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Supported by:
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Overview: research project DC-INDUSTRIEZ2 | |andcumateAction

« Funded by the German Federal by the German Bundestag

Government

* Funding codes: 03EI6002A-Q AC grid r~—|]|—? Y
« 3.5 years until March 2023 g E%b
39 industry and research partners gl ! ! !

« Some 140 engineers & researchers ¢ ::_I’ k ﬁIJ : H 1’ ¢ 1 DC-Sectors
 Objectives: ( SEEEG

- Safe and robust energy supply for production b T m

* Mains-supporting connection to the supply grid | I I 1

energy
» Simple project planning
* Implementation and validation

* Maximum use of decentralized, regenerative % a

» 10 model plants and transfer centers

Page 2

© DC-INDUSTRIEZ2 & ZVEI, Nov. 2022

0
7 A
> 7S




DC-INDUSTRIEZ2

Status quo: Topology of an industrial AC grid

Emergency power
(extremely rare in industry)

Transformer

- — i
"

—
=

ﬁeﬂw

AC-distribution

W

Energy flow | .3
top-down %ﬂﬁ

]

>

()

Fixed speed
drives (Mains-
synchronized)
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Variable
speed drives

Passive loads
(light, heat, ...)

Machines and
robots

Auxiliary power
(PLC, I, O,
sensors,...)
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o

1~ 230V /
3~ 400V
sockets
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Energy: Current situation with frequency converters (AC-AC)

Basic wiring of frequency
converters is optimized
for motor applications

In braking mode, the inverter
needs to dispose of the stored
energy.

The most common method is
the dissipation of the energy
to heat in braking resistors
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Energy flow for motor operation

—
AC grid
Diode Inverter
rectifier

Energy flow in generator mode

AC grid

Diode Inverter

rectifier _ _
Braking resistor
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Topology of an industrial DC grid
AC grid Energy storage Energy generation
Many AC Transformer
applications s 2
= .2
internally X 9 feedback
e o ) DC-Sectors
« For example, i &Hﬁ
frequency —
converters DC breakers M} M}

« Connecting the
DC links with each
other makes the
many
AC-to-DC
conversion steps
redundant.
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Machines and Variable Passive loads  Auxiliary power 1~ 230V /
robots with DC- speed (light, heat, ...) (PLC, |, O, 3~ 400V
supply drives sensors,...) sockets
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Electrical energy exchange with a DC grid
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AC grid
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Advantages of DC grid for industrial plants

* Energy efficiency
» Lower losses (typically 2-4% ¥*)
» Total recovery of braking energy *
 Direct use of renewable energy sources *
« Peak power reduction through suitable storage
(up to 80%) *
 Resource efficiency
» Reduction of copper use and power loss (cables)
* Lower equipment costs and space savings in the

figld N DC650V <—b
o Grid stabili ty i 4 ] ]

- Additional investments for mains filtering and ' ' vl v i

compensation can be omitted, and existing grids m a
*. Evaluated in model applications

g
(@]
o
a
)
)

L
T

aE =

11 4 I 1 DC-Sectors

Energy flow

I

are supported
* Production failures through mains disturbances can
be prevented / reduced

* Industrial Smart DC-Grid / flexibility
* Infrastructure for intelligent control of energy flows
enables advantages in energy purchasing
» Supports modular machine concepts
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DC sectors organize the grid
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DC sectors
» Build a logical unit

» Include components with
strong functional
dependencies to each other

' > Provide sufficient capacity to

) suppress switch-frequency
compensation processes
& from the DC-grids
» Are protected with a smart
DC breaker

© DC-INDUSTRIEZ2 & ZVEI, Nov. 2022
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Simplified power calculation AC vs DC

* Power for AC * Power for DC
* Active power * Active power P =U - I
* P=U-1" cos(p) * It really is that simple ...

