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Aileron
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Conventional Aircraft
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Server Inner Flaps E—— Gear
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More Electric Aircraft

DLR
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Conventional : .l
kerosene-based I ___T l

propulsion

) —J — —
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AVIONIC — Galley + Cabine Back Gearg Galley + Cabine Back
Server
‘ Anti-Ice

. Electric

. Electro-mechanic or electro-hydraulic

. Pneumatic

Hydraulic

Andrea Reindl, Institute of System Architectures in Aeronautics, German
Aerospace Center (DLR), 01.07.2025




All Electric Aircraft: RBlugdn Hybrid Battery-Electric

DLR

Four electrical machines and

battery packs = designed for full
electric flight
Gasturbine as range extender

W

i

Voltage

l.
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. Electric

.Electro-mechanic or electro-hydraulic

Hydraulic
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POWER RATING ELECTRICAL SYSTEM #

DLR

CONVENTIONAL g g
Type A320 A321 A380
Maximum passenger capacity 180 220 853
Installed electrical power ~100 kW; ~150 kVi ~600-800 k;/V
MORE ELECTRIC AIRCRAFT < I N\ g + g Q + g
Type A350 A321 under B787

_ . research
Maximum passenger capacity 440 220 250
Installed electrical power ~1000-1400 kW ~700 kW ~1500 kW

ALL ELECTRIC AIRCRAFT

Type EXACT PHEP  under

. . research
Maximum passenger capacity 250 board

Installed electrical power (on-board & propulsion) ~17.5 MW = 17500 kW System
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Why DC Grids are promising #
DLR

No synchronization needed
No reactive power
— simpler control
— smaller cable cross-section
— |ess wiring weight
Fewer transformers

Lower conversion losses (e.q., In
motor control)

Batteries/fuel cells integrate naturally
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How does load shedding affect DC grids?

AC-DC

AC-DC AC-DC
Converter Converter Converter
High ;
|
votage b [ ] [ ] [ ] [ ] [ ]
‘ PEC PEC l ‘ PEC H PEC l ‘ PEC |
[ 1 | [ 1 [ ] [ 1
Primary Secondary |Main Landing |Nose Landing Bidirectional ECS Base ECS Anti-Ice Galley Galley
‘Flight Control|Flight Control| Gear EHAs | Gear EHAs Brakes EHAS |nc BC Converte: Compressor Packs S Tailplane EUE | EpEESL coffee machines Ovens ETOEEE
Ppea 7 KW Ppeas: 5 kW Poeal 6 KW Poeok: 2 KW Poeok? SO KW || Poaait 75 kW | Ppest 30 KW | Poosi 4 kW | Ppet 30 kKW | Ppenicr 10 kW Ppea: 1.5 KW
Neomp: 10 Neomp: 28 Neomp: 2 Neomp: 1 Neomp: 3 Neomp: 2 Neomp: 2 Neomgt 2 Neomp: 2 Neomp: 2 Neomp: 2 Neomp: 4 Neomp: 4 Neomp: 3
Controlled Controlled Controlled Controlled Controlled Controlled Controlled Controlled Resistive Controlled Controlled Controlled Controlled Controlled
Power Power Power Power Power Power Power Power Power Power Power Power Power
Continous Continous Continous Continous Continous
’ Power ’ Power ON/OFF ON/OFF ON/OFF ] - P ON/OFF ON/OFF ey ON/OFF ‘ ON/OFF I ON/OFF H ON/OFF ‘
DAL A DAL A DAL A DAL A DAL A ‘ | DAL B “ DAL B DAL A ’ DAL B DAL C ’ DAL C | DALD ‘ ‘ DAL D ‘ | DAL C |
Medium
Voltage DC
¢ [ ] [ [ ] [ [ ] [ ] [ ] [ ] [ [ ] [T [ [T
[ PEC } ‘ PEC ‘ PEC PEC PEC PEC ] l PEC ‘ EES ‘ | PEC ‘ PEC ‘ ‘ PEC ] ‘ PEC ‘ | PEC ‘
L1 | |1 [ 1 [ 1 | [ ] |1 [ ] [ 1
Anti-Ice Fuel System | Fuel System | Fuel System ECS Fans Anti-Ice Bidirectional CIDS Anti-Ice External Service Water Heater Seat CIDS
Sensors  [Transfer Pumps|Auxiliary Pumps Valves and other Windshield DC-DC Converte| Emergency | Windshield Lights Supply  |Galley/Lavatory Power
Pocai: 2 kW | Poais 0.05 kW |[Ppezi: 0.01 kW | [ Ppeai: 0.7 KW || Preas: 15 kW || Proset 3 kW Pocaki 0.5 KW | [ Poeat 3 KW || Praais 0.4 kW | [ Ppeais 1 kW P,,,.k 2 kW P,ﬁk o 3 kw P;,.,k 2 kW
Neomp: 1 Neomp? 10 Neomp: 8 Neomp? 1 Neomp? 2 Neomp: 1 Neomp: 2 Neomp? 1 Neomp? 15 Neomp? 4 Neomp:
e Controlled Controlled Controlled Controlled - Controlled s Constant Controlled Controlled Controlled Controlled
(=B Power Power Power Power = Power R ‘ Current ‘ ‘ Power ‘ Power ‘ ‘ Power | Power |
ON/OFF l | ON/OFF H ON/OFF ‘ | ON/OFF ON/OFF ON/OFF c";ﬁ‘:r”s ON/OFF | ON/OFF ‘ ON/OFF ‘
DAL A DAL A ] DAL A | DAL A | DAL B ‘ \ DAL B ‘ | DAL B DAL B DALB DALD DALD ‘ DALE ‘ DALD ‘
Low ,
Voltage DC T i T i i T T
e [ 1 [ ] [ ] [ ] [ ] [ ] [ ]
| PEC ] [ PEC l ‘ PEC ‘ PEC PEC ‘ PEC ’ ‘ PEC ‘
[ 1 [ 1 [ [ ]
Avionic Bay/ IFE IFE Cabin General | | Cabin Reading Cargo Batte
Cockpit Server Devices Instrumentation Lights Lights [
Ppeax’ 4 KW ,,,.k 1 kW ,,,.k 8 kw Poeai’ 2.5 KW Ppeakt 1 KW Ppeakt 0.3 KW
Neomp: 1 Neomp: Neomp: Neomp: 1 Neomp: 1 Neome: 3
Controlled Controlled Controlled Controlled Controlled Controlled
Power Power Power Power Power Power
Continous Continous
FF FF
OHD) ’ (el \ Power Power ‘ \ DI I
PEC: P Elect C rt
PEC; pover Blecronic Converter DALA bALC ‘ | bALC ’ pALC DALD ‘ ‘ oALD? ]
Number of Components: N,
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What are the research objectives of the test bench? ,_#7
DLR

