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INTRODUCTION
P

2X and Role of Power Electronics
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INTRODUCTION

General Requirements for Power Electronics

Grid Transformer

Power Converter Electrolyzer
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= Requirements

Input Voltage: 0.4 — 35 kV
Output Voltage: 350 — 1000V
Output Current: 1- 12 kA (< 5% ripple)
Output Power
- <1IMW
- IMW<P<5MW
- >5MW
Galvanic Isolation
Controllability: Output Current/Voltage
PF>0.9
THD:i:
- <30% (small systems)
- <5% (large systems)

= Recent Future Trends

- High efficiency requirement (> 98%)

- Pushing to 1500V output

- Higher power levels

-  Load dependent THDi & PF

- High PF (>0.95) and low THDi (< 5%)

- Scalability

- Low foot-print and volume (reducing transformer size)
- High reliability

- Low cost [Euro/kW]

- Ancillary services
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TorPOLOGY OVERVIEW

State-of-the-Art (general classification):

Transformer Power Converter Electrolyzer
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12-pulse Diode Rectifier with multi-phase chopper (12-DRMC)
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B6 + chopper

Active Rectifier-fed buck converter

Ref: M. Chen, S. F. Chou, F. Blaabjerg, P. Davari, “Overview of Power Electronic Converter Topologies Enabling Large-Scale Hydrogen Production via Water Electrolysis”. Appl. Sci. 2022.

(‘ A. Abdelhakim and F. Canales, “Power Electronics Role in Future Hydrogen Systems”, APEC 2023.
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TOPOLOGY OVERVIEW
Bi N

oCat Project

EUDP C

= EUDP Project with NEL Hydrogen

BioCatProject

—"

BioCatProject

b CHP Unit
Raw biogas — 190Nm3/h (88 backup)
Biogas Plant |

Upgraded Biogas
491Nm3/h

Raw biogas - 822Nm3/h
Fam M e 280t

Biogas Plant Il Biogas Upgrading

Cc0o2
329Nm3/h

] Heat - 2,4MW (partially used)

—
1 \
H2 - 1620Nm3/h
—_—

Electrlcny
; 8 MW \
Water Oxygen

The integrated P2G solution

Grid Injection

Methane

522Nm3/h

(from methanation 408 Nm3/h

and biogas from plant | 114 Nm3/h)
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12-pulse Thyristor Rectifier (12-TR)

TOPOLOGY OVERVIEW
State-of-the-Art (Comparison):
B

ioCat Project (EUDP) — 5 MW case study @BOL

12-pulse Thyristor Rectifier with shunt power filter (12-TRSHF)

12-pulse Diode Rectifier with multi-phase chopper (12-DRMC)

Active Rectifier
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Ref: M. Chen, S. F. Chou, F. Blaabjerg, P. Davari, “Overview of Power Electronic Converter Topologies Enabling Large-Scale Hydrogen Production via Water Electrolysis”. Appl. Sci. 2022.
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TOPOLOGY OVERVIEW
State-of-the-Art (Industrial Solutions):

A\

12-Thyristor Rectifier 12-Diode Rectifier with Multiple Chopper Two-level active rectifier
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KraftPowerCon AEG Power Solutions SMA

Sweden Germany Germany
O Nominal Output: 1000 V, 1500 A O Nominal Output: 1000 V, 1250 A O Nominal Output: 1500 V, 2000 A
O Power: 1.5 MW O Power: 1.25 MW-10 MW O Power: 1-3 MW
O Efficiency: >98% O Efficiency: >97% O Efficiency: >97%

« EMC

Power Electronics for PtX | AAU Energy Research Day | P. Davari | April 2023 -II|I'||'I'III'-'""'-"'"'

Aalborg University
AAU Energy



Fired reformer Electric reformer

1.3 CH, +0.2 CO, 0.65 CH, +0.43 CO,

i
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OPOLOGY OVERVIEW
eREACT Technology

M

Electrically driven steam methane reforming
technology (eSMR)

= EUDP Project with Haldor Topsge A/S

= (Pilot Site Foulum)

&
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U Green Methane based on renewables B 1 MeOH
O Integration of methanol as an energy vector N fm
. . . . . . _— 1
L Contribution to balancing the electricity grid @ D— I H,
Waste Hydrlogen |_ Elid:ridiy]l Hydrogen
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TOPSOE © Topsoe A/S. All rights reserved.
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OPOLOGY OVERVIEW
eREACT Technology

N

12-Diode Rectifier with Multiple Chopper (12-DRMC):

2000mm

=  Specifications

- Input AC Voltage:

- Output DC Voltage:
- Output DC Current:
- Output Power:
Pilot Site in Foulum - Galvanic Isolation

