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I @nauvsﬂes RESEARCH & TECHNOLOGY ORGANIZATION (RTO)

A public sector

A training
R&I body

center

An international scope in the fields of
energy, transport and the environment

RESPONSIBLE
OILAND GAS

RENEWABLE

CLIMATE, ENVIRONMENT
AND:CIRCULAR ECONOMY

Proposing technologies that
meet the demand' for Developing solutions to
energy and che.mncal produce energy, fuels Reducing the impact of
products, reducing the and chemical intermediates human and industrial
environmental impact from renewable sources activities on the climate and

the environment

SUSTAINABLE MOBILITY

Developing effective,
environmentally-friendly
solutions for the transport
sector
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I @/’nﬁ’i’}gﬁiﬁ RESEARCH & TECHNOLOGY ORGANIZATION (RTO)

Specify and propose innovative electric

ELECTRIC SYSTEMS
DEPARTMENT

systems

Design and build the electric and power
electronics components

Control and optimize the electric systems on
their whole operating area

( = Evaluate and validate the electric systems on
(™Y dedicated experimental facilities
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System
analysis and
simulation

Experimental
validation

Communication
Interfaces

.......

Algorithm Model
(Generated)

Basic Software
(Hand Written)

ELECTRIC
SYSTEMS

Control
design and
prototyping
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Electric motor
and
electronics
prototyping

Skills available
with <100 people
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INTRODUCTION

What?

=2 IFPEN has developed a unique chain of software tools to support innovation
in power electronics and electric motors.

- With full vertical integration, from finite element data processing to high-power bench testing,
IFPEN drastically reduced its own development times and those of its partners.

Why?

= IFPEN has an agile controls team supporting a great number of innovation projects
- But too much time was spent on repetitive tasks, impeding our ability to innovate on controls
—Available solutions did not match our needs :

- Solutions like those based on AUTOSAR are too heavy and expensive
- Solutions like dSpace cannot be fully integrated and are expensive too
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INTRODUCTION

IFPEN developed a Full Control Toolchain for e-Drives
—> To drastically reduce software & control development lead time
— To provide ambitious & innovative solutions making sense for industrial applications
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INTRODUCTION

IFPEN developed a Full Control Toolchain for e-Drives
- To drastically reduce software & control development lead time

— To provide ambitious & innovative solutions making sense for industrial applications

FE simulation data

Experimental data

Source
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Motor parameters mapping
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INTRODUCTION

IFPEN developed a Full Control Toolchain for e-Drives
- To drastically reduce software & control development lead time
— To provide ambitious & innovative solutions making sense for industrial applications

. . Source
FE simulation data
Data
v W/
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i | > S To quickly setup
Awu;:lr(r;la::vd E Optimal setpoints controls

Experimenta/ data Motor parameters mapping Semi-automated
controls tuning
Optimisation / Model Based
Target setting Control

Control
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Estimation /
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INTRODUCTION

IFPEN developed a Full Control Toolchain for e-Drives
- To drastically reduce software & control development lead time
— To provide ambitious & innovative solutions making sense for industrial applications
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INTRODUCTION mobility

IFPEN developed a Full Control Toolchain for e-Drives

—> To drastically reduce software & control development lead time m——
— To provide ambitious & innovative solutions making sense for industrial applications Iapp"cation
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Sustainable

INTRODUCTION mobility

IFPEN developed a Full Control Toolchain for e-Drives

—> To drastically reduce software & control development lead time m——
— To provide ambitious & innovative solutions making sense for industrial applications Iapp"cation
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I SUMMARY

I) Software calibration and generation

Il) Software experimental validation

Ill) Software simulation tools
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SUMMARY

I) Software calibration and generation
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) SOFTWARE CALIBRATION AND GENERATION

|) Software calibration and generation
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[ Practical

application
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) SOFTWARE CALIBRATION AND GENERATION

