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Introduction

+

This INSIGHT document is intended to enable wider consultation on electrical power systems in support of future
updates to the Aerospace Technology Institute’s technology strategy, Raising Ambition. This paper highlights the
increasing importance of electrical power systemsin current and future commercial aircraft and identifies new market
sectors that are dependent on enhanced technologies for such systems. Four possible applications of advanced
electrical power systems are considered, and the requirements derived from these market applications. An outline
view of potential market opportunities is provided to support investment in electrical power systems in these sectors.
Initial technology roadmaps have been established to explore technology development opportunities in electrical
power systems for UK aerospace in advance of a future review of the ATI’s Aerospace Technology Strategy.

The UK industry is well placed to take advantage of the more electric, or all electric aircraft and novel electric
propulsion systems, with appropriate investment in technology development.
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ELECTRICAL POWER SYSTEMS

Aircraft electrical power systems are self-contained networks of components that generate, transmit, distribute, store and use electrical
energy. They are made up of electrical generators, power electronics, energy storage devices and actuators, as well as the power distribution
and control networks that enable operation of these individual components. These systems power avionics, flight controls, environmental
subsystems, anti-icing devices, communications (internal and external), lights, and a myriad of other key functional elements of the aircraft. All
of these parts must have high reliability and be as light and as small as possible to deliver the highest operational efficiency. Electrical power
systems will increase in importance as more subsystems are electrified to improve overall aircraft efficiency and reduce emissions. This, in due
course, will put electrical power systems at the heart of electric propulsion options in future aircraft designs.

A conceptual schematic of typical aircraft elements can be seen below:
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The UK supply chain delivers electrical power system products for most current aircraft platforms. To maintain competitiveness, continued
technology advances are required in the electrical power system components to improve size, weight, power and cost. The trend to higher
power can be seen below (timing subject to viability):
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DRIVING ELECTRIFICATION

Commercial aerospace has transformed society in the past decades, enabling cost-effective and safe transport around the world. This has been
driven by the development, delivery and operation of both fixed- and rotary-wing aircraft over several generations, enabled by evolutionary and
radical advances in technology. Sustained growth in air transport has been maintained, with air passenger traffic growing at 4.5% compound
annual growth rate in recent times, with similar levels predicted for the future.

Continued expansion of air transport will impact the environment, and growth may become limited through national and international
regulation unless mitigating actions are taken. Aircraft affect the climate (through CO, emissions and contrail formation), local air quality
(NO,, unburned hydrocarbons and particulate emissions) and community noise. Aerospace companies are investing heavily in research and
technologies to drive down these effects (supported through the UK Aerospace Research and Technology Programme). For many of these
developments, the increased use of electrical power (electrification) is attractive, as it permits new opportunities for aircraft optimisation to
help reduce the environmental impact. These include the potential for improved power system efficiency, reduced weight and volume, and
additional functionality of sub-systems. As systems are electrified and aircraft level design is optimised, it introduces the potential to improve
overall reliability, total cost and maintainability, and safety can be further enhanced. In more radical aircraft concepts, electrical power would
be used to provide propulsive thrust. The shift to electrification will significantly disrupt incumbent supply chains and facilitate access to new
market entrants.

It is unlikely that the European Commission’s Flightpath 2050 environmental targets will be achieved without consideration of new disruptive
technologies. These include hybrid and electric propulsion for new aircraft. The advent of novel electrification technologies (e.g. high voltage,
megawatt class) in electrical power systems is widely seen as potentially enabling the future launch of new aircraft platforms with advanced
hybrid or all electric propulsion. Additionally, the use of electrical power to drive the production of propulsive thrust can give much higher
flexibility in the distribution of energy storage, energy conversion and thrust elements of the propulsion system, potentially enabling broader
whole aircraft benefits such as higher fuel efficiency and lower noise.

At a high level, electrification in aerospace can be characterised as two concurrent technology trends: an evolutionary trend towards all-
electric and more-electric configurations, reducing the demand for conventional hydraulic and pneumatic systems, and a disruptive trend
transitioning towards hybrid or full-electric propulsion. As aircraft and technologies evolve, moving from secondary electrical power systems
towards the development of primary electrical power systems, a step-change in the amount of power transmitted electrically around the
aircraft is required. Higher power electrical machines of high power density and low weight will be required, and efficient high power density
electrical energy storage is likely to be a key enabler for low environmental impact air travel.

Electrification of aircraft systems creates new market sectors as well as enabling significant efficiency improvements in established aircraft types
(see table: applications of electrification on page 5). These new markets include all electric urban air transport and low, or zero emission sub-
regional air transport to exploit small airports. More electric regional and medium range airliners (the more electric aircraft) will be developed
to improve fuel efficiency and reduce environmental impact.

This paper examines electrical power system opportunities for future air platforms, both conventional and disruptive. It considers marketissues,
evolutionary and revolutionary developments, evaluates the technologies required to deliver evolved and future architectures, and some of
the key challenges to be addressed. The paper establishes an initial set of roadmaps that explore technology development opportunities in
electrical power systems for UK aerospace, in advance of a future review of the ATI’s technology strategy, Raising Ambition.