AC transformer Recitifier stack |IGBT stack

A
FEIEIFE
" sgsd b
400V
150 V (Pilot)
850 A (Pilot)
128 kW (Pilot) AC line reactor DC line reactor

((‘ - Controllability: Output Voltage/ Output Current E M C
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OPOLOGY OVERVIEW
eREACT Technology

Series string for IMW

N

12-Diode Rectifier with Multiple Chopper (12-DRMC):
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Grid current (experiment)
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= CHALLENGES & OPPORTUNITIES

Design for Higher Performance

A

~99% ~97% ~70%
Grid Transformer Power Converter Electrolyzer
2H,0
— AC L o | @==~67%
QD H i
o
~99% ~96% ~70%
Grid Transformer Power Converter Electrolyzer
( ( ) ) —{ A oc B |-~ w | @=~66.5%
| = ﬁ o
o
| J
Y

= Total system cost (Euro/kW)

= Electrolyzer efficiency and lifetime (current ripple)

= Qverall system foot-print and volume

= Materials saving (e.g., less copper mass - CO, reduction)

= Scalability to cover different stack sizes (time-to-market + savings on R&D effort)

Impact on

« EMC
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— CHALLENGES & OPPORTUNITIES
Modular Multi-cell Rectifier (MMR) Grig

Power Converter

Electrolyzer

A

‘\ * K o \
Next Generation Power Converter fS il /'-_@
B RLD * oy K
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+ Solid-State Transformer (SST) = no LFT
+ High power density
+ Reliable (Redundancy)

CHARACTERISTIC PERFORMANCE INDICES FOR 1000 kVA LFT-BASED AND
SST-BASED SOLUTIONS IN AC/DC APPLICATIONS. [*]

+ THDI < 5% AC/DC
LFT factor SST
+ PF = 0.99 Losses [WKVA] 327  x0.53  17.3
Volume [IKVA] 45 x035 16
Weight [kg/kVA] 39 x0.32 1.3

+ Scalable to any stack size
+ Efficiency can be further improved (MV SiC)
+ Load independent performance

- Cost comparing to LFT-based solutions
- High control complexity

- High component counts

- Lack of technology standardization

—

Input-series output-parallel

(ISOP) for MV grid

((‘ [*]J. E. Huber and J. W. Kolar, "Volume/weight/cost comparison of a IMVA 10 kV/400 V solid-state against a conventional low-frequency distribution transformer,” 2014 IEEE Energy Conversion Congress and Exposition (ECCE), 2014.
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Design for Higher Performance

Power electronic

Losses Volume

State-of-the-Art

Weight

Degrees of

@ %
I Freedom

Cost & ¢ &

Time to market

| Future

\\ R :

~ \

RE&D S0 ‘:11
effort \Qd

= Efficient and Scalable

. Modular and reliable

. High power quality and grid compatible
= Strong need for Digital Twin models

Model parameters

l

Power Electronic-Model

Power/Voltage/current

«

Output voltage/current

Internal quantities

Ambient temperature

< N
. @
.

\.@/

Chemistry-aware Digital Twin models

R

HALLENGES & OPPORTUNITIES

/

I

Energy efficient solutions

Lifetime prediction and improvement

Dynamic behavior

Hybrid solutions with battery storage
. Better utilization

. Grid ancillary services

Aalborg University
AAU Energy
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Load Slopes
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> 800+
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£ 750"
@] v
700+ ——Beginning of Life
- - -End of Life
650 ' ! !
1000 2000 3000 4000 5000
Qutput Current, A
Aging-depended electric characteristic
. Predicting efficiency and reliability
] Exploring new materials for better life-time and efficiency
] Accelerating development time
. Strong need for Digital Twin models
Model parameters/initial state
Voltage/current
Current/voltage Electrolyzer-Model
Internal quantities
Ambient temperature E M C
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— CHALLENGES & OPPORTUNITIES

Dlgltal Twin Modellng i e @ DANMARKS FRIE

FORSKNINGSFOND

M

Our Methodology: APPLICATION

Validation and practical applications \\

I
SYSTEM LEVEL \ _‘O’_
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Self-learning schemes ) System-level \ Device Lever _ _ __ __ ___ -

for EMC [ \ Multi-physics mathematical Ny
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— CHALLENGES & OPPORTUNITIES
PEMC Software-Tool e -

C [ ] Selected Modal

MOSFET

= Canfig | Wawslarme/Spectrum

U 25%-40% product development cost reduction
U 30% faster time-to-market
e U Up to 20 times faster simulation time compared
d