The toolchain is articulated around control algorithms in Matlab/Simulink
- Easy coding facilitates quick development
— A single engineer can seamlessly setup his system before operating it
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Logs and parameters configuration

‘c | Y| 3282 |
&0 00
o0 00
UPDATE LegBexes SELECT LOGs SELECTEAR:

Code generation

CONTROLS

[IN_Tis]

Quick buiid (__JJJ Buid only | |

Scheduling]

INPUTS
Schedulingew3
<cqliSwS_IN>
SwSync{)
inswSync —w<_ [IN_sws] |

[IN_sws) >

N_SwitchingSynchro

> i ]

Schedulin g3
<callTiS_IN>
TiSync()
InTiSync
IN_TimeSynchro

[IN_TiS]

Scheduling]

VERSION : 7.0a

Scheduling]
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OUTPUTS

[IN Faws1o

[IN_TiS]

F% QutTiSync
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i SwSync{)
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E rI QutSwSync
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) SOFTWARE CALIBRATION AND GENERATION

System setup is fully done from an App and in-house blocks
= To select any IFPEN-made inverter targeted and motor calibration

17 o | 2023 IFPEN

(4 Model loaded: CtriModel_IFP_w7_0a_IHM.sh

Build System Configuration Protection

J/ = Energies
'QfPﬂOUVEﬂES
e

Machine configuration

Motor selection [D130_ﬁph_43v_430A_Ltb v|

Winding [ STAR Winding

v

Apply ] [ Cancel

- x
Hardware configuration
Application type [Standard Application v |
Inverter | 6P - EMID 48V v |
Motor (Nb phases) | 6Ph Motor v |
Fosition Sensor [Inducti'u'e v |
Thermal Sensor [ETN Sensor v |
Multipulze Mode [Nn MuliPulse PWM A |

Mode for 0 or 1 duty cycle value [FuII Modulation
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) SOFTWARE CALIBRATION AND GENERATION

System setup is fully done from an App and in-house blocks
= To select any IFPEN-made inverter targeted and motor calibration
— To manage relevant parameters and signals before code generation
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4 Model loaded: CtriModel_IFP_v7_0a_IHM.slx

Build System Configuration Protection
( 'fP Energies
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System configuration :

Software configuration and compilation -

D180_6ph_48V_480A_Ltb
STAR Winding

Standard Application
&Ph - EMID 48V
6Ph Motor
Inductive
CTN Sensor
No MultiPulse PWM
Full Medulation

Logs and parameters configuration
e 80
@0 00

¢ (@] (B

UPDATE LogBoxes SELECT LOGs SELECT PARs
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Open Hardware Defines File
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) SOFTWARE CALIBRATION AND GENERATION

System setup is fully done from an App and in-house blocks
= To select any IFPEN-made inverter targeted and motor calibration
— To manage relevant parameters and signals before code generation
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Phas MS Measures

SensSwS_bEnaRmsCalc_C

I

IN_SwSync[> IN_SwSync

4 Model loaded: CtriModel_IFP_v7_0a_IHM.slx

Build System Configuration Protection

- Energies
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e

System configuration :

[EnaStars] EnableStars MesRMS_spy '

T — /‘

RMS

Vi

Software configuration and compilation -

/

Logged

D180_6ph_48V_480A_Ltb
STAR Winding

Standard Application
&Ph - EMID 48V
6Ph Motor
Inductive
CTN Sensor
No MultiPulse PWM
Full Medulation

Logs and parameters configuration

signals

C

UPDATE LogBEoxes

Y

SELECT LOGs

a*e 80

*0 Q0

00 Q0
SELECT PARs

Code generation

Quick build ’) Build only i

Open Hardware Defines File
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) SOFTWARE CALIBRATION AND GENERATION