THE MORE ELECTRIC AIRCRAFT

+

The more electric aircraft (MEA) takes advantage of projected advances in electrical systems and machine technology to enhance operational
efficiency through reductions in size, weight and power consumption of aircraft systems. These technologies enable the replacement
of pneumatic and hydraulic systems by more efficient and lighter electrical subsystems, permitting more efficient bleed-less engines and
simplified architectures. Additional advantages accrue from improved monitoring and reliability, and simplified maintenance processes.

The more electric aircraft offers:

—  Improved power system efficiency

—  Improved weight and volume of subsystems
—  Improved reliability

—  Improved maintainability

—  New capabilities and system level optimisation
—  Cost effective rapid technology insertion

The above will lead to lower fuel consumption, lower emissions
and reduced total cost. For this to happen, advances in electrical
technologies, system design and integration are required. Key aircraft
subsystems are shown in the following illustration, which allocates
them to four specific technology areas. These technologies will require
significant investment in specific topics to enable the exploitation
of the more electric aircraft, as highlighted in the associate
technology roadmaps.
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On an ultimate more electric aircraft, all systems except propulsion would be electrically powered, potentially with local electrical energy
storage. This concept would permit a rebalancing of energy use in the aircraft, and would allow optimisation at different flight stages, exploiting
potential advantages of electrical aircraft systems. Current pneumatic systems that will evolve to electrical operation include cockpit and cabin
environmental control, anti- and de-icing systems, and various ancillaries such as engine starting (parts of this have already been implemented
on the Boeing 787). Reductions in weight, improved engine efficiency and system independence are key deliverables from this transition.
Hydraulic systems will be more challenging to replace and may move to local electro-hydraulic operation to eliminate the heavy, unreliable
centralised hydraulic systems (parts of this have already been implemented on the A380). Improvements in electrical machine power density,
power switching and distribution will be key enablers in this change, as indicated in the table of technology challenges for the aircraft systems

to be upgraded. These advances would also assist rotary winged aircraft in exploiting electrical technologies in areas such as electric tail rotors,
lighter actuators and ancillaries.

APPLICATIONS OF ELECTRIFICATION

Category

Urban Air Transport (new
market)

Sub-regional small
commercial air transport

Midsize commercial
air transport (existing

Large air transport
(existing market)

Power requirement

v,
v,
o,
o

L

S

o~

150-200kW

(GE0)

o

market)

2MW propulsive 22MW propulsive 60MW propulsive
Energy requirement 100-200 kWh* 12 MWh 55 MWh 390 MWh
Non-propulsive energy 5-10 kWh 0.1-0.3 MWh 1-6 MWh 8-30 MWh
requirement
Number of passengers 15 9-20 120-200 240-500

Range 30 miles + limited divert 300 miles + divert 800 miles + divert 3000 miles + divert
All-up weight 1t 2-10t ~100t ~250t
Recharge/refuel time 2-10 mins 15-30 mins 20-60 mins <2hours
More electric - - Evolved Evolved
architecture
Hybrid - Hybrid parallel Evolved + transient Evolved + transient
assist - attractive assist - possible
Advanced hybrid or All-electric with energy serial serial - perhaps possible serial - difficult
electric storage
Operating altitude Tens of metres Low commercial Commercial Commercial
Operating speed (max) <150mph 300-400mph 600mph 600mph
Value of autonomy Essential Medium Medium Medium/high
Regulatory hurdles Very high High Medium Possibly high
VTOL Yes Unlikely No No

* Current helicopters require 550kWh for nominal 100 mile trip, no divert allowance




+

HYBRID OR ELECTRIC PROPULSION

Hybrid electric propulsion systems are being considered for future larger commercial aircraft. These combine gas turbine orinternal combustion
engines with electrical power generation and storage systems, and typically drive either a fan or a propeller. All electric propulsion systems rely
wholly on electrical power, either generated in a fuel cell, or from storage in a battery or capacitor system.

A parallel hybrid approach exploits a source of stored electrical energy to power an electrical motor and deliver propulsion thrust, either
complementing or as an alternative to a conventional turbo-shaft or internal combustion (IC) engine that uses conventional fuel. Additional
electric energy can be used for acceleration, and in times of high power demand, and bi-directional flow of power is possible between the
electrical machine and a battery.

Electric assistance consists of incorporating an electric motor/generator within the gas turbine housing to form a mild-hybrid system, minimising
changes to other mechanical parts of the engine. This makes it a promising and economical short- to medium-term solution for the reduction
of CO2 emissions, and could be an extension of planned development for the small regional and larger passenger aircraft.

=

Electrical
Power Electrical

Controller Machine

]

UltraCap PROPULSOR

Parallel Hybrid Propulsion

This configuration allows independent operation and optimisation of the engine and electrical system, and independent design of the power
share between the two systems. It constrains aircraft design in that the engine position is determined by the propulsor, and the engine may
not be operating at its optimal design conditions in some flight sectors. Key technology challenges are in improving the efficiency of electrical
machines, power electronics, the power density of electrical energy storage, and in protection and fault tolerance (see technology challenges
in the electrification of aircraft table).

