main subsystems of an EV
1. Electric powertrain
2. Energy storage
3. Comfort subsystem (HVAC)
4. auxiliaries

(2)

(1)

(3)

(4)

0 °C 15 °C

Best 
range

30 °C

Driving range (%)

[Mansour 18]



Occurrence of low temperature

T (°C)0 °C 15 °C

Best range

30 °C

EV Range (%)

62%

35%

3% France
85%

15%

Canada

Ambient temperature 
must be considered

[Allen 14]
[Mansour 18]



Flexible simulation model

ub

ib

Batt.
ub

ub

iev

iaux

Aux.

HVAC

ub ihvac

(1)

(2)

(3)

(4)

Trac.

Charger

(5)

ub

ub

itr

ich

EMR (Energetic Macroscopic Representation) 
formalism to interconnect multi-physical 

models of different subsystems
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Ṡsol−absim
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Simulation validation

Error on the energy 
consumption = 2.8%

0 400 800 1200 1600 2000 2400

Time (s)

0

20

40

60

 

a. Velocity (km/h)

0 400 800 1200 1600 2000 2400

Time (s)

-10

0

10

20

30

40

50

b. Temperatures (°C) 

0 400 800 1200 1600 2000 2400

Time (s)

-20

-10

0

10

20

30

40

 

c. Battery power (kW)

Renault 
Zoe



consumption vs. climate & driving cycle
 Energy consumption (Wh/km)

+201%

+117.4%

+38.5% 128
(Ref.)

+33.9% +48%

a. Artemis Urban
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300

400

500
Traction HVAC Rest of ancillaries

+80.1%
+47.6%

+16.7% 139.8
(Ref.) +9.5% +12.8%

b. WLTC Class 3
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0
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300

400

500
Traction HVAC Rest of ancillaries

+38% +23.3% +9.3%
183.6
(Ref.) +0.8% +1.1%

c. Highway cycle
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Ambient temperature (°C)
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Traction HVAC Rest of ancillaries

- battery thermal effect neglected
- Cabin T. to 20 °C

[Ramsey 2022]



New topology for a e-bus?

https://www.atlasautobus.com

ALTAS interurban mini bus
(5800kg / 20 seats / e-drive 160 kW / 

Li-Ion NMC Bat. 115 kWh)

e-machine

Classical “e-drive”

CE2I e-drive (40 kW):
(Integration of 5-phase machine
+ GAN converter)

New e-bus topology:
• 2 in the front axle
• 2 in the rear axle
• specific energy management

“e-drives” CE2I

CE2I
#1

CE2I
#2

CE2I
#3

CE2I
#4

EMS

Which benefit?

https://www.atlasautobus.com/docs/catalogoatlas_fr.pdf


Simulation of the different e-buses
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e-drive static models
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Driving cycles for test
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Simulation results

Consumption (kWh/100km)
Driving cycles New York London Denver

Classical e-drive 77.0 43.8 66.1
4 CE2I e-drive 58.4 32.0 48.3
Energy savings 25.2 % 26.9 % 27.0 %

• Braking strategy : 60% à l’avant et 40% à l’arrière (stabilité)

Energy savings despites 30 kg surplus:

1) Braking energy recovery

2) Energy distribution (4 e-drive)

3) Better efficiency

[Li 25]
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ICE Fuel-Cell SuperCapacitors

batteries

Interest of Hybrid locomotive:
(switching and shunting and  locomotives)
• reduction of fuel consumption 
• reduction of emission in railway stations
• reduction of noise in railway stations

Experimental demonstrator PLATHEE:
(BB 63 000 diesel electric locomotive) 
• diesel engine (215 kW)
• batteries NiCd (194 kWh)
• supercapacitors (7 kWh)
• fuel-cell system

ICE SM VSI TCh TM Bog

Bat

traction subsystem

SC

Chb

Chs

generation subsystem

battery subsystem

DC bus

supercapacitor subsystem

X4

X8

X4

FC Chs
Fuel-cell subsystem

Hybrid locomotive
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EMS for fuel reduction:
• energy distribution between Bat, SCap, FC, ICE 
• braking management
• DC bus regulation

Control of a Hybrid locomotive
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Locomotives Fuel consumption Comparison
Diesel (reference) 48.95 L 100 %

Hybrid without regenerative braking 38.88 L 79.43 %
Hybrid with regenerative braking 36.42 L 74.36 %

 

Velocity (km/h) 

Time (s) 

 

Fuel consumption (L) 

Time (s) 

Experimental validation

229 t (locomotive + 3 wagons)
50 km (inter-city track)
ICE + Bat + SC

model accuracy 95%

 

Fuel consumption (L) 

Time (s) 

Hybrid with filtering EMS (rule-based)

[Mayet 12]

Interest of a Hybrid locomotive
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66Control of SIRIUS FP2P2S of CERN
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    Magnet Thyristor-diode Transformer 

Only for BSW42 

PS beam injection

4 classical magnets + 1 with pulsed transformer

supply system for
each bumper:

SIRIUS FP2P2S 
power converter

Bumper magnets control requirements
• complex supply system
• ½ sine wave up to 2.5 kA (classical)

and 20 kA with transformer
• 1ms period
• repetition every 1.2s 24h/24h
• instantaneous error < +/- 3 A

High current / High dynamics
Ultra-high accuracy

CERN accelerator complex
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67EMR-based control  & experimental results
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EV and P-HEV are key vehicles
for reduction of the GHG of transport

HEV is complex to control
EMR methodology is useful in that aim

Extensions to other vehicles
trucks, subways, trains, ships, airplanes…

eV platform of L2EP of Univ. Lille

Nissan Leaf of CUMIN Univ.Lille
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