Analysis of the behavior in the event of load shedding o
and reconnection of individual or multiple loads
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What is the architecture of the DC grid?

Generator
I
PEC PEC
L + UVuc +Vpe +Vbo +Vpe
—Vbe - Vbe 0 —Vbe
PEC PEC PEC PEC PEC
— ‘ PEC ‘ F PEC — [ PEC — F PEC
MV Load HV Load HV Load HV Load
+ OVDC +Vhe +Vbo +Vne
—Vbe —Vbe 0 —Vbe
PEC PEC PEC . PEC
 PEC —  PEC — | PEC
LV Load MV Load
+VDC +VDC +VDC
- Vpeo 0 0
PEC PEC PEC
] [ [ 1]
IV Load LV Load
a, Bipolar, three wire b, Bipolar, two wire ¢, Unipolar d, Hybrid forms, e.g.,

bipolar HV and MV grid, unipolar LV grid
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What are the research objectives of the test bench?
DLR

Analysis of the behavior in the event of load shedding MW%H -
LH( “ﬂ h'ﬂ U l\hﬁ'ﬂ

and reconnection of individual or multiple loads
\ S i
e o e m—
Investigation of various DC grid architectures in terms of = ™= - H — =
power quality and their behavior in the event of a fault o m ow = e
Ywm o s T E
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Are isolated or non-isolated DC/DC converters required?
DLR

~HHN
~+HN
|

FHEN

N
~+HN
-
~+ N
—+HN
II

~ ~ ~ == = ~ ~ ~ ~ == = ~
I I | = I I [ = [ [ I = = I I [
Primary| |Second. == ECS = Primary||Second. == == ECS
Flight || Flight || Galley wips || Galley [ com- Flight || Flight || Galley wips |[G2@'ey || com-
Control|| Control| | Fridge Oven || pressor Control|| Control|| Fridge Oven |f pressor
l LVDC left 1 LVDC left 2 | LVDC right 1 | | LVDC right 2
I [ [ I
I I I I I
Anti- Anti-
Cockpit Ice IFE Cabin Cockpit Ice IFE Cabin
Avionic wind- Light Avionic Wind- Light
shield shield
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|
Analysis of the behavior in the event of load shedding JM

and reconnection of individual or multiple loads W

Investigation of various DC grid architectures in terms of

power quality and their behavior in the event of a fault

Comparative evaluation of isolated and non-isolated
DC/DC converters and inverters