In a series hybrid propulsion configuration, the energy of a turbo-shaft or IC engine is transformed into electric energy via a generator
that drives the propulsion system. This can be localised, or delivered by multiple, distributed fans with the fans driven by electric motors.
The turbo-shaft engine is also used to generate electricity which can then be used directly to power the electrical motor(s) that delivers
propulsion, or to recharge the electrical energy storage system (if battery based). When peak propulsive power is required, or when the engine
is not needed, the electrical power is delivered from the energy storage system. The ability to generate electricity from fuel during flight can
be used to reduce the required electrical energy storage, thus allowing optimisation at system level, and achieving extended ranges at lower
overall weights.
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Electrical

Machine

Electrical
Engine Electrfcal Power DISTRIBUTED
Machine Controller PROPULSION

Electrical
Machine

Battery
UltraCap

Series Hybrid Propulsion
This configuration permits operation of the engine at its optimal conditions and at a higher effective bypass ratio, enabling optimisation of the
distributed propulsion system. However, it is likely to be heavier and less efficient overall.

This solution can be applied to the three cases under consideration, offering different advantages and limitations in each situation. depending
on the mission profile.

Efficient electrical energy storage technology is key to this concept, as indicated in the technology challenge table below. Power electronics are
also of great importance, as efficiency needs to be very high to minimise thermal losses and associated cooling systems.

The engine is eliminated in an all electric propulsion system, as shown below. This permits emission-free flight, which is especially attractive
in areas of high population density, such as cities. However, the forecast energy storage density of batteries does not permit the use of pure
electric propulsion in aircraft requiring ranges beyond local applications, thus excluding the medium and longer range sectors for the time
being. Batteries may be combined with ultra-capacitors to provide peak power demands as necessary. Fuel cells may offer greater potential,
but are still heavy and unproven in such applications.

This development will be driven by market demand and potential regulatory and environmental considerations rather than reduced cost -
some applications are already technologically close to viability, such as urban air transport. Others require significant development in the
areas indicated below, showing common themes in energy storage (critical), efficient electrical machines, and power electronics across the

application sectors.

Electrical
Power Electrical

Controller Machine

]

UltraCap PROPULSOR

ElectricPropulsion




TECHNOLOGY CHALLENGES IN THE ELECTRIFICATION OF AIRCRAFT

The table below considers the four main technology areas and indicates the level of challenge associated with each of the four cases.

Aircraft subsystem to be Architecture and Energy generation and Electrical machines Power electronics
upgraded interconnect storage

Technology

hallenges in MEA subsystems

Environmental control
Electric anti-icing
Starter / generator

Electro-mechanical actuation

More electric engine

Power distribution &
protection

Fuel cells for non-critical
power

Overall system power
demands

Technology challenges in parallel hybrid propulsion subsystems (in addition to MEA)

High-power motor /
generator

Power sharing control
Battery

Power distribution &
protection

Overall system power
demands

Technology challenges in series hybrid propulsion subsystems (in addition to MEA)

High-power generator

Power sharing control
Battery
Fuel cell

Propulsion motors
(distributed)

Power distribution &
protection

Overall system power
demands

Technology challenges in electric propulsion subsystems (in addition to MEA)

Battery

Fuel cell

Propulsion motors
(distributed)

Power distribution &
protection

Overall system power
demands

Key: Red - major challenge; Blue - significant challenge; Grey - work required but risk manageable; White - N/A
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MARKET OPPORTUNITIES

Technology development for electrification is applicable across a range of market segments, including military applications (where dual use
technology is feasible), hybrid rotorcraft and tilt rotor (engine starting and increasing safety), business jet (performance optimisation) and cargo
aircraft (efficiency optimisation), as well as the mainstream passenger airliners and new local sectors. In the large commercial air transport
sector, electrification supports two very distinct applications: the continued increase in electrification of current conventional architectures
trend (the MEA), and the introduction of various levels of electric propulsion supporting potential new market applications ranging from hybrid
electric regional (>20 seats) and single aisle aircraft (with range limitations) to all electric sub-regionals (<20 seats) and other new concepts such
as electric vertical take-off and landing (VTOL) for applications in urban air transport etc.

Market adoption and application of potential hybrid and all electric architectures rely on the development and availability of qualified and
mature technologies that can address the size, weight, power and safety requirements that are specific to the aerospace sector. There are also
broader issues such as regulations and ground infrastructure required to support these architectures that need to be addressed. This broader
picture will determine the pace of technology adoption and market evolution. Several entry-into-service scenarios could be considered to
determine when these technologies will enter the market.

The ATl is modelling the various possible developments in the market for new aircraft deliveries. This scenario does not include rotorcraft or
businessjets. Under the most conservative scenario the market and the Primes might retain conventional technology in narrow body and wide
body segments with hybrid and all electric applications limited to regional and sub-regional platforms. This would see a majority of the market
value retained by conventional architectures with limited electrification in future upgrades of these platforms.

