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SHORT INTRODUCTION OF MOBI-EPOWERS
EPOWERS RESEARCH GROUP EFFICIENT POWER ELECTRONICS, POWERTRAIN & ENERGY SOLUTIONS

Power Electronics

« Charging Systems

« Inverters & multi-level converters

« DC/DC converters & Active Front-End (AFE)
+ Battery Management Systems

Vehicle Powertrains

» Powertrain Co-design optimization
» Integrated EMS for Plug-in/Hybrid/Electric Vehicles

Electrical Machines + Multi-level and ECO-EMS strategies

+ Design and Optimization
« System Control
« Performance Assessment

Digital Twin & Reliability

» Technology and Prototype Validation in
Relevant Environment

Smart Green Grid Solutions . g‘;'S'}'eF:]zoa"rﬁnggenCng?:'tﬂ%yr{goperat'ona'

» Design Optimization
» (Control) Energy Management

IThe content of this tutorial cannot be shared without prior permission.
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TUTORIAL CONTENT

Introduction to Digital Twin Platform for EVs [Presenter: Omar Hegazy]

» Introduction to E-drivetrain Architecture and Digital twin for EVs
» Requirements and Challenges for Implementing Digital Twins in Automotives
» Future Developments and Emerging Trends in Digital Twin Technology

Part I: Digital Twin: Performance and Efficiency [Presenter: Mohamed El Baghdadi]
» Virtual Models for design
» Virtual Models for Control and Management strategy

» Virtual Models Parameterization and Calibration
» Virtual Models transition towards Digital Twin Concept

Part II: Digital Twin: Lifetime and Safety [Presenter: Sajib Chakraborty]

» Digital Twin Context for Lifetime and Safety
» Model-based Reliability Estimation
» Online Prognostics and Health Management (PHM)

Conclusions and Future Outlooks [Presenter: Omar Hegazy]

IThe content of this tutorial cannot be shared without prior permission.
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WHAT DOES CHATGPT REFER TO AS A DIGITAL TWIN??

Source: OpenAl. (2024)

IThe content of this tutorial cannot be shared without prior permission.
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PHYSICAL DIGITAL

DEFINING A DIGITAL TWIN

 What is Digital Twin?

“a virtual representation of a physical system (and
its associated environment and processes) that is
updated through the exchange of information
between the physical and virtual systems.” (pigital Twin:

Generalization, characterization and implementation]

Digital Twin Characteristics
Physical Reality

. PhYSicaI System [Digital Twins in the Automotive Industry: The Road toward Physical-Digital Convergence (mdpi.com)]
 Physical environment
 Physical processes

Connectivity to exchange information
« Physical-to-virtual connection
Virtual Reality « Information fusion

 Virtual simulation and data-driven model « Virtual-to-physical connection

« System states and parameters

* Virtual system
« Virtual process

IThe content of this tutorial cannot be shared without prior permission.
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https://www.sciencedirect.com/science/article/pii/S0167923621000348
https://www.sciencedirect.com/science/article/pii/S0167923621000348
https://www.mdpi.com/2571-5577/5/4/65

SOME DEFINITIONS: VERIFICATION/VALIDATION/EVALUATION

/ASSESSMENT

Validation:
The assurance that a product, service, or system meets the needs of the customer and other identified
stakeholders.

Verification:
The evaluation of whether or not a product, service, or system complies with a regulation, requirement,
specification, or imposed condition.

Evaluation:
The combination of software or testing to determine the value of a piece of technology or approach
given various defined Key Performance Indicators (KPIs).

Assessment:
The broader evaluation of a piece of technology or approach compared with other existing and
theoretical approaches, given both defined and undefined Key Performance Indicators (KPIs).

IThe content of this tutorial cannot be shared without prior permission.
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X-IN-THE-LOOP AND V&V DEVELOPMENT PROCESS

Product Development Process

_ Requirements o Systems Engineering Deliver and Deploy Deploy and Monitor
Model-in-the-Loop (MilL): i — .
The functional testing to abstract the \ S;ﬁge;;’ea;;“;it;g” System
behaviour of a system so that the model [ : PN DR .
can be used to test, simulate and verify | Virtual
itself. Often for control development. 8 v & Desion B o s

Virtual Analysis Integration

Software-in-the-Loop (SiL): \ —— /
The testing of a compiled software @
component, wherein the loop comprises of tal Vel vodde ol p——

Integration & Test

a simulated system. e

Hardware-in-the-Loop (HiL): Rimtibtrchaianiie. == W

The testing of a single component, wherein
the loop comprises of a simulated system.

Physical Multi-Disciplined Engineering

Controller (PIL) can be part of the implementation N 4
hardware or separate (see HDH HILS).
& Unit Testing

Source: TNO Lecture on Digital Twin (May 2024)

IThe content of this tutorial cannot be shared without prior permission.

e &L EFFICIENT POWER ELECTRONICS, Power Electronics PEMC
Vo] RB T ! R‘i* POWERTRAIN & ENERGY SOLUTIONS  and Motion Control = 9-10-2024 | 11
M (v RESEARCH CENTRE SROWSRS: RESEARCE] GROUR p '%i‘ﬂ]\
) Fae ouncil =4~



Introduction to Digital

Twin Platform for EVs

IThe content of this tutorial cannot be shared without prior permission.
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INTRODUCTION TO E-DRIVETRAIN ARCHITECTURE

Electric Heating Ventilation

Electric steering pump and Air Condition HVAC with DC-DC converter Electric cooling for
19 1/min 200 bar 24 VDC heat pump system 800 VDCto24VDC

drive E-components

Battery system
(passenger car technology)

8 kWh 160 kW 750 VDC 600kg Inverter for Traction drive
and generator system
(heavy duty technology)
Traction drive and generator system Electric Air Compressor
(heavy duty technology) 800 VDC 4.6 kW 400 I/min

800 VDC 160 kW 2500 Nm 3000 rpm

Electric Vehicle Powertrain (Heavy duty)
Powertrain of the new eBus (courtesy: MAN Lion’s City Hybrid SHS A37 )

IThe content of this tutorial cannot be shared without prior permission.
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Audi e-tron S Sportback

INTRODUCTION TO E-DRIVETRAIN ARCHITECTURE
€11D)

02/20 Gesteigerte Querdynamik und Agilitat mittels
radselektiver Momentenregelung an der Hinterachse
Increased transverse dynamics and agility using
wheel-selective torque control at the rear axle

Giermoment
Yaw moment

Radselektive Momentensteverung
Wheel-selective torque control

Electric Vehicle Powertrain (Light duty)

Source: https://audiclubna.org/etron/2020/02/21/in-detail-audi-e-tron-s-and-e-tron-s-sportback/
IThe content of this tutorial cannot be shared without prior permission.
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INTRODUCTION TO E-DRIVETRAIN COMPONENTS

Components of Electric

Vehicle Powertrain Electrical subsystems
e DC/DC converter

—_——— e —_—_——_—_—_—_—_—_—_r— e

g 4——» Energy/ Physical
38 B R » Data/Signals

[
|
|
|
* Inverter [ P —_—
- | | Ve link vINy [ ) Tem T_whel
Mechanical subsystems e On-board Charger | > * o I * [=—= . g}m > n
. | s ) g
¢ Gear and transmission | : / 4!’_dcjmk | | v 5 L whed
. . ______J \ ) —/
Vehicle Chassis, wheels ' I | Taverter Tlectic Motor Differential
o | | B_1cinechtmal | DC/AC gear
e Friction brakes : |y pedeaved |
Electromechanical | I\ 777777 /l Drivetrain power flow model
subsystems \————————————————————————————————————————E— ——————————————
. FyTTT T s - """~~~ 7—
e Electric motor PTC | 1€ |
. H rﬁ
Electrochemical 3 hearer ] L : |
= o B i ] Speed > R i |
subsystems 2 g [mvpemc]|d TN | Vehicle [Torque req: |
5| & g — i I s
« Battery H(E 218125 | 21 Transport Acerstiony|  comtrol | Peharge req |
. & 6 |l | — ‘c ) i 0
* Supercapacitor Thermal subsystems Al | Motor |[H[= : Assignment Unit :
e HVAC 4 4 Q | iver model/ \ J I
. * I Speed controller I
* Radiator | P Actual speed |
Batte: | |
e PTC heater orrery .
ling plate === Control Strategies
Control subsystems cooling plated-— Bat Temp | omiro”Strategtes b

e Driver

e Energy management . ) . . . .
system The figure illustrates an example of a forward-facing electric vehicle powertrain

IThe content of this tutorial cannot be shared without prior permission.
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INTRODUCTION TO E-DRIVETRAIN DIGITAL TWIN

« DT for RUL prediction . BD;i::\:i:)Vrp:rz';S;iiZEa“O”
a Digital Twin: pes=2 * DT for maintenance 3 J Anomaly detection
o Dynamic virtual model of an ‘ DT for failures e > Personalized guidance I”
existing physical asset redictive DT @0 - Driver DT||I| |
Drlver