Isolated DC/DC Converter

Non-isolated DC/DC Converter
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Which inverter or DC/DC converter topologies are used ,_#7
and which energy management strategies are applicable? DLR

Motor Motor

|
/o

+
’r 1’ ECommunication Line
— Power — Power p— Power !
AT e | &EO|LEE
| | = | | | | “1Energy Management
- Bidirectional
Tailplane coffee machines Ovens
*
— Power — Power == Power
an: Z| % Z| ¢
| | || ||
Anti-Ice Anti-Ice Water Heater
Windshield Windshield Galley/Lavatory

DUT: Devices under test
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Analysis of the behavior in the event of load shedding o
and reconnection of individual or multiple loads W

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Investigation of various DC grid architectures in terms of
power quality and their behavior in the event of a fault

Comparative evaluation of isolated and non-isolated | Isolated DC/DC Converter
DC/DC converters and inverters N[ Non-isolated DC/DC Converter
Hardware-in-the-loop: Integrating various DC/DC ~ [~ — =
converters and inverters as devices under test and = || /= — || /=
investigation of energy management strategies e DC/DC Converter

Failure Injection ,
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Use Function Generator to Investigate Different Behavior #
DLR

o= ==
AVAVAY Egh\ e SE2225 [ oo

,V\j\l gg \ == ====== | |..
U g= a * SES==S

Function Generator Load
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High Current Failure Injection Unit FoTo Led A
¥ ¥ ¥ ® | [

Electronic Load DC | |Electronic Load DC ||Electronic Load DC ||Electronic Load DC 3Iphas\;le I(;_:urrenll: = D LR
= 28 =28 28 e oltage
:E :g :E ﬁ":- M@sure?n@nt

Current & Voltage Current & Voltage Current & Voltage Current & Voltage AC Relais

u POSSi b | e fa u |tS: ME" Men Men Men \ \] \

BEBE Converter: i BEDE Convertar: BEDE Converter: | DE-DE Converter: | DEAE Converter

= Reverse polarity Iz Iz [ [ ¥
. ] DC Relais DC Relajs DC Relajs DC Relajs DC Relais
= Short circuit ! ! !N \ \‘ Y

Current & Voltage | [ Current & Voltage Current & Voltage Current & Voltage Current & Voltage
Measurement Measuremen Measurement Measurement Measurement

Missing connection to GND ol ol ot ol !
Overcurrent . | ,

~ DCLine 28V | |
Current & Voltage
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®
i
DC Relals

- \[ Y Electronic Supply DC

1

=2 |1

Bidirectional :
DC-DC Converter | : DC Supply

il

PARNNINAZN AR

...... it Sttt i Power Supply

i Grid
N

Electronic Supply DC

Electronic Supply DC

EE = |38
DC Supply M?i

n
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i

DC Supply

Power Supply
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What are the research objectives of the test bench?

DLR
Analysis of the behavior in the event of load shedding o
and reconnection of individual or multiple loads
. . . . . . H%ﬁ* 1 TMI = T T b
Investigation of various DC grid architectures in terms of = E T
power quality and their behavior in the event of a fault = g =B _=.F =
Comparative evaluation of isolated and non-isolated || Isolated DC/DC Converter

DC/DC converters and inverters ~\J| Non-isolated DC/DC Converter

Hardware-in-the-loop: Integrating various DC/DC ~ A~ — =
converters and inverters as devices under test and = || /= || /=
investigation of energy management strategies Inverter DC/DC Converter

Failure Injection ,
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DC & AC Loads

Power Supply
& Interfaces for
Real-Time PC HW integration
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Electrical Overview