Revenues by platform type (global) - new aircraft deliveries

MEA driven by increased
450000 electrification on updates to

current architectures
400000 Volumes driven by transition
to hybrid propulsion systems
350000 on regional and single aisles
£ 300000
9
= 250000
(83 ]
200000
150000 All electric limited to Conventional decline as single
<20 seat sub-regionals aisle and regional volumes
100000 and other concepts / transition to electric variants
50000
0 ——— /
N0 OO H ANMST N ON®NMNO A NMSILL ONNOWOWORH OO -HAN®MST W ON DO
= = > > B > R B> A s B s B O e B2 O e T e O S e O 2 O e SO 2 B e B o o S G - - " S S T+
O O 0O 0O 0O OO0 OO0 00000 000000000 0000 00 0 O O O O
N A AN
— Conventional — More Electric = Hybrid Electric = All Electric

Another scenario (represented in the graph above) considers the possible introduction of a hybrid electric regional aircraft with over 20
seats and a sub-20 seat all electric regional aircraft around 2030. The scenario also considers the introduction of hybrid electric narrow body
platforms between 2035 and 2040, and potential hybrid electric widebodies beyond 2040. It assumes that no new clean sheet conventional
aircraft will be introduced in this period. These platforms are enabled by availability of relevant new technologies. UK industry needs to ensure
that it is ready should this scenario develop.

tAll financial numbers in this section are taken from initial ATl analysis of the given scenario




The Institute’s initial analysis indicates that, under this scenario, conventional platforms would still retain the largest cumulative market value
at over £5.6 trillion, however gradually declining in volume and value through to 2050. This is closely followed by £3.5 trillion worth of more
electric aircraft growing on an upward trend. It is important to note that the evolution of more-electric aircraft architectures is not limited by
the same scale of challenges as with hybrid or all electric architectures, thereby offering more definite market opportunities. The biggest gains
under such a scenario would be for hybrid electric aircraft that could be delivered during this period, worth ~£4 trillion. This substantial growth
will be driven by the transition of volumes from conventional regionals and single aisles to hybrid electric variants. Technology availability
could also see the introduction of all electric, less than 20 seat sub-regionals, which could open new regional air travel routes and these aircraft
could be worth over £400 billion within this forecast period.

@ Conventional (41%)
@ More electric (26%)
@ Hybrid electric (30%)
@ All electric (3%)

It is important to note that even under this scenario, conventional platforms would still retain the largest cumulative market value at over
£5.6 trillion, however gradually declining in volume and value through to 2050. There is also significant value associated with system-level
opportunities, especially as the value of electrical power systems increases to enable the transition to more electric and subsequent hybrid
and all electric architectures.

Proportion of electrical power systems value (2017 - 2050)

6000

5000

4000

72.5%

3000

£ Billions

2000

1000

Conventional More Electric Hybrid Electric All Electric

— Electrical power systems = Rest of aircraft

Electrical power systems content through the forecast period to 2050 is expected to be worth an estimated £162 billion on conventional aircraft,
£192 billion on more electric aircraft, £578 billion on hybrid electric and circa £127 billion on all electric aircraft platforms.
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REVOLUTIONARY CONCEPTS

The combination of electrification and autonomy may enable new mobility concepts, such as autonomous electric VTOLs for application in
areas such as urban air transport. There have been several launches of development projects for 1-4 passenger electrically operated VTOL
carriers with limited range capabilities. These vehicles would compete with traditional taxis and hence will have to be cheap and accessible.
With noise and emissions being key issues in urban environments, these platforms will rely on electrical propulsion systems to gain acceptance
and adoption.

TECHNOLOGY ROADMAPS

Consideration of the technology challenges to be faced in electrifying the key subsystems for the various use cases highlights four areas of
prime interest:

— Architecture and interconnect: the overall design of the aircraft’s electrical power system to handle the higher power
levels, to permit the use of higher voltage distribution and offer protection at these levels

— Electrical energy storage: means of storing sufficient electrical energy in weight and volume efficient devices that are cost
effective and offer the required lifetimes and charge or discharge rates

— Electrical machines: light and power-dense electrical machines that can generate the required electrical power levels,
and that can deliver the mechanical or propulsive thrust that will be required via actuators,

— Power electronics: very low loss, light, high temperature electronic devices and circuits to condition, route and control
the high levels of electrical power that will be required

The technology roadmaps represent the Institute’s view of core technologies that will need to be developed, and a possible timescale for
this work. In the roadmaps, the main drivers reflect the market opportunities. Explicit targets for each challenge area are proposed,
and a number of key technologies to achieve these targets are listed below. Specific programme areas are itemised for each
technology, with the implementation timescale, and the relationship of these to the ATl whole aircraft attributes indicated symbolically.
Comment is invited on these technology roadmaps as they will guide future investment decisions in this area - please email comments to the
ATl via info@ati.org.uk with a subject title of: EPS INSIGHT.

These programmes will need to be supported by appropriate infrastructure, especially research and test facilities. These facilities need to
support systems delivering, or exceeding the anticipated targets of maximum power, specific power, and energy density to permit system level
integration and testing with realistic thermal management and environments. National facilities providing such high power capabilities are not
currently available to interested parties in a collaborative environment - specific requirements need to be agreed and funding needs clarified.