O Digital Twin technologies:
« Virtual Models
* Machine Learning
« Artificial Intelligence (AI)
« Internet of Things (IoT)

e HMI, behavior preference
e Human wellness monitor
e In-cabin status sensing

DT characterizing energy
consumption

0 Digital Twin spaces: Tearne fiow DT eco-driving
* Dlgltal Space monitoring DT battery aging
. Variable speed DT charging time
* Physical space imit estimation
« Communication: Routing and Vehicle DT
. navigation
¢ Sampllng 9 Parking
{ Storage ) . management L~ e CANbus e Radar e Steering &
mOdellng - simulation Traffic DT e GNSS e LIDAR e Accelerator ¢

e Ultrasonic ® Camera e Brake

prediction 2> learning }
« - Actuation

e Traffic signal e Electronic traffic sign
e Roadside unit e Camera/Radar/Loop detector

IThe content of this tutorial cannot be shared without prior permission.
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AUTOMOTIVE DIGITAL TWIN- ECOSYSTEM

Virtual
Models
and Data

Digital model 3D CAD Model

driven
Models

Digital
Twins as
Core
Technology

Cloud
computing

Physical model

. . . . Components and Enablers for DT
Source: Towards the future of smart electric vehicles: Digital twin technology

IThe content of this tutorial cannot be shared without prior permission.
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https://www.sciencedirect.com/science/article/abs/pii/S1364032121000964

DIGITAL TWIN - GENERIC MODEL

/ot )
q Models ) Data —\
Predictive |
Model )
Planning Analysis
v
Prescriptive | P1anNig | pescriptive | Generalizing | pigital
Model Model I"' |Shadow
4
Executing Monitoring '—I

1

—

Descriptive model: current or past aspects of the system
Predictive model: analysis, simulation and machine learning
Prescriptive model: description of the system to be realized

System Environment

The conceptual framework for DTs based on Model and data

Source: Conceptualizing Digital Twins IThe content of this tutorial cannot be shared without prior permission.
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https://ieeexplore.ieee.org/abstract/document/9626349

@b

DEDICATED DIGITAL TWIN - MODEL
Part I:DT for Design

4 — )
¢ Models ™ [ Data )
Predictive t \
o Model:
Decision | simulation
Making, Models, )
Optimizing, | Test Models, | Analysis, Digital
Adapting Quality Predicting Shadow:
Prediction, Requirements,
Stakeholder
N/ Feedback,
- Historical Data,
(" N Deﬁgzl;:i"’e ) Constraints,
Prescriptive h - Technical Data,
Model: Domain Model, | | || Process Data,
Configuration Eeen ol § || Environment
Settings, Modol ‘© Data,
S Design Model, | |5
Models, Product L)
Aiae;t:-itoa::n Configuration, <
Design
\_ \_ Parameters \—A—’)
A / VAN J
o /
Executing Monitoring <—|
g ™
System Ji
\ Systemn Environment J

ELECTROMOBILITY
RESEARCH CENTRE

Part II: DT for Lifetime

(bt )
{ Models (" Data N
A
Predictive -
Planning, Model: Sﬁ?m
Optimizin Failure ; dow:
g ° Prediction, Analysis Position,
Root Cause Energy
Analysis Consumption,
Environment
 Prescriptive \ [~ )\ Data, User
Model: Descriptive o>|| Operation,
Maintenance Model: = || Configuration
58"3:99?' Actual and E Data,
Mal;:te:::f&e Historical c Material
Animation and| | System State | 1O Quality,
Augmented and Behavior | Failures, ...
Reality Representations
Generation A
I\_"\ VRN J J L )
\ ;
Executing Monitoring 4(-|
)[ System ]7

System Environment

Generic DT conceptual framework representing different DT applications

<% EFFICIENT POWER ELECTRONICS
g POWERTRAIN & ENERGY SOLUTIONS

EPOWERS RESEARCH GROUP
T——

Power Electronics
and Motion Control
Council

PEMC

aks

Az

IThe content of this tutorial cannot be shared without prior permission.
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https://ieeexplore.ieee.org/abstract/document/9626349

DIGITAL TWINS - REQUIREMENTS

Robust Communication Protocols
* In vehicle communication
« Edge €<-> Cloud communication

Cyber Security
« Security concern increases with high
connectivity
» Secure communication

OEM Usability and Cost Efficiency
» Design with an objective
* Long term fleet level planning

—

- |] ELECTROMOBILITY
M (CO | RESEARCH CENTRE
2

~—

P — RESEARCH GROUP

% EFFICIENT POWER ELECTRONICS,
@@ POWERTRAIN & ENERGY SOLUTIONS

Power Electronics
and Motion Control
Council

PEMC

el

Multi-Fidelity Modelling
« Different Objective - Different
Computational Requirement
« Mathematical, AI, ML driven Modelling

Real-time Data Acquisition and Edge
Computing
+ Advanced sensors and analog circuit
design
+ Data Processing and model deployment on
the edge device

Cloud Computing
+ Digital Twin service deployment
* Fleet Level management
* User interface

IThe content of this tutorial cannot be shared without prior permission.
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DIGITAL TWINS - CHALLENGES

N

Data
security and

Modelling
tools

IP rights

DIGITAL TWIN [ echnology |

Automation readiness
level

g

[ ‘ \
Verification
and

validation Standardization

IThe content of this tutorial cannot be shared without prior permission.
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FUTURE TRENDS IN DIGITAL TWIN

= Full coverage via DT from components
layer to fleet management layer

o_o

= An open standard for digital E
twining @

= Predictive Maintenance and
Diagnhostics

= Al and Machine Learning driven
Hybrid Modelling Techniques C

= Advanced and Safe Components
Management Systems

= Integration of DT to Autonomous
Driving Systems

= Better lifecycle management of

“ vehicles

= Fleet Management for OEMs

IThe content of this tutorial cannot be shared without prior permission.
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Courtesy: ZEFES | Grant Agreement 101095856 @ZEFES

DIGITAL TWINS - EMERGING TRENDS

Maodel-based visualization Workflows visualizations Wisualization of datasets Visualization of metadata
|dentification,
Authentication
&
Digital Twi Authorization
1g2ITal 1wins ics- ~dri igi i
g Physics-based Data-driven Workflow Digital Twin Data analytics &

Data pre-processin,
pre-p € models models orchestration orchestration

framework Security

&
Isolation

Container
Registry

Dataset metadata Model metadata Document metadata

Monitaring
&

Logging

Views on data Documents

Raw data Processed data

o Local models Data sources i:} et - - &
ther sl - A A ¢
P i wme SERSOrS NG
Data sources -".—. ..’_\_' — —"ﬁ}* & \ vs,aé"

Modular and Multi-layer Secured Digital Twin Orchestration

IThe content of this tutorial cannot be shared without prior permission.
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Courtesy: ZEFES | Grant Agreement 101095856 @ZEFES
DIGITAL TWINS - EMERGING TRENDS

» An upscaling analysis with the first generation
of vehicles

> Assess future fleet scenario
= vehicles
= restrictions
= volumes
= |ocations

)
e

+2years? +5years? +7years?

+10years?

IThe content of this tutorial cannot be shared without prior permission.
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Part I:. Offline Digital
Twin: Performance and

Efficiency

IThe content of this tutorial cannot be shared without prior permission.
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EBRT 2030 PROJECT

A\

YV V V VY

Project overall duration: 48
months

Start date: 1/1/2023
Total person month: 2823
EU Grant: 22 776 213,57

49 partners (OEMs, Suppliers, Tech
Providers, PTOs/PTAs, Research
and networks) - Management:

* Strategic and overall
operational Coordinator: UITP

e Technical Manager: VUB
(MOBI-EPOWERS RG)

EU-funded project and major
milestone in electric mobility that
seeks to support sustainable urban
transport by proposing innovative
solutions for electric Bus Rapid
Transit (BRT)

Visit: Home - eBRT2030

Grant Number: 101095882

el

,'I‘

/)b

< =
& POWERTRAIN & ENE

ELECTROMOBILITY
EPOWERS RESEARCH GROUP
i—

| RESEARCH CENTRE

EFFICIENT POWER ELECTRONICS
RGY SOLUTIONS

Power Electronics
and Motion Control
Council

PEMC

o
A P QT L

BRT3

_—_ EUROPEAN BUS RAPID
BRTH —

TRANSIT OF 2030
URBAN AND
4 YEARS wzgﬂwofnz PERI-URBAN
—[00
Y & 0
— §§ 00

ING4

loT connectivity

‘gl monitoring platform

-Charging management systems
-Fleet scheduling and planning tool

; Charging

m | -Bus-to-grid services

-Stationary battery buffer
‘Hub mobility charging system
c In-motlon charging systems

Vehicle

-Battery state-of-health estimation
“Intelligent driver support

-Vehicle digital twin

-Energy and thermal management

I 1 Cost/km/passenger
TCO

Traffic congestion

v

Greenhouse gas and
pallutant emissions

*BRT: Bus-based mode of transport that comprises performance uplifting features that add to a high

capacity and performant bus-based systern (ON THE ROAD TO A CONCERT FOR BRT report, eBRT2030)

tent of this tutorial cannot be shared without prior permission.
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ELECTRIC BUS VIRTUAL MODEL
SIMULATION FRAMEWORK

> Low-Medium fidelity scalable
powertrain model simulation

> Uses Load
Testing energy-saving (ECO) strategies
- Testing control strategies k)
« Infrastructure sizing |Envi|-onmenta|
« Component sizing Battery Condition / condition
- Bus fleet scheduling \ = |
+  Optimization ' e
> Outputs O\ Vehicle Parameters from OEMs
TCO (€/km) )
+  LCA (kg/km of COx, NOx, PMx) Speed Profile — ‘ R°ad
-  Energy requirement (kWh/km) characterlstlcs

. Grid load (kWh) m
( ] [ )

|Charging characteristics

ITho rantant afthic titarinl ~nnngt e shared without prior permission.
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ELECTRIC BUS VIRTUAL MODEL
POWERTRAIN DESIGN CRITERIA

» Forward-facing model

Energy flow calculated from torque reference to vehicle VE}T
kinematics and power demands on the battery. Fg ‘\
Powertrain  component constraints respected, e.g., battery \‘

current limits, electric motor torque limits. FDRAG

Application of control strategy, e.g., vehicle speed reference

tracking, cabin setpoint temperature regulation. Fg

Not as fast as the backward-facing model, but the low-fidelity
model is still fast-executing for large fleet simulations.