Database | Company | Wolfspeed

iodel 10, | C2MO25120D s
200451700 xlsx
CZMIBS01200 xlsx

POWER ELECTRONICS SOFTWARE L= oo

CEM1000170D x5

MO

— to existing commercial software tools

CIM0015085D xlsx

TOOL FOR ELECTROMAGNETIC e | e .
e Focused solely on power electronic converters
INTERFERENCE PRE-COMPLIANCE v e
.. o= | Y lLarge collection of power converter
TDr_‘e,tt‘:OT' Is de"e"’pid based on Power Electronics I L topologies  (suitable for  different
igital Twin concept. 3 B B e I 2
g s application areas)
B .| T v" Full dynamic simulation
[EEM software Tool ver 1.0 m:m ':':’ ) ‘/ . o . . .
Viain panel s S Control and efficiency optimization
Device Level — — Converter Level — —  Filtering —1 # /

Optimized  design  following  grid
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) o rx N
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Topalogy

w v
e, Select Topology | Three-Phase Active Rectifier |
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EMI Filter
3
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Selected Parameters and Configuration

Device level | MOSFET model selected

Converter Level | Three-Phase Active Rectifier
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— ACCELERATING P2X

CAPeX New Pioneer Center

AN

(W

[ CAPex
Pioneer Center

for Accelerating P2X
Materials Discovery

https://www.dtu.dk/capex

Center leader: Tejs Vegge, DTU, Co-lead: Frede Blaabjerg, AAU

. Educate and mentor the next generations of

Milimeter

Micrometer

Nanometer

A

» >
1gstroms . "

Microsecond

Nanosecond

Femtosecond Picosecond Minute Hour Day/Year

* Digital twins at multiple scales

*  Coupling data from experiments and models

*  Change conditions at one scale and track effect up/down in scale
*  Determine consequences

e Efficiency and selectivity

*  Durability at system level

P2Xperts and 50-60 PhDs and 50-60 postdocs by

establishing the CAPeX Academy and three
international fellowship programs

Aalborg University

AAU Energy
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= EMC RG

RESEARCH ACTIVITIES AND
INDUSTRIAL COLLABORATIONS

A

O We are open to national and
international collaborations with
academia and industry.

Link (Projects)

(

v

(8]
E wn
g g New collaborations (growing)
c B
©
S G | Danftht o KK pmes o
? o Power DRESDEN Wind S University
= @© :
53 o
S5 o | = DANSK .
Z Fraunhofer 2\ T Schneider
'g o el ENERGI cruNDFOS % i Electric @ Hitachi Energy | 11 'SCHaFFner
| IFD Grand Solutions,
NHTD IFD Project, New Harmonic Reduction | S:Jp;aharm;)nlc; EMC stra'f:gles In power
Techniques for Motor Drives | € ectronic based power gri
[ Robust Energy Conversion Systems for
‘g g Distributed Network SiC4Grid
©c 3 o . Horizon project, Next generation modular SiC-
c = | EUDP, Developing high power quality kW to MW scale eSMR-MeOH based advanced PE converters for enhanced
'.8 © AC/DC power converters renewables integration on the Grid
m 8
> o . )
o £ Consultancy project, EMC of motor drives Stable PEMC IFD Inno-Explorer project, PEMC
c £ Drives software Tool
[ .
— 8 EUDP, Power converters for MW-scale PtX | |:[sf 05|
Schneid ject, EMC modeling i
chneider proje modeling in EMC-POWER
three-phase power converters
InnoSE Project, Power Electronics Ready for New
Grid Harmonic Requirements m
— ITN-Horizon project, EMC of Highly Integrated PE
o DFF-1 Project, Multi- convelrters for Motor Drives
c % Physics of High Power |
L Density Power
€ 8 Electronic Systems |
S g
S o DFF-2 Project, Compatibility and. Low electromagne.nc Emission CLEAN-Power
g Advancements for Next Generation Power Electronic Systems

Industrial innovations

Scientific breakthrough

[ 2014 | 2015 [ 2016 | 2017 | 2018 | 2019 [ 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | ..

I Finalized/ongoing/ granted projects [ project proposals under processing

Aalborg University
AAU Energy
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https://vbn.aau.dk/en/persons/132681/projects/

— CONCLUSION

Role of Power Electronics in P2X

A

The green transition hinges on more efficient, durable, cost-effective and
scalable design for Power2X

= Power electronic converters will impact the system total costs of
ownership and production

= System efficiencies and reliabilities require further improvement
= Lack of confidence in utilizing new technologies
= Faster processes are needed to understand and develop new components, Oxygen I Hydrogen

devices and systems ®
» Digital-twin modeling and Virtual-oriented simulation .
» Open-access databases .

» Unified/standard modeling approach

» Power hardware in-the-loop (PHIL) simulation

« EMC
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Aalborg University

e E M c

EMI/EMC IN POWER ELECTRONICS
RESEARCH GROUP

Thank youl!

https://www.energy.aau.dk/research/research-groups/emc
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