O

7 @, @ J309UUO02IIU| ¥ 31NV MYIIY

saNquUNY
:9ousiiadxa :Kouaiduye Aupqixay » Heldlly 3jJoym "“ F°N nu: ‘“Oﬂ >u°_°----“°h

SUSS pappaquua ‘sioie|ns B |eay-43S .@ AUUCmEx_Otmn_ U_;_qu_>m\_w ‘euoloo-nue wwv Juswiu

Ausuwiuonauz Kioges 198uasseqd 1ang spaau |euoniesadQ 1509
+S€0C 0€0C SsZoc 0coc 8L0¢C
suoinjos a8e101s AS1aus JUa1dLS 1YSISM
(S1030NPUODIWIAS /S JO UONORIXS “8'3) SUl|oAda) U asNal 10j SUSISOP padueApY [ NCERENNE]
spoyiaw Sunsal / SuLINIOBNUBLL MAU YIIM $95s900.d UoIie|[eIsul pue Ajquiasse a|qed panoiduw|
uol1eN[eAS pue S31pN1s dpel) Wa)sAs 10) spaq 1sa) [euolleN JINLIIALIHONY
Bunnou pue a8e103s AZ1aus painquisiq _\/_MI_-W>W
‘ADOTONHOI3L
$9SNQ JUBPUNPAI YIIM S3IN1093YdIe Jamod / [013u0d B
S9SNQ JUBPUNPAI Y1IM $31N309}1Y2.e 19mod /|013u0d painquisiq
°~ (28e1j0A Bunesado v ‘98e101s A31aua ‘palinbai jamod ‘8'9) sajiyoud 1yBiy pue adA1 Yelduie 1ns 01 uoirNgUIsIp Jamod jo uonesiwndg
. o . . - ONIT8v2d
Bunjoeynuew aAIppe 8uijiojdxa sainjoalydJe [edlpey >UO|_OZ T_Um_._.
Aouepunpal jo sjaAs| ysiy pue a8e103s A819us painguisip 10} moj|e 03 Su
|
uonesado Aousnbauy 1ay8iy ‘s10109uu02 pue Suljqed |NI3-paonpal pue [eando

I
$10309UU0d [eUBIS-paxiw ‘191y3 WW_O._.UM N ZOU

|
-@ (S10103UU02 a3ej0A Y81y qua.nd ysiy payiienb suloquy >OO|_OZIUMI_.

I —

. sonse|d / sio1ejnsul SuiloNpuod Ajlewayy
@ uones|dde soy pasiwndo sjeralew 3
N@ 28e103s A319U3 (0] :$1030NPUOD 3|dilNW YSNoiy3 Jua1ind Jo Buinol JuaBijjau
NOILVINSNI

AUS 199W 0] SI0]B|NSUl PSJURADY \ WN_OFUDD ZOU
|l

@ a (S20BH1UI iND/|V 8'9) UBISSP Sqed PUE [eLS1BW J03ONPU0d pasiwido ‘ADOTONHIIL

MANE< 98e3j0A Sunelsado A€ 98e3j0A BuneradQ AOPS 28e10A Bunnesado AOEZ 28e110A Sunesado

8%/M3SZ Alisuaq Jamod B%/MY0Z Alisuaq Jamod 3%/MN0L Alisuaq Jamod 8%/Miz Alisuag Jamod m._.mON_<._.

1/UMW L< Alisuaqg AB1au3 1I/UMI L Aisuaq@ AB1au3 MY 0SZ suaqg A81au3 1/UMM0g Aisuaq A81su3

2/V [euOI8al / 193NWLWIOD DL3I3)8 [[e ‘)Y [e1d1aWWwo) WNIpajy pUgAY plIN J0dsues} URQIN {YeIdIIe [BIDISWIOD |[BLWS JLI3I3)3 || HeIdIly O11303|3 210N

Sd3AINA

- Electrical Power Systems - July 2018

INSIGHT_07



- Electrical Power Systems - July 2018

INSIGHT_07

© ©

- @ aSe103§ AS1ou3 [eos14399]3
weoavaoun | S8 LOT deN peoy ASojouysd)

:9ouaiiadxa :Kouadya Runqixap »
‘JUSWIUOIIAUTg :Kyayes
198uasseqd 1ang spaau |euoniesadQ 1509
+S€0C 0€0C SsZoc 0coc 8L0¢C
| A13SNPUI-SSO1D WOJJ 1J3USQ 150D JaMO| 10 dduewIopiad s21u01393|8 Jamod anoidwl 03 sassad0id Sulinioejnuew pasueApe uiSelana
| Sy319vN3
uof1eN|eAS pUB S3IPN]S apeJ] Wa1SAS 10) SPaq 1591 [BUOIEN
(S3|npow paei3aiul JNId 1amod wnipsy A ~@ (1e yum a|qredwod Bujuosiod ou) JNId ay1-8uo
Jamod WNIpaw/Mo| — 9SN SUIOGIIE IO} S[[9D [aN) UOISSIWS 0197 ADOTONHIIL
au|qn} se8 peojun 03 S||32 [aN4 BUIWI0R] PAJUBAPY
syoed Aienieq / Jn psresSaiu
$91N30N.3s0.01W ANsuap AS1aus JaysiH SHOLIvdYO VAN
- . . ‘ADOTONHI3L
S[elIaew ||99 Jo AI9A0D31 9)1|-JO-PUS JO) S9SS8201d
@N INIWIOVNVIA