> Backward-facing model ‘}?"*h o Fr
r

Energy flow calculated from vehicle kinematics to power
demands on the battery.

Assumes all powertrain components can meet the power m . '
demands ofthepdrive cycle. g i ot g lr

Used for rapid sizing of components based on energy
requirements of the Use Case scenario.

Control strategy not used, thus simpler model and faster Fr = m-g-(Fg-cosa + sina) + '2p-Cy-A-v2 + m-dv/dt
execution, great for optimizations.

[Thn contont ~fthic tubarinl ~xnnot he shared without prior permission.
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ELECTRIC BUS VIRTUAL MODEL

VIRTUAL POWERTRAIN COMPONENTS

» Quasi-static physics-based empirical model

1. Energy flow equations for component

2. Efficiency maps or fixed efficiency value
3. Speed vs torque curve (for EM/Inverter)
4. PF Map (for chargers and transformer)

0C

-

TRANSMISSION DC-DC CONVERTER

I \
ELECTRIC MOTOR AND T wCws S R N T HVAC system

INVERTER
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ELECTRIC BUS VIRTUAL MODEL
VIRTUAL POWERTRAIN COMPONENTS

»Quasi-static physics-based empirical models

_ j R ——
1. 1st order electrical model — ] e
2. 1st-order thermal model o
3. Maps: Open Circuit Voltage, Relative W — ve L Ui
Capacity Degradation, Series resistance,
Polarization resistance, Time constant °
Back 4. Lifetime and degradation model
[
4 o
@ ;
Cell H ;
e Tﬁ::ﬁ';:é : D
Eﬂ ——OCV by voltage relaxation § : Mass e qut asa
Ener Storage System = 3 voltage by 1/25C discharge *—f 0 4 teg;telme
gy g v > voltage b}i 1.«;52 charge ) @_J ==
2.5 T T T T
0 0.2 0.4 SOCO0.6 0.8 1 m 500 60 00 800 )
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Passenger load inside bus throughout the day
I I I

ELECTRIC BUS VIRTUAL MODEL [ LR 1 -

»Simulation Inputs “ ﬂ|

Passengers (-)
(=]
o
T
e —
|

. SolarInsolation Profile for City of Barcelona 20 N
T T T T T
Fat
£ 5 | | | | L
2 200 p 0 5 10 15 20 25 30
E Time (h)
E& - Speed profile of Bus #1
3 50 I I
Ewp==-=- |-----1 -
[} L ! 40 -
o 2 10
Time (hr} _
Temperature Profile forthe city of Barcelona E 30 i
=
ﬂa :P;
E'ZS ‘%20 ]
i
£ 10 ‘
% |
C1s
: LA L0 A0 A A A A A AR A AL
) 6 8 10 12 14 16 18 20 22 24
£ E Time (h)
Time (hr) 5 Road Elevation Profile - Gradient (Zoomed in to one return trip)
Humidity Profile forthe city of Barcelona : ‘ I ‘ f
76 1 ,
g —
£ 5 05
ey 2
3n bt
E 0
Zn %
) ©.0s5 |_ i
Time (hr} 1= _|
15 | | | | | | | I
240 245 250 255 260 265 270 275 280
Time (min)
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20 T I T = Trackad Speed
18 — .f'}i f'l - - -Reference Spesd
ELECTRIC BUS VIRTUAL MODEL o N o o ]
ol i | A A A ]
E Ao o i i i I
=0l [T Py it [ [ i
SIMULATION RESULTS [N I [ N O R B I AR O
s .| " I i ~ 1 i " | f\ { l " i i [
3 ! [ N A T T AL T A n ’I | T S T N O N -
b = RO T A A VR O B T S N A O I .
i T A T I S U O T T T S B A
. . o il Vi \,'1[ TR IR [ A N A -
I u I u u il [ A T L 1 AN 1 T I A T AN A O O B
Muiation S i HLRIEINE R NIEIER ]
0 HE o RN IIRIE RN RY AR i i
5 30 k) 40 45 50
Time {min)
Battery Voltage Output
/ | [ 1 f i | | | | . | | T Torque Tracking Performance (zoomed in)
T “M (J ".m W I‘“ Ilr ) “4 \ | A {’I / /// - 2000 — . : I:! . I .:: I L Reerene e
< . — 1500 — ' H 0 f :: -
00 | » mﬁ W 1 n t } l ! i i i‘ L L L ¥
1000 |— i I v . H | 1] { i 1 i —
i | " Lo LH*J*‘ o hi IR H B R ]
= o i il 1 H }_‘ :}"l l-l‘ i il 1 I!?‘ll i 1
] — iy b iy kb ok X ARG i bl s ook
s PP e T T e T U §
:2 | 1000 (— -
60— - 1500 |— a
Sl — 2000 |—
Y _ 25 3Io GI.’} -llll 45 50
Time {min)
Battery Temperature ” Impact on the 11kV Local Grid during Opportunity and Overnight Charging
| | | | | | | | 3 IFI;51 :ha;lﬂir“ul iy 1 ‘I“-_,_ F‘IM chargin| l* |
125 Fast charging + ' !MHMM\- “Dm';‘g"ﬁ'“ -
Fast charging only 2xDepat charging\
100 — Fast charging + _
- 1x Depot charging
<
Ban‘eq‘PwerUtiliuﬁan : E 5 4x Depot 119!901_
3 hargil
| I3) charging :;Em; ¢ arg:lg
— S0 T
T 1 - B 2xDepot____1y T
u s | | = S | | charging
! ! ! ! : s ’ 8 \ | \ L \ | L |
fime second) et ) 4 5 [ 7 8 9 10 1 72 13 14 15 16 17 18 19 2 2 2
Time (hr)
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ELECTRIC BUS VIRTUAL MODEL

DATA DRIVEN REPRESENTATION EXAMPLE

Empirical Electrical
mpirica model Voltage
data
Current Inputs (OCV, Rs, Outputs SoC
Ambient T | P Thermal —> ReD
temp ) model
Battery
temp

(1)

Battery Internal State
(Cycle, SoC, Temperature)

(3)

ECTROMOBILITY
[ ( m(C /) b1 ResearcH cenmre |

% EFFICIENT POW
P FOWERTRAI &

oA RESEARCH GROUP

and output)

Isr::ulfclatlon :> Data-Driven |:> (I:Iqal'sz:\naStlcal |:> Learning framework
Modeling @
Simulation :> Techniques ﬁ
Output Measurement Re-tuned
data (input mathematical

model

> Power Electronics
JTIONS and Motion Control
Council

PEMC

e

Battery
Hardware

Measured
Output

Measured >

Input

—>

Initial state

v

Data-Driven
Modeling
Techniques

(2)

Mathematical
equations

|

Start with the quasi-static physics-based model

2. Create initial data-driven model using system
identification based on simulation output of virtual
battery model

3. Tune and improve data-driven model using machine

learning based on measurement data from actual

battery hardware

IThe content of this tutorial cannot be shared without prior permission.
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ELECTRIC BUS VIRTUAL MODEL

MODEL TUNING RESULTS I8 ' ' P S S . |

Measurement data represented by
discrete diamond points

B0 K
B B & B @ d HE ¥
I

Moo 0 ST S s
EL O = L i T,
W e Sl

Simulation output represented by
continuous red lines

T -] 9 m n L o & |-}

After tuning of model, there is a high Tiens
correlation between simulation output

and measurement data, with an R? value_ . : Ssttory SoC Profle for May 120emonsirstion | |

> 0.9

Constraints: minimal dataset

- Limited duration - 8hr only

- Limited measurements > 1 input
data (vehicle speed), 1 output data
(SoC)

- Lots of assumptions necessary

B )
B B & 4 B 2 H E
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Virtual Models for
Controls and

Management Strategy

IThe content of this tutorial cannot be shared without prior permission.
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o " W= 0o mn s um s Em s an e e S E WS F O WEE O WS F WSS W e -—