Regenerative Power Supply
+ essccnncicscncnnnannen -

: Unit 1
: i Electronic Load AC
| B B @ @ [ S 210 O 210 1 A )
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2 == 8 =28 = I8 e oltage
; ! e 55 Measurement e S (Myeeen( 2 S @ i8 Measurement
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' Current & Voltage | [ Current & Voltage |[ Current & Voltage | [ Current & Voltage i Current & Voltage | [ Current & Voltage |[C t & VoIt Vol f elais | !
' Measument Measuementg Measumentg Measurementg I AC Rlelals I Measementg I'II‘»I:I:aasurementg uﬁ?ansurerr?enatge Cur\"-lt;aeanstu%n?etnatge I AC Relais I :
; o @] oh Y Y oa @] @] omam I | T S :
' 1 1. 1 T, X P T Y TTTTY TOTTTTPTTTTTT PRPPPRTPTTTT) Prrerry 1 1. 1 T 'y T
: DC-DC Converteri: DC-DC Converterii DC-DC Converter:i DC-DC Converter: i DC-AC verter BEDE Eonverter: | BDEDE Converteri i DEIDE Converter: | BEBE Convariar: | DEAC Converter i
: (Z] T t & Vllt C T t & VIIt C I t & Vllt C I & VII Current&VoItage C ; t & Vllt C : & II 1 : I I C ........ Tt&VI|t ..........
urren oltage urren’ oltage urren oltage urrent oltage urren oltage urrent & Voltage || Current & Voltage urren oltage
: MeaF’ument Measurementgl Measurement. Megsurement. Measuement Measurement. Measurement’ uI\FIreasuremer\tg Cul‘vl:lcaeanstu%e}"nbeltr?tge Measureme“tg :
; o G R O * Y O o G &Y @ :
[ T 1 f I 1 H
! t1c Relalls ch Relalls PCReR: e Relals e Relals EIC Relalls Dl'c Relails DiC Relals DIIC Rela'ls ETC Rela'ls |
-+ ] Y :
! DC Line 28V 5 : ; i
: ( d Current & Voltage i H
: \TY/ Measurement H H
i Additional : :
: Power Line : i
: ch Relajs Power Supply Power Supply i :
i Yy Grid Grid : §
: Electronic Supply DC ] i E_} Electronic Supply DC @_ Electronic Supply DC| !
T — =188 Bidirectional =5 =8 i
DC Supply [frafs S DC-DC Converter e DC . |5
Supply ,
...... - ——
Power Supply DC Relais i
Grid l | i . é
S : ; :
Current & Voltage H i i
Measure 28 nt H i i
DC Line Bipol 2 o . : : :
12V ine Bipolar | ; i i
GND - +
-12v ¢

[ ]Hardware Components
Power electronic components (DC-DC converter, DC-AC converter) are the devices under test (DUTSs)
~ Regenerative Power Supply.

-@ Power Supply Grid
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Overview Communication Interfaces

Unit 1

Unit 2

Electronic Load DC

Electronic Load DC

Electronic Load DC

Electronic Load AC

3'phase Curreni &
Voltage -

Electronic Load DC

Electronic Load DC

Electronic Load DC

Electronic Load DC
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DC-DC Converter DC-DC Converter DC-DC Converter DC-DC Converter DC-AC Converter DC-DC Converter DC-DC Converter DC-DC Converter DC-DC Converter DC-AC Converter
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A, 1 1) A A ) ) L 1)) Yy Y
Current & Voltage Current & Voltage Current & Voltage Current & Voltage Current & Voltage Current & Voltage Current & Voltage Current & Voltage Current & Voltage Current & Voltage
Measurement Measurement Measurement Measurement Measurement Measurement Measurement Measurement’ Measuremen Measuremen
0 A W A A A ] 0 0 Bim 0 A A
+ ’
Test PC - - i -
DC Line 28V CAN || ARINC H i
Ethernet
Avionic Processor Current & Voltage i
| | Measureme
i:} o
Electronic Supply DC f Electronic Supply DC
L =32 DC Relais - = :8 | |
LY
Data Loggin Bidirectional
9ging | DC DC Converter '
............. T sraseaseased
ch Relais
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Measurement :
- s
+ I
DC Line 12V
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Power Supply & Real Time PC

DLR
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Power Supply & Real Time PC

DLR
SCALEXIO dSPACE
e =] =1=]=13 .| H] =0
CEE='
Vo E!- 'i-Al A . d.SPAC-E.
Real Time PC
ZDCLzr':u 28V .
L ( Power supply unipolar (+)
Bidirectional power supply, each: DEL.SM70-CP-450
0'60 V (theo. 70V) -G3DCL=.'\\.' mi2V
+ 450 A I - Power supply bipolar (-)
'l_' 15 kW y DEL.SM70-CP-450 V
Glm Power supply bipolar (+)
DEL.SM70-CP-450 .-
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AC & DC Loads + Interfaces HW.
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AC & DC Loads + Interfaces HW