X X
3@ ¢)
) 3) ©)

J10A0 34T ANV
ONITOAD3Y *AD0TONHIIL

$1daou02 yoed / ajnpowl ||92 MaN W39
INIWIOVNVIAN

S1BWLI0J |99 JO UonesIpJepuels W30-Ss04) Ad3L1vd ANV SMOVd

——————————————— ‘S3INAON ADOTONHIIL

$||99 Ul SI0SUSS pappaquiy
SONISYD ANV SIVANYO4

'ST730 ADOTONHIIL
VON DWN ‘d47 8'9) sa1n1onJ3s pue sjeisiew apoyied uol-I pasiwndo
. SIAOHLYD ¥ SIAONY
HEIEHED PR Tl B 'ST13D ADOTONHIAL

(Buljeay-y|as ‘pughy “3:9) s1apuiq uag-1xoN QH H (d-1K190V-N "8'9) dIAN 10§ SjuaWIde|das JUSAI0S

—_

(Sa1m3onJ3s onaxne ‘98ueyd aseyd 8-9) siojesedas uonesauss-1xaN @ UOI1BPIXO PUB SSO| 183 PadNPaJ 1S02 PUB SSaUNOIY} PadNpal Yiim siojesedas
SIN3ATOS % S¥IANIg
2Npu0d PooT Y1m S914]01103|3 91€1S PI|0S a1njesadwia) wooy ‘SY0LVYVdIS SALAI0H L0313
‘ST130 ADOTTONHI3L
(S!7 ‘UoI-8 N ‘uol-eN ‘8'9) SaLISIWBYD MaU 10) $314|01303]8 pInbi H@ @ (2w3ayl| ‘@3e3|0A-ySIY) Uol-I1 10§ $834|01308]@ pInbi| pasiwndo
261 18 981eydsiq/e8.eyd Iz L 9.1 981ey) 08 91e1 981eydsiq 2p 91e1 98.1eydsiq
BY1/UMO00S Ansuaq A31eu3 8%/UM00€ Ausuaq A31au3 8%/UM00Z Ausuaq A318u3 3Y/UMor L Ausuaq A81au3 S1IDYVL
B%/MN0L Alisuaq Jamod 8%/MYS 'L Ausuaq Jamod 8%/MMS Alisuag Jamod 8%/MiE Alisuag Jamod
2/V [eUOIBaI / 19INWIWIOD D113 |B ()Y [EI2ISWWO) WP PUGAY PIIA J0dsues} UeqIN {YeIdlie [BIDISWWIOD [[BLWS J113I3D || HeId1ly O11303|3 SI0N SYIARA