Parameter
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Phas

MS Measures

y p y p p SensSwS_bEnaRmsCalc_C
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O manage reievant parameters ana signais bejore code generation IN_SwSyncl> IN_SwSync
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ActSvm 16kHz 1kHz 16kHz 1kHz -—} nMec
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) SOFTWARE CALIBRATION AND GENERATION

All steps of code generation are driven from the App

- From Simulink code generation to flashing firmware in the inverter

Logs and parameters configuration

CONTROLS

[on_Tisy

[IN_SwS]

INPUTS
[Scheduin-»f3
ST jisws_n>
Swsyncl)

IN_SwitchingSynchra

[Scheduin e
<cgTiS_IN>
TiSyne()
IN_TimeSynchro

InTiSyncf—1 [IN_TiS]

InSwyncf—| [IN_SwS] [IN_SwS]

[IN_TiS]

[Scheduling]

[ J<Gowoumg

cheduling]
IN_TiS)

OUTPUTS

VERSION : 7.0a

|
]
]
[EEDS

[IN_TiS]

[Schedulng>»f
e

SwSynel)

OUT_SwitchingSynchro

[Scheduling-»f
alTis_OUT>

Tisync()

| ZO——4-0zZPrD-4 mM-HAPD |

outmisyne

]

OUT_TimeSynchro

alSws_OUT>

\

Controls
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Algorithm Maodel
|__{Generated)

Basic Software

Interfaces

Sensors

Drg-rl

Comm |

/ (Hand Written)

| Actuators
1 i 8
Special
Device
Drivers
Special
IMerfaces

|

Basic Software

J

>

Code generation and update
is done in less than 5 minutes

# EDriveBoot =
Prog  Read Admin Tools About

Load File

|D:\EDriveApp_C PUV1_UseWithBootloader.hex

Prog on inv. request
Run after programming

Binary file only :

Bootloader

Prog. Inverter Application
Traffic on CAN 1 (CAN PRV)
Inverter 1: Nothing Nee:———— Speed: ———-

Select Inverter :
Inverter 2: F Vdc: Speed:

g

alid permanent License.
Hex file loaded : 358688 bytes,

Ready to pragramming inverter if in inactive/fault state.
Bootloader Version : 1.1¢c - Safety Level : Debug EDriveApp - Inverter : CPU board only
Programming the inverter firmware in progress..,

- License Manager  Clear Memo

PEAK CAN module connected.
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) SOFTWARE CALIBRATION AND GENERATION

All steps of code generation are driven from the App
- From Simulink code generation to flashing firmware in the inverter
= Including an option to fully/partially protect our code for external use

4. Model loaded: CtriModel_IFP_v7_Oa_IHM.slx — O >
Build System Configuration Protection
-L\iﬁ_'-',-‘rl‘:m-:f Protected model name ‘ CtriModel_protected_v7_0Oa ‘ [ Edit input xlzx-file ] [ Refresh GUI from xlsx-file ]

Selection of data to display in the table

Path of the blocks to delete (without the model name and the first /)

[ Path to blocks to delete

Model Runtime parameters

OUT_SwitchingSynchro/MultiRcoQOutput
List of m-files to encrypt - g=y P

] CONFIGURATION .
| Path to blocks to comment through | CONFIGURATION1 Automatic model
[ Path t[.} blocks tl-) protect ] Updatel ogBoxes reference Creation
[ Bus Object creation scope ] Selectlogs .
[ CPU cards used ] 9$hare .S/prl/es
SelectPars
[ Model Initialization parameters ]
Build1
l )
l )

TimeStamp2
Fast f) Debug Release -/) Test
Protection method Exported file profile D Keep protected files after export
Exported archive name ‘ PFC_protected | Archive file extention | mlproj ¥ Start protection

2 ifoen - -
ASSH = €Energies
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SUMMARY

Il) Software experimental validation
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II) SOFTWARE EXPERIMENTAL VALIDATION

I) Software experimental validation

Practical
application - ;