* Reactive power
° Q = Zgozl[l]n : In ) Sin((pUn _ (pln)]
* Distortion power

* In AC reactive power and distortion
e D=1- \/122 +I2+ ..=U- power need to be transmitted to the
oo end user via cabling
Yim=2lIm ]

. . * No such overhead in DC
» And everything three times for three-
phase systems ...

Page 9 © DC-INDUSTRIEZ2 & ZVEI, Nov. 2022



DC-INDUSTRIEZ2

Voltage bands — here for active infeed converters

* In DC, voltage mirrors power balance

* Load > supply — voltage drops N
« Supply > load — voltage rises &

e
L LY

'|H|,

- Nominal voltage band — full operation 620 V — 750 V

» Unlimited functionality
* Overvoltage band 750 V — 800 V

« Supply > demand — Shall not last longer than 60 s
 Active participants counteract the voltage deviation
» Storage devices charged, convenience loads are added

- Emergency band (undervoltage) 400 V — 620 V

* Overload condition — loads are reduced; storage supplies energy

* Devices may lose function & must resume function after voltage

recovery
* Shall last less than 60 s

* No operation — breakers disconnect

Page 10
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Voltage bands

|

700V g = 650V -
600 V
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400 V




DC-INDUSTRIE2
DC- K=
INDUSTRIE

Operating status — function of voltage and duration

« A7 Prohibited
« Damage very likely

« A6 Overvoltage protection Upper voltage limit Ux  Voltage 51: 52 53a: 53b: 54:
active of components for band f<50ps | 100ps=t | 1ms=ti Es=t t=60s
« A5 Overvoltage protection nominal voltage <1ms <5s <60s
not active 540V /650 V
* Devices may switch off 0L B7
U6: 2000 V
A4 Abnormal status - BG
- Devices shall function m U5 880V s e
dynamically S U4:800 V
: B4 A3
A3 Normal operation U3: 750 V
« Full functionality B3 A3 A3
U2: 485 [ 620 V
« A2 Acute undervoltage UL: 400 V B2 Ad Ad A2
» Devices may reduce power | Bl Ad A2
« Al Blackout status Time 3
- Switch off Ime

* Pre-charge on startup
Based on IEC Technical Report TR63282

Page 11 © DC-INDUSTRIE2 & ZVEI, Nov. 2022
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Voltage stability and droop curves

Grid voltage mirrors power balance "H"_
a) Uncontrolled operation (basic network)

 No active control of the DC-voltage (operation with diode rectifier) _ Example of droop curve
b) Autonomous droop control 'ocy

 Active feeders regulate their power depending on the level of DC voltage sink

* The characteristic is defined by a non-linear characteristic curve / /

< No communication required 0 700 .
c) Droop control with communication / 800 Uoc/V

 Setting of the characteristic curve can be changed by a central / /

control unit during operation SLES

* Only slow communication required — Active infeed converter

d) Central voltage control — PVinfeed

- Central control unit provides the setup power values — Energy storage

» Fast communication required — real time control
Choosing the control method allows for simple as well as
complex DC-grids with several sources

Page 12 © DC-INDUSTRIE2 & ZVEI, Nov. 2022
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Cabling: Resource- and energy efficiency
Example:
Supply of inverter driven three-phase motor 7.5 kW _ ,_
3~ AC grid 2 wire DC grid Total copper: 4 x 2.5 mm? = NS
i 5 DC: 141 A
: | - - Cross section — 1.5 mm?
protectﬁ,ﬁ [l”l”l” protecti[z,f; | @ » Total copper: 3 X1,5 mm2 = 4.5 mm?