O

SAUIYdeW |ed11393
wenmvooun | 80T de peoy ASojouydsa)l

S O

:9ouaiiadxa :Kouadyya Runqixap »
‘JuswiuolIAug :K1ayes
198uasseqd [ERE| spoau JeuoijesadQ 180D
+S€0C 0€0C SZoc 0coc 8L0cC
(S1030NPUODIWSS /SN 40 UODRIIX3 “8'9) BuIjoAda1 pue 8snal 1oj suSisap paoueApy
Sy319vN3
01095 1y31|y 10} pasiwiido aiemiyos Suluies|-§|as AIunwiwod $21U01393]9 Jamod Yum padojaAsp 91EMYOS [0J3UOD PIDUBAPY
UOI1eN|BAS pUB S3IPN1S Spe.} WISAS 10) SPaq 1531 [eUOIIRN
do si030w Jamod-ysiH ZOE.{MOM._.Z_
(J91Je3s pajesSa)ul ‘eixe-00 ‘8'9) aulqin) sed 03 9|dn02-950[0 01 S101RISUSS /1010W PIJURAPY aNI IU<_2
- ‘ADOTONHO3L
(s1031EN)0E "8'9) SAUIYDEW [911393]9 10) SWISIURYISW JURIS|0}-}|Ne) pue A1ajes
souewioyiad ul s8ueyd dajs e Bujiqeus sain}oaNydIe [edIpey FHNLDFLIHDYY
ANIHOVIN
(SBUIYDBL PILIBAUL XN|§ BSIOASURL} ‘XN|J [EIXE “8*3) S2IN}03)IYDIe PIdURAPY ADOTONHOIL
(spaads pasiwndo ‘sjeualew parosduwi 1002 pajagie} 8:9) sa1njoa1ydle ouewiopad 1aydiy Buinsixs Jo uolN|oA3
05 (PN "8'9) SULIea a1eJ pa|okoal Jo asn pasealou| .QH Buunjoeynuew Jenaq Aq saiuadoid pd Jo Aouslsisuod anoidwi) SIANDVIN
I I N3NV
(9944 19uBeW JOo s|ela1ew di3ouZew J1ay10 “3'9) JUS1U0D Y1ies alel 9leul (AQ "8-9) syiea ales Areay ajeulwi|g .
‘ADOTONHI3L
@H@ (sleuaew panoidul ‘azis uless Ja|jews “3-9) SONS padueyul .@H@ (UoneIN}es paonpal ‘sasso| Jamo| ‘8'9) SOWS pasiwindQ
@ (senuadoud pasi|edo] ‘shojje panoidwi “3:9) $|991s-9 UONeISUSS IXaN ("SuolIeUIWIE| JBUUIY] ‘[933S IS %5°9 "8°9) S[991s-9 pasiwidQ SOILINOVIA
e rver—e—— 1405
BuIsuas pappaquua ‘s1o3e|nsul Buljeay-j|as (9ouewioyad ouawWIARIS feU0I0D-UR §'9) JusWU EREE] 18|NSUl PSJURAPY }UOl_OZIUm._.
(S|ews1eWwoURU ‘S| H ‘Uogue) “8'9) sBulpuim souewiopad-1a
ma— NOILVTNSNI
(wnjuiwnjy ‘8:9) SSUIPUIM 1S02-MO| SAIBUISYY
I /SONan
(BunnioeinuewW aAIPPe) $$900.d BulpuiMm JO UoeUl 1iey ‘|4 pasealtoul *38:9) sanbiuysa) Suipuim pasiwndQ >OO|_OZIUM._.
MINS< Jamod aulyoep MIZ 1amod auiyoey MM00S Jomod suiyoep MMSZ Jamod aulyoepy
— 4
%96< Adusioly3 %96 Aouaiowy3 %€6 Aouaioy3 %06 Aouaioiy3 WI_.MON_<._.
| T S——|
1/MA0S Ausuaq Jamod 1/MMOY Aisusq Jamod 1/MMO€ Ausuaq Jamod I/MM0L Alisua@ 1amod
|
8%/MM0Z Ansusq Jamod /ML Ansuaq Jamod B%/MG"L Ausuaq Jamod B%/MIE Asuaq Jamod
0/V [eUOI38] / 191NWIWO0D J11109|9 |8 :)/V [eIoJaWWo) WwnIpaN PUGAY plIN 1odsues) uequn {YeIdlle [BIOJSWILLOD [[BLS J113I3|3 ||V eldlly O11303[3 SIoN SYIARA

- Electrical Power Systems - July 2018

INSIGHT_07



- Electrical Power Systems - July 2018

INSIGHT_07

) @, S2IU0I}II|F JIOMOd
S9INqUAIY ° ﬂ h“ 29
:9ousnadxa :Kouaiduye Aupqixay » Heldlly 3jJoym o“ F°N “: ‘“O‘ °_°= -— h
‘JUsWUoIIAUg :Kyayes
198uasseqd 1ang spaau |euoniesadQ 1509
+S€0C 0€0C Sscoc 0coc 8L0¢C
80410 10§ SWSISAS 21U0III3|S JaMOd
saAnenul A11snpui-sso1d WOy JJaUaq 13S0 1aMO| J0 dduewIoyiad s21U01303| Jamod anoiduw 03 $3ss920.1d BulinjoeyNUEW padueApe SUISeIaAdT
SH379VN3
uol1eN[eAS pue salpn3s apeJ} WalsAs 10j spaq 1sa} [euoneN
1USWUOIIAUS 0] O110ads JuaLIaSeurW [EULIBY]
sagels 1 l 0 91eMY0s SuluIes|-J|9S 0J]U0D pUE 3IBMYOS S$OIUOIID3|S Jamod pappaquu]
(104302 ‘S21U0.393]8 Jamod “1030W) SIALIP Jojenjoe pajeldaul Ajng
@6 uoleigajul Jo s|aAd B1Y D90 PUe Ja1IaAUI “QQ-0@ PaleISalu| (S49149AU0D PIROG-UO J(J-)@ Pa1eI8alul ‘8'9) $390|q Je[NPOW PUB [BUOIOUNS-IINA SFAINLITLIHOYY
@ I HIALHIANOD
$1030npuodjWwags ded pueq ap )} pasiwdo $19119AU0D BUIYIUMS-1JOS ‘[9A3]-INwW ‘Adusnbaiy-ysiH
ADOTONHI3L
.@ Q Ausuap Jamod pue Aousidye pasealdul 1oy sa180jodoy J91ISAUOD IS
@N@ wa3sAs auIydeW pUB SOIU0IIII|T JOMOd paleidalu]

H@ soju0.199a Jamod a|qeinBiyuodal ‘Buljeay-}|as .