Targeted
system

IFPEN CPU board
with embedded firmware




I1) SOFTWARE EXPERIMENTAL VALIDATION

The toolchain includes a practical Human Machine Interface
- Automatically adapted to signals and parameters selected
— Easy to edit for fast-prototyping

L=

File
Graph
[JEditing

Graph 2 v

[[] Automatic scale

Max [400,0 bes
Min [-4000 2

[[] Time X-axis

Add Graph
Clear All

Synchro
Enable

InSwS_iaS1Mes

Live display
@20+ kHz

Sraph 1

03
08
07
08
05
0,
03
02
0,1

Sraph 2

-1999 rpm

Motor Speed Inverter 2

Sustainable

mobility

1998 rpn]

[—= ActSvm_rcaS1 — ActSvm_rch31 — ActSvm_rccs1 |

=

Duty cycle commands

A

0o 31 62 94 125 156 188 219 250 281 32 344 375 406 4338 469 500 531 56.2

400

350 1

300
250
200
150
100
50
o
-50

-100
-150
-200
-250
-300
-350
-400

0o 31 62 94 125 156 188 218 250 281 312 344 375 406 438 4689 500 5341 56.2

[=InSws_iaSTMes — InSwS_ibSiMes — InSwS_icSTMes |

584  B2.5ms

Currents measures

594  625ms
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II) SOFTWARE EXPERIMENTAL VALIDATION

The toolchain includes also a dedicated signals analysis tool
=2 A dataset & display setup manager

= With synchronization, filtering and correction functions

& LOG SHAKER - O x &
15000 y m
Loggers Config Figures | Help| s B — " ‘ —— — :
2024.08-21_11-02-38, Logger.mal - - .
:

Up 1st 2023-02-16_16-30-27_Logger.mat

10000

T
\

up

Targeted

Down

5000 -

. system
AUTO Siope (%) 0 - = \
bo DO ALL Dffset (s) 0 0bk= ~ I I I I I B |

select Synchro data 0 10 20 30 40 50 60
Time (s)

Speed (rpm)

SLOW LOGGER

SensTiSHarmObs_sinAZo
ensTiSHarmObs_sinA3e

-~

ensTiSHarmObs_sinB
ensTiSHarmObs_sinB3o

—
—
ensTiS_LdEst o
ensTiS_LdiffdEst @
ensTiS_LdiffgEst o
ensTiS_LgEst -
ensTiS_bObsOk Q
)
3
[m]

ot
<)

ensTiS_cosHarmOk
ensTiS_idcS1Est
ensTiS_idcS1MesFilt100

Duty cycle commands

ensTiS_idcS2MesFit100
ensTiS_kiPLL

W0 WD Wmmnw

— S —

0 10 20 30 40 50 60
Time (s)

— ’> Jp — — —

Analysis s -
@20+ kHz | ==

Currents (A)
o
)
S
o
S
a
3
M
Q
0
S
)
(05}

deﬂaut -500 L i i I. o - i i ]
= 0 10 20 30 40 50 60 IFPEN CPU board
Time (s) with embedded firmware

dT T <

26 © | 2023 IFPEN




I1) SOFTWARE EXPERIMENTAL VALIDATION

The toolchain includes also a dedicated signals analysis tool
=2 A dataset & display setup manager

= With synchronization, filtering and correction functions

4 LOG SHAKER

- ]

Tens of signals logged
@ 20+ kHz

without duration limits

Sustainable
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Loggers

Up 1st
up

Down

Config  Figures | Help|

2024-08-21_11-02-38_Logger.mal

2023-02-16_16-30-27_Logger.mat

DO

select

AUTO

Siope (%) 10
DOALL | pifset (s}

Synchro data

1
2
3
4
5
D
c
A

Tau-N

Pas de fittr

SLOW LOGGER

SensTiSHarmObs_sinAZok
SensTiSHarmObs_sinAJok
SensTiSHarmObs_sinB2ok
SensTiSHarmObs_sinB3ok
SensTiS_LdEst
SensTiS_LdiffdEst
SensTiS_LdiffgEst
SensTiS_LgEst
SensTiS_bObsOk