Power factor of Specific electrical

@_" B6 rectifier ;t:séiztoa(\?ce of E-Cu )F\’CiV\-{LeI‘ factor DC Wiring type B1 B1
AC —Bficll_'f'fr— A=0.63 p = 0,018 (Qmm2)/m o B Number of wires 2 3
frequency | A Nte = 0.968 DC/AC - Nge = 0.968 simultaneously 7
converter L -7 | converter |—-—_—_— 7
@- @ loaded 4 -
oo O Wire cross section current in A vy 10100
in mm?Z
AC motor — 0887 AC motor _ 15 175 155
MMotor = 0. MMotor = 0.887 . : . Permitted current in A
ISR, U S —— )
_ 24 @ 30°C ambient temp.
Prmotor = 7.5 KW Prmotor = 7.5 KW 4 32 28
- i ” acc. to DIN VDE 0298-4

Page 13 © DC-INDUSTRIE2 & ZVEI, Nov. 2022
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Smart DC Breakers: fast and reliable protection

- Requirements .

|
 Fast operation — avoid voltage dips : ! A |
- Bi-directional . | ;o_@llﬂl@;_ :
. I 1 AN .
- Power semiconductors ! S s i |

* |GBT + Diode I ~D— P ] |GBT

. - _ : 5 5 - “module (s)
- Functions @‘?—//G‘O'—;O—/—O—'—O-q: ;LL;H}G: —{ |

!
(Mechanical breakers too slow) |
; B [ Shunt '

|

|

I
° SWItChlng ' DC ! ' | R
* Overcurrent protection . | | 2
- Isolation g”d: : | —O—:—O* 1 o
- Detection of over- & undervoltage ; | ‘{ }‘ Varistor |
- Pre-charging @ g ] io_/’E O o—'—@
« Communication ! b - ;
- ' . Isolation
- Properties S - ;
) FaF;t (< 100 s switch-off time) ' Main- : | Semiconductor breaker 1
H 1eNANCe | L. L. .o imim e ;

* Low fault energy (<< 1% of
mechanical breaker)

Page 14 © DC-INDUSTRIE2 & ZVEI, Nov. 2022
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Smart Hybrid Breaker reduces power loss

« Mechanical contact conducts
current
* low power loss

 Power semiconductors
Interrupt
* Fast
« Switch-Off procedure
 Actor opens mechanical contact —
short arc

O
|
!
« IGBT picks up the current (forward g
|
1

voltage < arc voltage) and switches

off — ;
 Varistor limits voltage et Isolation
- Isolation contacts open load- less and , Main- I Hybrid Breaker
isolate Itenancel U U R

 Coil limits current increase during i !
short-circuit

Page 15 © DC-INDUSTRIE2 & ZVEI, Nov. 2022
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Insulating materials for DC cables and DC housing materials

Basics electrical field E

« AC: E-field dependent on voltage and geometry

» DC: E-field is rectified and is subject to pronounced temperature
Impacts

« Different mechanisms between AC and DC

 Higher stress on the insulating material at DC possible:

Source: Lapp

» Conductivity changes with temperature and moisture content I V
* Polarization processes, field elevations, field migrations - - Hoe
« Material behavior nonlinearly dependent on field distribution ()l Upc : ¥ uee

« DC-INDUSTRIEZ2 N i
o . - Upc

» Accelerated aging of selected typical AC insulating materials
under DC stress at elevated temperatures in laboratory conditions

* Insulating materials: influence of plasticizers, fillers and the type of inner conductor (bare copper or tinned)
on DC resistance

Results

 Suitable insulation materials for DC are available

Page 16 © DC-INDUSTRIE2 & ZVEI, Nov. 2022
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Model applications of DC-INDUSTRIE

« Mercedes-Benz * Mercedes-Benz

» Production cell * Suspension track
with 4 robots « 5 individual carriers

* Challenging with slip rings
energy demand - Coupling of two
(Al-welding) applications