Cloud-data Precondftiqning - N
* s o e
Tfermal Management (wheather etc.) strate$ # Eco-Driving/Routing

Electric Management

ECU (TMECU) * .’-3 ". . Control Un"
ELECTRIC BUS CONTROL MODEL ! Y . illnl.lnln;ll: --------------- FRsssnnnnnn L ﬁ i
ENERGY SAVING STRATEGIES HE i 1),
1 ¢ " b
3 ' .
» Energy Management System | - ECO Driving i -
A . Compact .
« Controls the traction system: torque - i refrigeration “ I : |
. . unit (CRU) - g .
reference, braking reference | : E-Motor ¥ :
« ECO-driving algorithm reduces traction I m 3 e '
energy requirements . feeesssnseseens ;—' ISR P
s Inverter . .
I Bof- »
» Thermal Management System | 4 - J |\ﬁ [ .
« Controls the auxiliary system: cabin ‘ §  Exchanger e | :
temperature setpoints, battery cooling and o ty,) | P
heating setpoints § ,_\ r— Y
« ECO-comfort algorithm reduces auxiliary Ry W RE T Sl isisisissiiasiainiistisg . B
energy requirements R *.H T - T I
ectric £nergy riow ea ow : """ nrormation friow s
> Charging Management System . . . 1
« Controls the charger: current reference l ~.. f' Y ECO Charging I
« ECO-charging algorithm reduces average | .
and peak grid load and improves battery . I
health and lifetime | ;
\ /
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ELECTRIC BUS CONTROL MODEL

ENERGY MANAGEMENT

> Driver model

> Minimize error between vehicle and reference speed ™™ « & o o L1

» PID control

NEDC

—.

Vehicespeed (/)
5 8 8 8 § § ¥

Referencé speed x Torque reference
\_' Braking reference

Vehicle speed m—)

ECO DRIVING

1. Modified driving cycle, 2. Optimized torque reference

ﬁ& EFFICIENT POWER ELECTRONICS

POWERTRAIN & ENERGY SOLUTIONS
EPOWERS RESEARCH GROUP
T—

Power Electronics

A\ 1+ ELECTROMOBILITY :
m ((O I] | RESEARCH CENTRE | and Motion Control
b e

PEMC

Council 4G

Distance (m)

Acceleration (m/s?)
°

Velocity (m/s)

06 s ” 0
Normalized Torque

Torque optimization for maximum efficiency or power

-
|

e
o

-0.5

4000 T T

[———nNormal SORT
Eco SORT

P
=]
8
5
T

~
S
3
3
T

a
S
8
5
T

o

L] 100 200 300 400 500 600 700
Time (sec)

Eco-friendly speed modification
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Temperature Setpomtsm March
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THERMAL MANAGEMENT S P e e

................

amparatura [ C)

T
m
=

=

T | 1 | | | | | I
o 2 4 ] ] 10 12 14 16 18 2
Time (hr)
{ ] Temperature Setpoints in September
o = T T I T f T |—nmb|eanempamre
o 75| N I oin
o | ECOComfort Setlpnint
» Cabin thermal model = = et
&
Air refresh rate S —T e, e \\ 1
@ 20 | 1 L [ 1 L
Heatpump “ Cabin climate B 10 12 1 6 1 2
Time (hr)
Wall and window 2 Temperature Setpoints in December
insulation 5 ! I JUUE A ' 4 ‘‘‘‘ I l [R— I ' [ mbient Tempertire }_
5 20 £i- e e 3 i "~ ECOComfort Setpoint "
‘.3 15 : -
g
Passengers &0 ) | L ! L ! L -
o 2 4 ] ] 10 12 14 16 18 2

Ambient [°C] —

model .
« Setpoint temperature keeps passenger at a
ower comfortable temperature slight level of discomfort, but reduces the
Ideal comfortable temperature HVAC power Consumptlon

— Upper comfortable temperature

/X} - Expect some people in the cabin feel slightly

comfortable range u n CO mfo rta b I e
Time of day ——

A >Therma|comfm‘t 1. Dynamic cabin temperature setpoint based on:

Setpoint [°C] —

2. Preconditioning at the depot
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ELECTRIC BUS CONTROL MODEL
CHARGING MANAGEMENT

. Charglng infrastructure
High-powered opportunity chargers
Lower powered overnight chargers
In-motion charger
Modular chargers
Peak shaving using a battery backup

« Charging strategy
Smallest battery - In-Motion charging
Medium-sized battery > Opportunity charging at route end
Largest battery - Charging once a day in depot

« Charge scheduling
Variable charging duration
Priority-based charging based on SoC level of the battery

« ECO-charging

Charging pulses of variable duty cycle, period, and c-rate

ELECTROMOBILITY ﬁ% EFF%Q‘EN“T‘POi\"/EE’AEﬁL’ECTR’O:\HCS . Power Flectronlcs
m (( /) b1 ReseARcH CenTRE ‘ . .. e Ao e Motlon %°“"°,l
T ouncil

ECO-charging

400 High-powered opportunity charging
Eco-l T I T I T I T T

charging
300 L activated

—— ECO-charging
= = =Normal charging

Current (A)
N
o
o
T
|

100 -
|

710 M 712 713 714 715 716 7 718 719 720
Time (min)

5000 Battery cooling during opportunity charging

2 -="" \\ ——ECO-charging

= = =Normal charging | |

T

4000

E 3000 -

2 2000

T

1000

T

0 ! ! | L | LS .l |
710 M1 712 713 714 715 716 717 718 719 720
Time (min)
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ECO-CHARGING

ECO-charging profile without active synchroinzation

700 | | | | |
600 |— e e e e e ECO-charging | |
1T T T T IT T IT ITITTITTITTITTITTITN N nmnnnmnnmnmnomnomn ni=-==Normalcharging
—~ 500 — : —
= 400 — ! —
g 1
&= 300 — ECO-charging activates (1 98 ]
3 when ESS temperature L
200 — exceeds 50°C : ]
100 — i ]
0 | L L |
786 787 788 789 790 791 792 79.
Time (min)
-00 ECO-charging profile with active synchroinzation
| |
- e M M e e e L L L LD - ECO-charging | |
600 N = = =Normal charging
— 500 (— ! —
< 1
< 400 — ' —
q:, 1
S I J—
5 300 ECO-charging activates 1
O 200 — when ESS temperature I ]
exceeds 50°C !
100 — 1 —
0 | (EIE NI A R NI A IR R A NI RN BN AN A NN R NN BN AN RAR NIAE BN
786 787 789 790 791 792 79.
Time (min)
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EFFECT OF CLIMATE ON THE ECO-CHARGING

3 0.5C charging
O 1.0C charging
> 1.5C charging

2.0C charging
120 — v

{> 2.5C charging 45 30 (9%)
110 —| 4 o R :: 18%) _ 25 (2%)
£ 30 £20
100 —| Vovv 5;25 10%) %15
90 —| v o XXX g 20 (3%) 5
o X % 515 I 13%) Ifl 10 %)
- g B Il 1
< V. %el
?: 95 2e8pa : I
H > #;! O BCN,NMC  GOT, NMC BCN, LTO GOT,LTO BCN,NMC GOT,NMC BCN, LTO GOT,LTO
%‘ ® Rk 4 o 3 = S N ) ® Normal wECO Charge ®wNormal w®ECO Charge
8 3 4 Ky = s
3 S ) K Kory ) e Loy .
o s P B ool ,gml‘!: 25 % Summer Winter
* g g ﬂﬁkﬂ* ks v W
Effect of climate on the ECO-charging effectiveness
in reducing the battery cooling energy requirement

40 30 20 10 Pulse period (s)

Pulse duty cycle (%)
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Overall energy savings for both buses: 40% ~ 45%
12m Electric Bus 18m Electric Bus
Max. Savings 0.40 kwh/km  Max. Savings 0.72 kWh/km

L/
‘ 35%

\/

ELECTRIC BUS CONTROL MODEL
ENERGY SAVING RESULTS

3%

» While ECO-driving and ECO-comfort reduces
energy requirements of buses, ECO-charging
reduces the impact on the grid

= Eco-Comfort = Eco-Driving = Eco-Charging
Energy savings due to ECO-feature

Energy Savings using ECO-Driving Energy Savings using ECO-Comfort

— —

Eos £ 045

x x

=07 = 04

2 0 2 03

x £ 03

w 05 *

fe)] 04 o) 0.25

E : E 0.2

3 03 W 0.15

D o2 Y

> >

O 0.1 O 0.0

o o

c 0 c 0

L 9.52 11.64 19.78 23.57 w Spring Summer Autumn Winter

Average Route Velocitry (km/h) Season
m——18m Bus 12m Bus s 18m Bus Warm Climate 12m Bus Warm Climate e====12m Bus Cool Climate
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EMS

Cloud mission planner
Supervisor layer
External layer

VIRTUAL MODELS FOR PREDICTIVE EMS AND TMS

* Supervisor optimal EMS and TMS tuning (SoC %, T,,,.°C), using a-

P VIS e =l S0Csp, Mpar: Tparsp
priori driving mission info

* Minimizing energy consumption and extending FC & battery
lifetime

* Data driven backward traction chain and power source models

= Periodically trained to ageing fuel cell and battery pack
(‘“Training’ from vehicle subsystems feedback)