13U0D JueI9|0} 3ney pue Buisoudelp-j|os . H D3 9jes-|Ie) ‘paleIBa)ul ‘OAoeay

—— NOILO310dd

N@N@ uswaBeuew Yj|eay SSa|JIM pUB SS3|I0SUSS . N@ $I0SUSS SSO|-MO| ‘ ainjeladwal mo| pue ySiH vm mw_omZum
@H@ I 9|qe1INS $10193UU09 JuaLIND-Y31Y ‘98e1j0A-y3iy ‘Aljiqerjal-ySiH >_UO|_OZIUMF
.@N@ 1USWUOIIAUS 10§ 9|qe1INS S101e|NSU| 93e1|0A-USIH
I
QH saAIssed 10y S|elalew d(3auSew  911393[3Ip ON .‘QH@ sanissed ajqeded ainjeladwsal 1aysiy ‘Aouanbaly 1ay8ly “ ‘Aysuap A81aus JaysiH
‘ @ SININOdINOD
@H@ sa21nap a8exyoed-ul Ja11aAu JAISSVd
SI9ALIP 9JIASP PUB SI0SUSS ‘S13}|l Pa3eIBalul Ylim sajnpow uofoajoid,samod pajesdaiul AlySiH ADOTONHO3L
S3|Npow Jamod pue SIS 93131SIp 10 S|elIS1eW ISNGOJ ‘SSO| Jamo| ‘@injesadwal ysiH
@H@ a a STIVIYIALVYIA
sjuswanoldwi $s900.d pue 81e11SqNS — SIIASP (NED) SpLIIN Wnijjen
dOLONANODINIS
@H@ sjuswanoldwl ss900.d pue 81e11SqNs — SIIASP (JIS) SPIGIeD uodl|! ADOTONHDAL
@H@ sjuawaoldw ss8201d — $321A8p UODY|IS pasiwido
%86< Aouaioly3 %L6 Aouaiiy %G6 Aouaioly3
1/MSH AHsuaq Jamod I/MMOE Ausuaq 1amod I/MAS L Aisuag Jamod 1/MMO0 L Alsuaq Jemod S13DdVL
BY/MNST Ansuaq Jamod B4/MILL Alsusq samod B5/M10L Alisua Jamod S%/MMb-Z Ausuaq Jamog
0/V [eUOIS8] / 191NWIWO0D J1109|9 |8 :)/V [eloJaWWwo) WwnIpaN PUGAY plIN 1odsues) uequn {YeIdlle [BIOJSWILLOD [[BLS J113I3|3 ||V eldlly O11303[3 SIoN SYIARA




+

CONCLUSIONS

+
The key conclusions from this paper are:
— Electrification in aerospace can be characterised as two concurrent technology trends: an evolutionary trend towards all

electric and more electric configurations, reducing the demand for conventional hydraulic and pneumatic systems; and a
disruptive trend transitioning towards hybrid or full electric propulsion

— Electrification will change the market for UK industry in aircraft subsystems, offering both a competitive threat and a
significant opportunity for the UK supply chain

— Electrification will create new accessible market sectors for the UK electrical power systems supply chain

— Significant investment in electrical power systems research and technology (as identified in the technology roadmaps) is
required if the UK is to maximise its market capture

— Technology requirements for national infrastructure to support UK industry in integrating and testing the new complex
and higher power electrical systems should be developed and possible funding needs clarified

The UK industry is well placed to take advantage of developments in more electric or all electric aircraft, and in novel electric propulsion
systems. Initial technology roadmaps are presented for the four key elements that have been identified through analysis of the needs of
projected aircraft electrification, and priority areas, including infrastructure investments, are highlighted. These are:

— Architecture and interconnects
— Electrical energy storage

— Electrical machines

— Power electronics

National facilities to permit the integration and testing of electrical power systems and components at the higher power levels that will be
required in the future is proposed as a key enabler for these developments.

The UK supply chain and wider aerospace sector is invited to comment on this paper, and to consider projects that tackle the key challenges
and position the UK at the forefront of the electrification of commercial aircraft. Please email responses to the ATl via info@ati.org.uk with a
subject title of: EPS INSIGHT.

The Institute will continue to convene industry, research technology organisations and academia to develop and deliver electrical power
systems technology to maximise UK economic value.

WHO WE ARE

The Aerospace Technology Institute (ATI) is the objective convenor and voice of the UK’s aerospace technology community. The Institute
defines the national aerospace technology strategy that is used to focus the delivery of a £3.9 billion joint government-industry funded
aerospace technology programme.

DISCLAIMER

The Aerospace Technology Institute (ATI) believes the content of this report to be correct as at the date of writing. The opinions
contained in this report, except where specifically attributed, are those of ATI, based upon the information that was available to
us at the time of writing. We are always pleased to receive updated information and opposing opinions about any of the contents.
All statements in this report (other than statements of historical facts) that address future market developments, government actions and
events, may be deemed ‘forward-looking statements’. Although AT believes that the outcomes expressed in such forward-looking statements
are based on reasonable assumptions, such statements are not guarantees of future performance: actual results or developments may differ
materially, e.g. due to the emergence of new technologies and applications, changes to regulations, and unforeseen general economic, market
or business conditions.
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Aerospace Technology Institute @ www.ati.org.uk
Martell House

University Way EE info@ati.org.uk
Cranfield
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