+ Continued from L
EU project AREUS

« Homag « KHS

* Wood working machines * Beverage

« Many loads container handling

» Sensors & * Open concept
actors « > 30 drives

* Integrated
energy storage

Page 17 © DC-INDUSTRIE2 & ZVEI, Nov. 2022
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Model applications of DC-INDUSTRIE
* Mercedes-Benz * Mercedes-Benz ‘e -
* Production cell | ‘ > ' Suysn~r
with 4 robots - ‘.a ‘
. CP:ZIIArengti)n; CO\\abO
energy o_lemand GYS d
(Al-welding) | _“ (me
» Continued fron O‘\ \
o ices o ulks O\
pC Y g-n P
o ‘ “ee container handling ,
. P\bou O - Open concept |

e > 30 drives

Page 18 © DC-INDUSTRIE2 & ZVEI, Nov. 2022



DC-INDUSTRIE2
DC- K&
INDUSTRIE

Model applications of DC-INDUSTRIEZ2 1/4

- BMW « KUKA
» Car body production cell  Test cell with 4 robots < Focus: robot control

- ot T g
- Focus e NG| R Y ~
. , = o = “, T /,- ‘~ .(4,; .
= o : N A N e )

- Energy distribution & storage
* Energy feedback to grid
* Switching and protection

A
wl “; o 3 i

&5 7
& < s N | S
~ A . f S oV a
>4 / &
. - 4 . - g

* Fraunhofer IISB

» DC infrastructure in office building, EV charging

BU||d|ng A Beleuchtung, BUIIdIng B Beleuchtung,
Photovoltaik IT und Buros Labore IT und Biros
ﬁkl- :
‘ ’ il
i 77 = - - A T
NN (A
1
e i : ‘ ? pga
- B 1 M 3 Sopet
s E : :ﬂm > oC3 'ﬂ g '
AC-Netz Batterien |;DC-Laden LOHC AC-Netz Batterie- DC-Laden
! V2G Container E)(teﬂ or Container V2G 1

Page 19 © DC-INDUSTRIE2 & ZVEI, Nov. 2022



DC-INDUSTRIEZ2
DC-0=
INDUSTRIE

Model applications of DC-INDUSTRIEZ2 214

g’ Wnditionu;its Mercedes-Benz
. __on Factory 56

DC bus bars s W sol |
‘ 4 mallialied | - |arge distances &

BERES  power
—Fi * 222.000 m?

Sl
({
‘ | i
D K
h"\..
NS
* "'}
N

production area

/ « 2 MW DC grid for
! hall infrastructure

e — - 1 MW solar
2 ><~ TAC bc;nnection energy, 5.7 MW
peak

=77 o ¥t e with AICs
- Storage units " Z3e7 I e ——— = A : IR Goal: CO,-neutral

e e . B N S production

\ & |
oo
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Model applications of DC-INDUSTRIEZ2 3/4
e * HOomag
il e  Wood working machines
R+ - Three applications spread out in a factory
ame® B - — — hall
| i » Setup
e >  Multiple connections to AC grid
| - Several storage options
‘ * Flywheel
"l_ - Capacitors
2 : - Batteries
,  Focus
EcoRP LO30i .
| N | s * Influence of long cables on voltage dips
| (30KW AnschiuR) | (25KW AnschiuR) | (12KW AnschiuR) durina su Iv failure or faults
Y (—————— d e g pp y
, - - Coordination between several
i i Lo DGUSTRIE  HOMAG Domorstator [l o e (T active infeed converters

Page 21 © DC-INDUSTRIEZ2 & ZVEI, Nov. 2022 .



DC-INDUSTRIEZ2

Model applications of DC-INDUSTRIEZ2 414

« TH OWL

 Model electro-mechanical loads, up to 11 axes * Industrial power

« Storage » Several infeed rectifiers distribution

* Focus " AC-DC
transformation

* Model dynamic behavior in real time
e Test virtual machines in a DC environment