DT Training for EMS

* Machine Learning auxiliary load estimation
Predicts future cooling and HVAC load depending on:

= Payload and driving mission Pres=>

* Ambient temperature and solar radiation S S|

= Powertrain SoH o L @M )
EPoar> —:%:P:’ = |

Reduced order digital twin for prediction and EMS tuning

IThe content of this tutorial cannot be shared without prior permission.
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VIRTUAL MODELS FOR POWERTRAIN OPTIMIZATION (FCEV & HEV

OPTIMAL POWERTRAIN SIZING Nested co-design optimization
T T e T T T =
: . Lo PSO d |
* lterative nested co-design optimization forHEVand | powertrain es'g;, e N
FCEV powertrains | PresPem J = £ (Prcs Pem Epar, =F£5 Tpar | 17) |

dPpcs . _
- . . Epar—=L&S -
» Scalable data-driven fast acting virtual models | o };F;CS df;ptcs Ii X :
. . *
represent entire powertrain:- BAT i, |dSoC| > dSoCmax

o Traction (eDrive)
o Power sources (FC, battery, ICE)
o Cooling auxiliary load

Peym Tpar Vewr = VPWrpg,
Mpwr > MPW 0,

|

| I

I Iterative EMS SoC sustaining - H, tank capacity :

Il _ oo o AP . _

I maln |dSoC| = f | A |Prcs, PEm EBAT)TJTBAT I

| I
|

* Virtual digital twin models characterized from actual
vehicle/subsystem tests 1=

IThe content of this tutorial cannot be shared without prior permission.
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Virtual Models
Parameterization and

Calibration

IThe content of this tutorial cannot be shared without prior permission.
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FROM VIRTUAL MODEL TO DATA-DRIVEN DIGITAL TWIN

* Adigital twin is a real-time virtual replica of a physical asset, unlike traditional
models that simulate theoretical behaviour only
* Data-driven digital twin leverages real-time data

ADVANTAGES

* Improved Accuracy: Reflects actual system behaviour for more precise representation compared to theoretical models

* Dynamic Adaptation: Adjusts in real-time as the system evolves (e.g., wear or changing conditions)

e Data-Driven Decision-Making: Continuous data allows for optimizing performance and strategies

* Cost-Effectiveness: Reduces virtual validation costs or maintenance costs by predicting failures and extending asset lifespan

CHALLENGES

* Data Quality & Integration: Accurate, continuous data flow is essential

* Scalability: Managing accuracy and real-time performance becomes harder as system complexity grows

« Computational Requirements: Real-time data processing demands significant computational power, especially in complex
systems

* Cybersecurity: Ensuring protection against cyber threats is critical due to real-time connectivity

IThe content of this tutorial cannot be shared without prior permission.
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VIRTUAL MODEL OF A DRIVETRAIN COMPONENT

-

47 KF IKF K3,

e Ve | SR
| JQ} KF |

\ Y,

Physical entity > Digital entity

g gy

\ (a) (b)

 Why the average model?

* Easier to implement
* Fast simulation time

(c) (d)
Power converter equivalent circuit (a) upper IGBT
conducting (b) upper IGBT conducting equivalent
circuit (c) lower IGBT conducting (d) lower IGBT
conducting equivalent circuit.

IThe content of this tutorial cannot be shared without prior permission.
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POWER INVERTER CONTROL MODEL: SPWM

MODELLING APPROACH
| POWER INVERTER CONTROL MODEL: SPWM_

1.5
=)
=)
&
<
=]
20
7
!
5]
2
= - g
g ——Normalised reference voltage
= ——Triangular Carrier waveform
Z —PWM signal
s ‘ | ‘ | — Average PWM signal
) 0 90 180 270 360 450 540 630 720
Electrical angle [Deg]
400 +

‘Jl‘"'”\"w | '|"‘HW"}”‘|"'|” \_
™ T i

200

Phase voltage [V]
(=

200 ] ‘ | .‘
Ll Ll
400 - —PWM phase voltage
‘ | ‘ | —First order phase voltage|
0 90 180 270 360 450 540 630 720

Electrical angle [Deg]
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POWER INVERTER LOSS MODEL

Total Power
Losses

Switching
Losses

Static Losses

Turn-on
Losses

On-state
Losses

Rlocking
Lesses

Turn-off
Losses

; Voltage

' '
! Current !
'

E”% t
Switching losses

Conduction losses

Piotat = K1 + KQIGR)Q + K3172'ms + Ky fow + RESPI(%c,rms
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DATA ACQUISITION FOR MODEL PARAMETERIZATION

DATA ACQUISITION

Test setup: 11 kW PMSM with 15kW IM

Testing Hardware

A

dSPACE MicroLabBox

Analog Filter

—

7) ] j ELECTROMOBLITY
m ((/) | RESEARCH CENTRE
ot

ﬁ% EFFICIENT POWER ELECTRONICS

g POWERTRAIN & ENERGY SOLUTIONS
EPOWERS RESEARCH GROUP

COLLECTED DATA CONSISTENCY: VALIDATION USING POWER ANALYSER

|
|
|
I e I;WM voltage
I 700 Analogue filtered PWM voltage | -
——— Digital filtered PWM voltage
I 500
I E 300
| %
@

| Input DC power at different loading = 100
| o1 7
I 10 + —— Using Power Analyser :E -100
I gl Using Analogue filter and dSPACE §u -

2 gl |

—~d
: ? 7L -500

5]
| 5 (f | 1 -700 ' : :

Ao 1 0.02 0.03 0.04
I = 4} Time |s]
| = 3
| 5 9l Output phase-to-phase PWM
| a gl voltage at speed of 1500rpm

0
|
-1 A S S N S S S S

| N S S N S S SN

Time |s]
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PARAMETRIZATION METHODOLOGY

—

m

m@)hi

ELECTROMOBILITY
RESEARCH CENTRE

LOC Data Acquisition from SDT Inverter
T~ - g ’

—> P

hysical Asset Data

—> Twin developing Data

pgthon
f Setting Simulation Parameters

l Sensors Data |

[ Analo‘g filter ]

Output Phase
Voltage, Phase
Current, DC

Bus Voltage
and Current,
Torque, Speed
and so on.

Physical Entity

% EFFICIENT POWER ELECTRONICS
‘v POWERTRAIN & ENERGY SOLUTIONS
EPOWERS RESEARCH GROUP

n=

pdate parameters based1 on learning factor
n+

ﬂ

Calculate measurement loss
Evaluate objective function f(x), ab

Inverter parameters

and Input Profile

l

Error = |P Loss_measured — =5 LossDT I
v" New loss parameters using:
Particle Swarm Optimization (PSO

f(x) < Threshold

KE KF K3

[ Output: Final Loss Parameters

& ...K, /]

Power Electronics PEMC
and Motion Control

Twin Developing Algorithm

Courtesy: This research is part of the DT4V SBO project
funded and supported by Flanders Make, the strategic
P— ,/Fz:j\ﬁ]l\ research center for the manufacturing industry.
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Estimate losses using MATLAB model

~

Digital Entity
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CALIBRATION AND VALIDATION

Digital-Twin
Data

Speed [rpm]

Digital Twin Loss

Measured Loss

800 1000 1200 1400 16
Time [s]

400 600

~
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Training Data Data
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l r% — 5000 Speed [rpm] Speed [rpm]
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o 30 &0 IRV [ — 0.01
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gel e 0 © .6 o000 S —_ 5 0
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Training torque/speed data test points

: |] ELECTROMOBILITY
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i* EFFICIENT POWER ELECTRONICS,
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| E—

o looo 200
Speed [rpm]

Time [s] 0
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Comparison of measured and DT estimated losses
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TUNED AND CALIBRATED MODEL FOR DIGITAL WIN

00 | —Measured Losses |
— Estimated Losses (DT) Error in percentage versus speed-torque map for NEDC driving cycle
Z.600 | S0 o 100%
8 (Data set 1)
195] o o
S 400l NEDC Driving Cycle 20 L
=
<)
5 R*=92.4% _
!
200 | A ] é 10
QL
=
0 . : = 0 L
0 200 400 600 800 1000 1200 E*O
Time [§ 00 | —— Measured Losses | (Data set 2)
—— Estimated Losses (DT) -10 +
£ 600} | ] o
w2
% ' _20 L L L L 1 %
. . Q [ 0 1000 2000 3000 4000 5000
WLTP Driving Cycle = 400 ¢ |
2 ; Speed [rpm]
o
~ 200 h l
¥ I ' i I
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Time [g]
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Virtual Model
Transition Towards

Digital Twin Concept
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ZEFES- ZERO EMISSION, SERVING THE LONG-HAUL FREIGHT ECOSYSTEM
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FROM VIRTUAL MODEL TO DIGITAL TWIN

Virtual Model Digital Twin:

A precise behavioral replica of physical Enabling Technologies N h [ e T S

systems using mathematical or hybrid  _ _ _ _ _ _ _ _ _ ____________, _ _
data-driven methods. data to deliver valuable services

Time (Sec)

% i Reduced order modelling: Faster Execution
@n Edge Computing: Computation in real-time
JEC RN Cloud Computing: Fleet level computation

Internet of Things: Real-Time Data Transfer

P Senor Technology: Real-time data collection

PN signals tBatery poes) PIVM stgnals (SC par
Q]Q.{ Q{ QzTQ{ Q<] s,]s‘;] \] &T&T.v,]

‘ _ L AI-ML driven Black box modelling: Unknown
behavior prediction

>
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Courtesy: ZEFES | Grant Agreement 101095856 @ZEFES
VIRTUAL MODELS TRANSITION TOWARDS DIGITAL TWIN CONCEPT

BUYING DECISION TOOL (DIGITAL TWIN SERVICE)

Environmental Total Cost of
« A tool that can predict if a chosen Impact Ownership

vehicle can complete a selected mission e el (TCO)
(location-to-location travel) with given
battery capacity and initial State of
Charge (SoCQ).