SCALEXIO D LR

CAN Interfaces DUTs

Interface AC Load
Unit 2

7 DN |

Unit 1

[ Interface AC Load }

Interfaces DC Loads

Interfaces DC Loads

Unit 1 :
Load: AC+DC, 60V, Unit 2
50A
[ Ethernet Interfaces }
OUTs Scalexio Lab Box
* Router
Interface Integration * FPGA
Bidirectional DC/DC converter * 1/O
between the two grids - CAN
« A/D
« D/A
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Galley 1

QOven

=0
=

Electronic Load DC

Fridge

Load
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Time

Electronic Load DC
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Electronic Load DC

Time

— |23

o
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: oo

ol

Additional
Power Line

Galley 2

Exemplary Use Case: Energy Management Strategy for Galleys

Steam Oven

Load

Microwave Oven

-

oo

N

Compressor Fridge

Electronic Load DC

Time

Electronic Load DC

o
Mpann |
-]
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— |2

< Q000

o

me:
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DC Line 28V k.—' V)
i
-— |25 -—- |25
= T =
L yaae Bidirectional = T eaee
Electronic Supply Power Flow i i Electronic Supply
| |
N\
® v
+ i
L DC Line 12V J \_
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Exemplary Use Case: Emulation of Low Voltage On-board System in #
a Fuel Cell/ Battery Based Propulsion System (1.5 MW) DLR

s
AT
it

{ Liquid Hydrogen Tank ]—b[ Fuel Cell System ][ Battery System H LV DC Test Rig ][ E-Motor } Electric Load Brake

i

Battery Emulator / Tester DC Source/Sink

Resistive AC Load AC Grid
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N Summary: DC Miniature Test Rig

-Two Units (Galley 1 & 2) DLR

Regenerative Power Supply
+

_8 DC Ioads (1 kW eaCh) A ................. ...... , ...... , ..... , ‘ .........

Unit 1 Unit 2
-2 AC load (1 kW) 3 =
-Loads are connected to one of the two DC | g] 1 L =
IlneS Electronic Load DC |[Electronic Load DC Electroruc Load DC | 3 pha%%lgaur;e"t & 3 phaseo_@?
e H M&a)suremé)nt : M%a)suregwgt
—_— T T P— — E—
Current & Voltage Current & Voltage Current & Voltage Current & \.’Dltage I AC Relais | Current & Voltage Current & Voltage Current & Voltage |[ Current & Voltage AC Re|a.5
Measurement Measurement Measurement Measurement | Measurement Measurement Measurement Measurement | |
Two DC grids: o] o ol o B | B - o o] o] ST |y
. ff I I I i DC-DC Converter; {DC-DC Converter: ™ DC- BE Eonverter: { E-DE Convarter: | DE-AE Eonverter BC-DC Converter: { BLUC Converter: | DE-OT Convérter: I Bt-be Converter DEAE Eonverter
-Different voltage levels : f | =‘
: ‘ . . ; SR (Lo (N (T N : : : . : : ; ’
DC Relajs DC Relais DC Relajs DC Rela DC Relais DC Relais DC Rela DC Relajs DC Relais DC Relajs
- - | (B r | i () i 1 i
Connected by a DC/DC converter R I C ! T T I IR I I
-Power flow between the grids possible in SRR C”HS;"&%}?A%%“ e C“ra?a”t e || Hiegauremert’ Cemuraart'” || “Hemurement” | CHemuremen || “Negsuremer | | Wegsurement
both directions ‘ T T : 7 T T “5 = 2 i

. DC Line 28V I I
Extensions: e, C“”" e
-DC grid with actuators | Power tine e power Supply Povar supsy
-Flexible loads (AC & DC) ) Bectromcswppyoc| L Eiz]"r"e'é‘t‘ii;ié'i IIIIII %‘,ElectmnlcSupply e %Elenrnnic Suppiy BE]
-Emulation of various loads, incl. aircraft peewey] M P oy Suoniy
loads Power Supply T erlais :
-Simulation of the powertrain with fuel cells ST
and batteries (downscaled) 115y __DC e Bpotr :
2V I
Flexibility: B o st (50 et DA e et v v s (DU
-Adaptation to different load profiles and o sy

scenarios ,..E Contact

-Different operating states and different loads ¢ Dr.-Ing. Andrea Reind|
not limited to galley components areigked Institute of System Architectures in Aeronautics
-Suitable for different test cases _i“'-" 5% andrea.reindi@dir.de
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