 Test of multiple failure scerllarios

 Fraunhofer IPA

- Protection concept®
 Parallel operation
of AICs

i : ' Haupt-
' Regenerative @__BE— ; !
| E— . i : schalter |

DC- " =
INDUSTRIE

----------------------------------

Antriebs-

umrichter

——Er—l Antriebe } Pumpen [

| ;
EStromspeicher G

© DC-INDUSTRIEZ2 & ZVEI, Nov. 2022

Versorgung

Elektrische Verschaltung

! Erzeuger . _ Mechanische | |
! 1 Sonstige S Rsen '
' : |_ Schutz- — Leistungsschiitz : Aktoren
; gerat i [ widerstands- :
‘ . : ' heizung HH
: Netzgleich- ﬁ m . ) SchweiR- [+
i tichter Vorladung [—Schweilinverter werkzeug | E
: Klein- Steuerung

i I spannungs-

Filter Sensoren

Prozesstechnik
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More information and publications (examples)

* DC-Industrie Homepage
www.dc-industry.com

* Publications (excerpt)
» White paper
- Several technical reports and papers
» Textbook The DC-Factory,
Hanser Verlag, 2021
https://www.hanser-

kundencenter.de/fachbuch/
artikel/9783446471740

* English and German version |
available |

The DC-Factory

Energy efficlent. Robust. Forward-looking.

« Computer & Automation
4 article technical paper series

e Hannover Messe 2022

- = t “ = ‘ v I[Eho.({‘i

P Uge
¥
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https://www.dc-industry.com/
https://dc-industrie.zvei.org/fileadmin/user_upload/Presse_und_Medien/Publikationen/2020/November/DC-INDUSTRIE-Direct-current-power-for-sustainable-factories-final.pdf
https://www.hanser-kundencenter.de/fachbuch/artikel/9783446471740
https://www.computer-automation.de/feldebene/stromversorgung/dc-statt-ac-im-produktionsnetz.163684.html

DC-INDUSTRIE2
Hannover Messe 2022 Presentations

https://experience.dc-industrie.zvei.org

DC-RX=")
INDUSTRIE

1A

& https://dc-industrie.zvei.org

Start Topics ~

DC- =
INDUSTRIE

e——————

DC- K=
INDUSTRY

:::::::

( \ : : : 00 the batis of & dacision
Click for S
more

info | |pc-Bus| =

Explanatory Video
1 \\\l ‘ Engin g
\‘\\I FAO
Imprint
Decentralised Lift Machining 5 .
\ Grid Management k Applications ) k Centres ) \ Privacy Policy ‘
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INDUSTRIE

Benefits of DC & DC-INDUSTRIE

. Open system

. Efficient integration of green energy
. Resource efficiency

. Lower energy consumption

. Reduced feed-in power

o O A W N P

. Increased system availability

Page 25 © DC-INDUSTRIE2 & ZVEI, Nov. 2022
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Part of the committed DC-INDUSTRIE team
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Project partners — www.dc-industry.com %

Supported by: E A o

Powering Business Worldwide

AR | Federal Ministry

for Economic Affairs
and Climate Action BLOCK = BMW @ =t ZIERIZ/AN
Gpr ‘. ' - | ENGINEERING TECHNOTJG\'

on the basis of a decision % FraunhOfer % Fl'all nhﬁfer m HOMAG

by the German Bundestag
IISB

2]  KEBA  ®LAPP  Lenze

Automation by innovation.

Mercedes-Benz PHENIX W THH

AND ARTS

ML,
2,

sﬁ %:5,1 Technische

. Universitat Stuttgart WEidma"”er %

Institut fir Energieeffizienz
in der Produktion EEP

* Universitit

- o
b
o

Braunschweig

Associated partners: ABB Stotz-Kontakt; AMK Arnold Muller; Audi; Bauer Gear Motor; Bender; Danfoss; DEHN; ESR Pollmeier; Gerotor; Harting;
JEAN MULLER; KUKA; LEONI; Maschinenfabrik Reinhausen; Paul Vahle; Puls; Rittal; SEW-PowerSystems; Siemens; TU llmenau; Wohner
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