Buying
Decision

« A right vehicle selection for the right duty Infrastructure [gh) Tool Vehicle
integration Configuration
. . (MCS
« A complete vehicle DT model with fast Insights)
SoC calculation is necessary to implement
such tool. ZEV Usability
(Range and Reach
Polygon)
IThe content of this tutorial cannot be shared without prior permission.
bR | LS RS e ho o-10-2024 | 57



Courtesy: ZEFES | Grant Agreement 101095856 @ZEFES

VIRTUAL MODELS TRANSITION TOWARDS DIGITAL TWIN: USE CASE

DIGITAL TWIN MODELLING APPROACH

g Peen Speed Profile
=S - - - Other Inputs c
CIC) © Multi-Physics Model Data-Driven Model T O

U - —
e —5_ —_— Peys High Accuracy Accuracy depends on GE) 4&;
9_) a A Instantaneous Outputs training data o i_)
5 < N Physics-Based Model Black Box Model s a

—ti o

g E | k¢ Pyux Real-time executable g_ <
(a4 V-

Q | -
© S — @)
S € > Q) c g
= O + o 8 é
©
2 5 x 3 e
D« QL o 3 O
EE o cC aQ O
o8 = ot £
oS o & 35
<3 O o z 8
T + - State of Charge 95

§ Energy Consumption n

Physics-based Vehicle Model Deep Learning SoC
Estimation Model

DT service model development
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Courtesy: ZEFES | Grant Agreement 101095856 @ZEFES

DEEP LEARNING CONFIGURATIONS FOR TRAINING

X Xn—10 Xn-2) -+ Xn-15

Input Tensor

The impact of input availability on prediction accuracy

|

Dense Layer
Target Battery Vehicle Ambient Gradient Target R? SoC on R? NRG of (32 Neurons)
Distance Capacity Mass Temperature Speed Testing Testing Data 1
Data Dense Layer
v v 0.664 0.482 (32 Neurons)
v v v 0.785 0.700 [ "
v v v 0.656 0.552
LSTM L
v v v v 0.814 0.742 LSTM Layer
v v v 0.829 0.909 (2 Neune) |
v v v v 0.830 0.921 | Dense Laver
v v v v 0.901 0.896 Dense Layer
v v v v v 0.901 0.918 828 euions) l
v v v 0.907 0.706 Denca Layer
v v v v 0.879 0.895 Hose e (32 Neurons)
(32 Neurons)
v v v v 0.937 0.878 SoC l
v v v v v 0.928 0.888 D
v v v v 0.923 0.823 Charging Event NRG
v v v v v 0.908 0.938 Detection
v v v v v 0.918 0.933 | :
Event
v v v v v v 0.952 0.949 Charging Ever
Deep Learning Model Configuration
Model configuration and hyper-parameters are optimized by grid
search. Advance heuristic optimizations like PSO can be
implemented as well.
IThe content of this tutorial cannot be shared without prior permission.
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Courtesy: ZEFES | Grant Agreement 101095856 @ZEFES

VIRTUAL MODELS TRANSITION TOWARDS DIGITAL TWIN: USE CASE

ACCURACY OF DIGITAL TWIN MODEL

Inputs from mission s

requirement ZZ:\JM\ ZZ:\FF\J\J\

5% Error Zone

Speed Profile Validation

Target Distance _

\

Battery Capacity . | : :
Vehicle Mass = 5 okl skoberer ok M TSRt PN i [ :
Ambient Temperature o g “VW \’\{ VMN{\]N\

\ Gradient

7 0 50000 100000 150000 200000 250000 300000 350000 400000

-, - g 4 «  Predicted Value
= e
-7 v = Lt L [ {
-’ e v =
7 -~ B | |
DT Model Output - s i . : : -
- . 50(}00 100000 15()()()0 200(}00 250000 350000 400000
//' ,/’ 1.00 57

= === Predicted Value
State of Charge - Rt 2 015
. - o ]
Energy Consumption-~ | _ ___---- > 5"
_______ S 025

Charging Event - -~ S ol . . ' :
50000 100000 150000 200000 . 250000 300000 350000 400000
DT Model Output
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Courtesy: ZEFES | Grant Agreement 101095856
Tool Prepared by: RICARDO UK - ZEFES

FINAL IMPLEMENTATION OF DIGITAL TWIN SERVICE

ZEFES: Buying Decision Tool LOGOUT

Missions

Mission Name e
Mission 1 83.1 veOuEC
Mission Segments

47.1 v B

‘ ADD SEGMENT TO MISSION 1 ‘ Nertifmar
tandscape
Mission Name on Distance i
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o : : : . V 7 . § » F\~
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‘ ADD SEGMENT TO MISSION 2 ‘ e NT A ) y \
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- { y / ¢ (i ]
\ X /
Display Settings . I Speed
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COLOUR ‘ \ Tt ¥ 180
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2 5
L | 100 <
Save Scenario \
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h
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Part II: Digital Twin:

Lifetime and Safety

IThe content of this tutorial cannot be shared without prior permission.
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WHY IS RELIABILITY RESEARCH IMPERATIVE?

Reported PE Lifetime issues
2 Toyota recalled 400k+ cars in 2014 due to unexplained
overheating of semiconductors [1];
2 Hyundai announced a recall of more than 13,500 vehicles
in Australia related to a potential electronic heating issue
that could start fires [2];
2 National Renewable Energy Lab stated setting a 1,127-acre
The explosive consequences of Power Semiconductor Failures (e.g., before fire at a 250 MW solar power plant, including power
and after the failure of a power semiconductor) [5] electronics components failure [3],
> The Beijing-Tianjin high-speed railway in China reported
50% of failures in traction converters [4].

Significances of Poor Lifetime
> Revenue loss (e.g., NREL stated an $8-9 million loss in [2])
> Customer dissatisfaction

2 Long delivery delay

Rigorous safety requirements are applied for critical applications (e.g.: EV 2> Disru pted services
and wind applications) [5]

Source:

1. https://www.latimes.com/local/california/la-fi-prius-overheat-inverter-defect-20190414-story.html

2. https://www.bbc.com/news/business-66402202

3. https://www.emainc.net/tag/medium-voltage-vfd-failure

4. J. Liu, st.al., "Reliability evaluating for traction drive system of high-speed electrical multiple units," 2013 IEEE Transportation Electrification Conference and Expo (ITEC), Detroit, MI, USA, 2013, pp. 1-6.
5. Google image
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AUTOMOTIVE STANDARD LIFETIME REQUIREMENTS

Scenario 1: Standard EVs Scenario 2: Vehicle-to-Grid Applications
» Traction Inverter ( 10000h/15 years ) » Traction Inverter ( 10000h/15 years )

« On-board Charger (11000h/17 years ) + On-board Charger (22000h/17 years )
Scenario 3: Integrated PE System Scenario 4: Sharing Vehicles

« Integrated Traction Inverter (20000h/ 15 years) * Traction Inverter (20000h-50000h) ~(2-5) times

Other PE Systems of EVs Applications

. High-Power Charging Stations (20 years)

. Power Electronics Wall (20 - 25 years) oo . //--More will be defined--//-----------
. On-Road Inductive Charging (20 years)

2 From 10000 hours to 50000 hours of operation time
2 Reducing CO, Emissions > Acceptance of EVs, Reliability, Cost
2 Saving Resources - Material usage, repair, recycling
2 Novel Use Cases:
+ Automated and shared driving

« V2G - lifetime & availability
+ Integrated PE systems

IThe content of this tutorial cannot be shared without prior permission.
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WHAT IS A MISSION PROFILE ?

IThe content of this tutorial cannot be shared without prior permission.
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MISSION PROFILE SELECTION FOR RELIABILITY DIGITAL TWIN

What is a Mission profile?

A mission profile is a simplified representation of all relevant static and dynamic load conditions to which a vehicle’s
electric/electronic components (i.e., a device under test (DUT)) is exposed within its entire lifecycle.

Why are mission profiles essential in the automotive sector?

= A different user profile using the same DUT may result in totally different load profiles and thus, different
requirements.

= Therefore, Mission Profile for individual automotive electrical/electronic modules is recommended to be prepared and
communicated to the engineers during the early design phase.