Ser IS_cosHarmOk

Ser |

Ser iS_idcS1MesFit100
SensTiS_idcS2MesFilt100
SensTiS_kiPLL

SensTiS_kpPLL
SensTiS nMecFit100 g

e ~ |  Gain -1

Analysis

@20+ kHz
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Duty cycle commands

10

20
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Time (s)

30
Time (s)

Duty Cycles (-)

o
o
b _‘_‘—\—\_\_\_‘_\_\_\_\_

Targeted
system

Currents (A)

.\\ /

Y
\/

36.002 36.003

Time (s)

36.001

/

20

30
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SUMMARY

Ill) Software simulation tools

|| i—, NN ’
Voo TSN 'fP €Energies
" Energie u_

28 © | 2023 IFPEN



1) SOFTWARE SIMULATION TOOLS

Il) Software simulation tools

Source
Data

FE simulation data

) [mvb]

a1

Power stress ratio

mmmmm 1o I

Power P (W)

Restrictions:

qorst case

~ gominal

07 |Worst_case derating __: !

Nominal derating, :’\f
] '\

W

Recommended range |
75

0190 175
Hot-spot temp (°C)

Optimal setpoint

Semi-automated
controls tuning

System limitations

Monitored params &
variables selection

Simulation

NG

Optimisation /
Target setting
Control
strategies

Estimation /
Virtual sensing

Model Based
Control

Motor/Inverter models Software as is [ Tools

IFPEN software
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I11) SOFTWARE SIMULATION TOOLS

Sustainable

mobility

The objective is to replace control laws bench evaluation with simulation as much as possible

- Performance criteria : efficiency under constraints
(DC ripple, NVH, Torque ripple, CPU load, etc.)

Optimization

Workflow
—> Usually evaluated on the bench due to system complexity, Control law f
but degrees of freedom are too numerous
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NB : PWM = Pulse Width Modulation
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Finite Elements Time-based reduced model Frequency-based reduced model
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1) SOFTWARE SIMULATION TOOLS

These models are used in our optimization process

- We now use our fast-computing models to evaluate a great number of configurations efficiently
(~50000 evaluations/hour)

Configurations evaluated Resulting Pareto front
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CONCLUSION Su;t;;:ir:;:le

Achievements

- An efficient workflow tailored to our needs, and advanced modeling of physics,
are leveraged to develop innovative control strategies

- Within 5 years with a controls team of 3 people (now 5)
- 70+ CPU boards made and integrated in 10 different IFPEN prototype inverters
- 60+ different electric motors driven with these, often for 24/7 bench tests
- 20~ patents filed for innovative motor control solutions
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= Synchronous PWM = Harmonics injection
- Efficient overmodulation : power A/ - For compensation of torque harmonics
- Lower frequency @ high speed : losses and airgap radial forces : material cost
- DC bus ripple mitigation : Capacitors volume ™ - Operational in steady-state and during speed transients
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CONCLUSION Si;agﬂizle

One step further : Gen2 SiC inverter dedicated to motor bench testing

= Objective: support motor and control technology development for industrial partners
- Method: a versatile, high-performance inverter, marketed in partnership with ALPHEE Engineering

—>The inverter —>The partnership
- Delivers 500 Arms and operates up to 50 kHz - Launched in early 2024, it has led to the
- Benefits from efficient calibration and unique control manufacture of 6 SiC inverters
methods for motor characterization - The SME Alphée handles manufacturing, marketing,
- Features our latest advances in controls: synchronous commissioning and after-sales service.

motor control, current injection for NVH reduction, etc.
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Find us on:

IWAJ/—;% fm/ W & www.ifpenergiesnouvelles.com
¥ @IFPENinnovation

( fP €Energies
K nouvelles
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