= With the proper description of the Mission profile, service and quality target can be integrated into the design phase
to achieve ,, Zero defects” and robust design

In the Automotive sector, OEMs and Tierls specify mission profiles for their applications.

IThe content of this tutorial cannot be shared without prior permission.
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FUNCTIONAL LOADS EXAMPLES IN EVS

Parcel delivery

/Train/ Ship / Plane Transport

Assembly / Maintenance

Airport Parking
Highspeed

Short Distance

Usage

Mechanical Load under %
Profiles Stop & Go

Nominal Operation

Mountain Pass

Trailer Pulling

Force

Overload Loaded Roof Career

Mechanical

Blocking Idling with Ac on

E R
mergency Reverse Playing Children
Calibration Run

Misuse

Functional Loads

Start Pulses

KL30 (permanent)

KL15 (Intermittent)

Power Supply

Overnight Charging incl. V2X

Fast/Opportunity
Charging

Jump Start

# of Cycles

Charging
Profiles

Mobile Device

Electrical

In Motion Charging Durati
uration

Charging at cold
arngz_?n?) “ PWM-Level Sleep
Preconditioning for Fast Current consumption Peak
charging ) .
( Concurrency Source: Handbook for Robustness Validation
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EXEMPLARY MISSION PROFILES FOR EVS

0 Battery Condition *
v' Technology, Int. SoC
Payload Info * Environmental
|\/ No of passengers, Max condition!
Weight of luggage v' Seasonal temperature,
Wind speed

£ 77

lUsage Scenarios *

A
Road A)

v' Start point and end point
v' Parcel delivery service
v Commercial traveler - =
v' Short city trip Cha racteristics'!
- - * H o
v Short-range commuter |Cha rging Scenarios v T:aafcil::% Road slope, Vehicle
v' Long-range commuter v Fast, semi-fast, slow g g
v' Driving after fast charging * Functional Load
v Pre-conditioned or not? | Environmental Load
Source: PhD Thesis of Sajib Chakraborty 2022 IThe content of this tutorial cannot be shared without prior permission.
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https://researchportal.vub.be/files/93322461/Chakraborty_Sajib_thesis.pdf

UTILIZATION FOR DIGITAL TWIN FOR MISSION PROFILE TRANSLATION

(a
| ’ Traficinik
\ ‘/
| Topologyinio
‘ - Bhrastndsseinto
—— Travel °
A

Use Case
Definition
IThe content of this tutorial cannot be shared without prior permission.
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DEVICE-LEVEL LOADING FOR 'DEVICE UNDER TEST CONVERTER’

100 320

Speed -y
—BatPack (V)| | 310 =
o

300 £
=}

‘ S
) ) 3
= =
P - =
E 60 290 4 £
=3
3 o s =
g 40 20 2 £
@ 2 o S
270 F 20
20 -
260 2 o! ' ss
Z 0 500 1000 1500
0 250 Time (s)
0 500 1000 1500

Time (s)

IBattery Voltage % N

v Technology nn v,
att

: ]  HV
(i.e., NMC, LFP, LTO) + - DC/DC INV

Jgatt K I Iq \.

All have impacts on thermal
cycling and reliability !!!

|Coolant Profile
v Type of cooling

N (i.e., Liquid, Forced air)

EM

80

60

40

Speed (km/h)

=

Load Profile

|IControl strategy
v Type of control

i.e., DFC, IFOC, MPC
v EV cycle (i )

Time (s)

(i.e., NEDC, WLTC, Urban..)

IThe content of this tutorial cannot be shared without prior permission.
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- Standard ambient condition of 25°C

(B1) Parcel service inter-city daily job
(highway driving)
- Standard ambient condition of 25°C

) loading: delivery in urban areas

without

(un-)

Parcel service
intermediate stops for
delivery outside the city

90

B HIFLELEVENTS

Courtesy of https://www.hifi-elements.eu

EXEMPLARY EV MISSION PROFILE FROM EU PROJECT

Description of Use Case Resulting velocity profile

(A1) Special goods deliver inside the Turin City Parcel service with multiple stops for (un-

Distance: 20.4 km
Duration: 4845 s
Average Speed: 4.24 m/s

any Distance: 20.3 km
loading: Duration: 1500 s
Average speed: 13.55 m/s

Key Observations:
= Almost the same distance traveled
= The stressors will be different

= Equal lifetime requirements can’t be
applied for both UCs

60
80
S0+
70
60} =40
50
= 330}
240 B 'g.
“ 30 “a0f
20 r 10l
o URBAN EXTRA-URBAN
0 | I\ 0 A A A "
0 500 1000 1500 0 1000 2000 3000 4000
Time (s) Time (s)

Iﬂ(( )) b I ResearcH cenre

)
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MISSION PROFILE IMPACT ON THERMAL STRESS
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(A1) Extra-Urban Cycle (Van for Parcel delivery)
Distance: 20.6 km; Duration: 4845 s; Average Speed: 4.24 m/s

Speed (km/h)

100 300 100 62 100 320
Speed Speed Speed
M Traction power —Coolant Temp| | 61 Bat Pack (V)| {310
R cccn power 200 80 o 80
= _ 60 30 300
00 ég 60 E%\ 60
1
S 3 59 E-'M 290
=1 =1
0 £ 2 40 2 g 40 280
s & R=gvs
S 578 270
-100 20 “ 20
56 260
0 -200 0 55 0 250
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Time (s) Time (s) Time (s)

NMC Battery Pack voltage (V)

(B1) Urban Cycle (Use Case: Van for intra-city duty)
Distance: 20.3 km, Duration: 1500 s; Average speed: 13.55 m/s
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LOW-LEVEL CONTROL IMPACT ON THERMAL STRESS

Use Cases Description: 1000 . . | .
= A2: 1 WLTP cycle drive using MPC-based PWM control for traction inverter ierer losses WP
. . . . — Inverier losses
= B2: 1 WLTP cycle drive using IFOC-based PWM control for traction inverter s 800 Il | ‘
1]
% 500 | i i i 0 1‘ J |
— 120 T 1 T T T § I \ i |I\ i ‘
% 100 | | —=— Motor speed MPC ] £ 400 | | A | n !
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Time [<] resulted in a 1.77% lower IGBT temperature
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CHARGING IMPACT ON THERMAL STRESS

Use Cases Description:
= 1 USO06 cycle drive + 11 min charge with 75 kW (with thermal conditioning) + 1 US06 cycle drive
» 1 USO06 cycle drive + 11 min charge with 75 kW (without thermal conditioning) + 1 US06 cycle drive

" 7 US06 Cycle " USO08 Cycle Thermal Cycle after Charging
" | " | 1501 R - _Ta=65C.
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S 0 40 2 conditioning, and maximum T, goes beyond 145°C;
= Q J .
g . whereas smart thermal management keeps it below
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Time (sec) IThe content of this tutorial cannot be shared without prior permission.
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RELIABILITY ASSESSMENT USING DIGITAL TWIN

Mission Profile

Device
Level
Loading

Y

System-level
reliability

Component-level
reliability

Weibull fit

Power

Electronics
Switching Model

Monte Carlo simulations

Accumulated
damage

-Ids Vds

Electro-thermal
model

A

Rainflow cycle
counting algorithm

Lifetime (LESIT)

MREL: connected Mission Profile oriented RELiability assessment tool

Details in: S. Chakraborty et al., IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 10, no. 5, pp. 5142-5167, Oct. 2022
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RESULT AND ANALYSIS

EXTRA-URBAN
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BeA HIFI-ELEMENTS

Analysis: The same DUT is ~2 Times more reliable if the EV is subjected to an Extra-urban profile compared to

the urban throughout its lifecycle;

Details in: S. Chakraborty et al., IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 10, nbThe eentent pfthis/tuterial cannot be shared without prior permission.
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RESULT AND ANALYSIS

MPC-BASED CONTROLLER

IFOC-BASED CONTROLLER

1 S e ——T 1 -------------------------------
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Analysis: the IFOC resulted in a 21%b longer lifetime, due to the lower temperature swings in the MPC inverter
devices, even though its average junction temperature is higher for same mission profile.

Details in: A. Zhaksylyk, et. Al., 2021 Sixteenth International Conference on Ecological Vehicles and Renewable Energies (EVER), Monte-Carlo, M?H@%r&gatlof’ﬂ‘)i} 6ok &Qn%‘ﬂ%@’/'fa‘i%%%%i?o%p%ﬁﬁé}ﬁnss,on
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PHM ACTIVATION APPROACH AND RELATED TESTS
ONLINE DIGITAL TWIN

System PHM te > First-time exhibit an off-nominal behavior
Response action _ _ tp, > Time PHM detects an off-nominal behavior
A | Service Gain 1

t, > Time PHM complete predictive action
traiwopnm=> Actual Time System fails without PHM
traiwpnm = Actual Time System fails with PHM
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On Device level:
« AEC-Q100, AEC-Q101 (Devices, Power Devices)
« AQG 324 (Modules)

On Component (ECU) level:
+ Stress tests based on IEC norms (HTOL test, vibration, corrosion, ...)
« Mission critical test for the life expectancy of the car

Source: IEEE Std 1856™-2017 IThe content of this tutorial cannot be shared without prior permission.
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CONDITION MONITORING FOR PHM

Non-Invasive
Use of Global signals
Hybrid ( Physics/Data-driven) models

Scaled Temperature

del
T, IGBT
/ Diode
1! ; k!
! ma 15 IR
| h] | l j
—— Hi-Fidelity Model

—— Deep Learning Model
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Simulation and Real-time Estimations
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Invasive Circuits/Sensors
Integrated into Power Converter
Hardware
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Measurement Results

IThe content of this tutorial cannot be shared without prior permission.
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FULL-SCALE EXAMPLE OF A PHM IMPLEMENTATION AT COMPONENT-LEVEL

"""""""""""""""" Connected Digital Twin
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IThe content of this tutorial cannot be shared without prior permission.
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SUMMARY

= User-centric design and connected digital twins in the cloud offer significant opportunities to
improve both the operation and safety of EVs

= Capability to anticipate unexpected failures to prevent downtime

= Make EVs more energy-efficient, comfortable, safe and affordable

Which method is mandatory for Reliability and safety-related design?
v' Mission-profile-oriented design

Which method is better for the C&HM?
v' Depends on the access to DUT

What are the constraints for Reliability and PHM implementation?
v' The access point, historical data availability, lifetime model parameters, maturity of the DUT, time
availability for the test, and OEM preference

IThe content of this tutorial cannot be shared without prior permission.
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Conclusions and Future

Outlooks

IThe content of this tutorial cannot be shared without prior permission.
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SUMMARY

DIGITAL TWINS AT DIFFERENT LAYER

« Component Layer: Multi-X simulations are used to model the
interactions of e-components, mechanical parts, batteries, and
auxiliary systems at various scales and fidelities.

 Vehicle Layer: The vehicle layer utilizes an analytical framework
for multi-objective design exploration and optimization, focusing on
energy management, drivability, and minimizing total cost of ownership
(TCO).

- Operational Charge Management Layer: Resource-efficient
modeling methods are employed to coordinate, plan, and control
charging processes.

- Fleet Management Layer: Data-driven, fast, and accurate models
are used to optimize logistics, traffic flow, charge-point availability, and
fleet-wide charging, supported by real-time monitoring dashboards.

(—/ I] . ELECTROMOBILITY ’i‘% EFFICIENT POWER ELECTRONICS Power Electronics PEMC
m ( | R»EHSEARCH CENTRE POWERTRAIN & ENERGY SOLUTIONS and Motion Control /F}T:'ﬁ]\
) £POWERS RESEARCH GROUP GoiHEl 71

+ Logistics planning

+ Traffic flow information (service layer)
» Charge-point availability

* Fleet charge controller

leet management layer * Vehicle monitoring dashboard

+ Charge coordination

+ Charge planning

= Charge control

= Public/private booking

Operational charge

management layer
» Optimization (min TCO)

+ Energy management strategies
» Drivability

» Performance requirements

*» [Eco-driving, eco-comfort

Vehicle layer

+ E-components

+ Mech components
+ Battery

« Thermal

+ Auxiliaries

IThe content of this tutorial cannot be shared without prior permission.
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MULTI-DOMAIN DT EFFORT TOWARDS LIFETIME IMPROVEMENT
Health

Management
(HM)

Advisory
Generation
(AG)

Prognostic
Assessment
(PA)

Device Under Test Health

Assessment
(HA)

Sense

Data
Manipulation

Condition

(DM) Monitoring -
(CM)
Reliability
Analysis

Based on IEEE Std 1856-2017, IEEE Standard Framework for Prognostics and Health Management of Electronic Systems

IThe content of this tutorial cannot be shared without prior permission.
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LINKED PROJECT

BRT#™— W ZEFES

For more details visit: https://ebrt2030.eu/ For more details visit: https://zefes.eu/

Hah Ficelity Elsctriz Wedsl raznd Testm

EFFI CIENT B54 HIF-ELEMENTS

For more details visit: https://www.hiefficient.eu/ For more details visit: https://www.hifi-elements.eu

This Tutorial result is part of the DT4V SBO project funded and supported by Flanders Make, the strategic research center
for the manufacturing industry.

IThe content of this tutorial cannot be shared without prior permission.
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INTERESTING PUBLICATIONS FROM MOBI

1. Hasan, M.M.; et.al., "Parameter Optimization and Tuning Methodology for a Scalable E-Bus Fleet Simulation Framework: Verification Using Real-
World Data from Case Studies,” Appl. Sci. 2023, 13, 940.

2. Bhoi, S. K., et.al., “Intelligent data-driven condition monitoring of power electronics systems using smart edge-cloud framework,” Jul 2024, In
Internet of Things; Engineering Cyber Physical Human Systems. 26, 101158, 17 p., 101158.

3. Bhoi, S. K., et. Al., “A Data-Driven Thermal Digital Twin of a 3-Phase Inverter Using Hi-Fidelity Multi-Physics Modelling,” 2 Oct 2023, 2023 25th
European Conference on Power Electronics and Applications (EPE'23 ECCE Europe). Aalborg, Denmark: IEEE Explore, p. 1-8.

4. Frikha, M. A., et. Al., "Concept Validation of Digital Twin-Based Power Losses Estimation Method for Traction Inverter Applications,” 2 Oct 2023,
2023 25th European Conference on Power Electronics and Applications (EPE'23 ECCE Europe).

5. Tran, D., et.al., "Advanced Digital Twin Framework for Electric Truck,” 2023 IEEE Vehicle Power and Propulsion Conference, VPPC 2023 -
Proceedings. Institute of Electrical and Electronics Engineers Inc., 6 p.

6. Pardhi, S., "Optimal Powertrain Sizing of Hydrogen Fuel Cell Electric Coach for Lifetime Carbon Footprint, Total Costs and Fuel Consumption
Minimization,” 2023 IEEE Vehicle Power and Propulsion Conference, VPPC 2023 - Proceedings. Institute of Electrical and Electronics Engineers
Inc., 6 p.

7. Pardhi, S., et.al., "A Review of Fuel Cell Powertrains for Long-Haul Heavy-Duty Vehicles: Technology, Hydrogen, Energy and Thermal
Management Solutions,” 16 Dec 2022, In: Energies. 15, 24, p. 1-56 56 p., 9557.
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INTERESTING PUBLICATIONS FROM MOBI

1. S. Chakraborty et al., "X-in-the-Loop Validation of Deep Learning-Based Virtual Sensing for Lifetime Estimation of Automotive Power Electronics
Converters," in IEEE Journal of Emerging and Selected Topics in Power Electronics, doi: 10.1109/JESTPE.2024.3391930.

2. S. Chakraborty et al., "Real-Life Mission Profile-Oriented Lifetime Estimation of a SiC Interleaved Bidirectional HV DC/DC Converter for Electric Vehicle
Drivetrains," in IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 10, no. 5, pp. 5142-5167, Oct. 2022, doi:
10.1109/JESTPE.2021.3083198.

3. F. Hosseinabadi, et. al, "A Comprehensive Overview of Reliability Assessment Strategies and Testing of Power Electronics Converters," in IEEE Open
Journal of Power Electronics, doi: 10.1109/0JPEL.2024.3379294,

4. S. K. Bhoi, et. al, “Intelligent data-driven condition monitoring of power electronics systems using smart edge-cloud framework,” Internet of Things,
Volume 26, 2024.

5. S. K. Bhoi et al., "A Data-Driven Thermal Digital Twin of a 3-Phase Inverter Using Hi-Fidelity Multi-Physics Modelling," 2023 25th European Conference on
Power Electronics and Applications (EPE'23 ECCE Europe), Aalborg, Denmark, 2023, pp. 1-8, doi: 10.23919/EPE23ECCEEurope58414.2023.10264373.

6. Verbrugge, B.; et al., “"Reliability Assessment of SiC-Based Depot Charging Infrastructure with Smart and Bidirectional (V2X) Charging Strategies for
Electric Buses”. Energies 2023, 16, 153. https://doi.org/10.3390/en16010153

7. F. Hosseinabadi, et. al, "Active Thermal Control of a DC-DC Converter Using Dynamic Gate-drive for Reliability Improvement," 2023 25th European
Conference on Power Electronics and Applications (EPE'23 ECCE Europe), Aalborg, Denmark, 2023, pPp. 1-8, doi:
10.23919/EPE23ECCEEuUrope58414.2023.10264268.

8. A. Zhaksylyk, et.al., "Effects of modularity on the performance and reliability of SiC MOSFET-based active front-end rectifiers in EV charging application,”
IECON 2022 - 48th Annual Conference of the IEEE Industrial Electronics Society, Brussels, Belgium, 2022, pp. 1-7, doi:
10.1109/IECON49645.2022.9968778.

9. S. Chakraborty et al., "Scalable Modeling Approach and Robust Hardware-in-the-Loop Testing of an Optimized Interleaved Bidirectional HV DC/DC
Converter for Electric Vehicle Drivetrains," in IEEE Access, vol. 8, pp. 115515-115536, 2020, doi: 10.1109/ACCESS.2020.3004238.
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