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A Concept Plane using electric distributed propulsion Evaluation of advanced power architecture

Starting from electri cal distri buted propulsion system conce pt, the ONERA's e ngineers d emonstrated the viabilit y of an all elec trical aircraft for a small business aircra ft. T his paper describes the advanced po wer architecture consi dering e nergy c onversion an d po wer distributi on. The desig n of this adva nced po wer architecture re quires the m ulti-physic i ntegration of d ifferent d omains as fli ght p erformances, s afety a nd environmental requ irements (thermal, electric, electrom agnetic). F rom this analysis, all comp onents of this advanced power architecture have been identified and evaluated.

Introduction

In 201 1, an ONERA/CE Atech team has b een constituted to meditate o n the all e lectric aircraft (AEA) challenge. One of the main team's c onclusion was th e p ossibility t o us e an electrical distributed propulsion co ncept to re duce em bedded storag e energy [START_REF]Rapport de synthèse du Groupe de Travail Études Prospectives "GTEP12[END_REF]. Ind eed, the im plementation of man y small engines allows to optimize the req uired p ropulsive energy with respect to s afety req uirements (for example engine failure during take off). In 201 4, ONERA's en gineers have d escribed and validated an AEA concept for a small business aircraft [START_REF] Hermetz | L' avion d'affaire pers onnel à propulsion é lectrique, un « concept pla ne[END_REF] [3] (Fig. 1).

To desi gn an effici ent electrica l network, a mul ti-physic ap proach ha s be en ad opted taking into ac count fli ght performance, s afety and environmental requirements, and lead to a safe an d optimized adv anced po wer architectur e de scribed i n the following sections. The different scenarios ev aluated t hrough multi-physic simulations s how that th e Polymer E xchange M embrane (PEM) hydrogen f uel cell co ncept provi ding th e electric p ower (propu lsive and s ystems) i s the best solution.

• No environmental control system is r equired due to fl ight character istics ( altitude < 30 00 m).

Propulsive architecture

The main obj ective of this section is to e xplain the process use d to d efine the optimal p ropulsive architecture which would be compliant with the CS23 certification ru les b ut als o o ptimised to c ontrol th e yaw effect during flight. Flight performance analysis concerning the yaw effect control sh ows that the pr opulsive force must be controlled s ymmetrically at the sam e time on b oth wings and also on each wing in case of EDF failure. A second an alysis co ncerning engine l oss du ring th e climb step sho ws that, to be compli ant with the CS23 requirements, on ly 2 4 op erational EDF ar e necessary. Starting from these ass umptions, a n advanced propulsive architecture has been ide ntified consisti ng in 10 c lusters of 2*2 EDF as sho wn on F ig. 2 (on e colors for e ach cluster). Moreov er, ea ch EDF is controlled i ndividually which a llows rec onfiguration o f the overall electric propulsion system. To suppl y the po wer to the others s ystems, t wo secondary dis tributions (called essential and non essential) are designed with a 28 V DC voltage (Fig. 4). Each of them is connecte d at one primar y distribution via a SSPC module and a DC-DC converter (135 V DC to 28 V DC ). One of thes e seco ndary di stributions (essential o ne) is also co nnected to L i-ion batter y system ( autonomy 20 min) allowing to su pply th e power to the main bus if t he two primary distributions are out of or der. The t wo sec ondary distributions ar e linked b y a B us T ie Breake r (BT B) to tra nsfer th e electrical p ower bet ween th e no-essential and th e essential buses. 

Analysis of power/energy needs

First, let' s defi ne th e e lectric po wer which must be embedded for this confi guration. Starti ng from the greatest propulsive force r equired during th e take-off and c onsidering e lectric m otor (97 %) a nd e ngine power un it (95%) efficie ncies, an electric power of 400 kW is required. The assumption that this power is equally distributed on the EDFs le ads t o a rate d power of 10 kW for each one. To evaluate the electric power necessary to all others consumers, the embedded power of the Cirrus SR22 (2.4 kW ) has been us ed a s a reference to which additional power, roughly 1.6 kW, has been added for the ne w on-board s ystems. T aking into ac count the redundancy o f the po wer s ystem, a n add itional capacity of 8 k W has b een taken into account for the hydrogen fuel cells. Let's now define the energy which has to be stored to perform a flight. For a range of 400 km, the consumed energy h as been estim ated with the follo wing assumptions: 17 mi n for c limb step ( 70 km) , 78 mi n (330 km) for cruise an d the desc ent steps an d, roughly, 15 min for the safety reserve. To perform this flight 400 kWh are necessary for the propulsion which leads, consi dering the ot hers consumers, to a total energy of 500 kWh.

Components evaluation

Now, we have to evaluate the main char acteristics of each com ponent of our pro posed adv anced po wer architecture. First, each fuel cell unit system is designed to provide a po wer of 40 kW (to supply 4 EDF , 10 k W each), excepted t wo fuel ce ll s ystems (44 kW ) to sup ply equipments. To reduce the PEM fuel cell weight (and volume) and preserve the power capacity at different flight l evels (fr om gro und up to 300 0 m), the in let pressure has been set to 2 bars. T he incr easing of fuel c ell pressure a llows to increase its r ated power [START_REF] Barbir | PEM F uel Cells: Theory a nd Practice[END_REF]. This 2-b ar press ure r ate resu lts from t he use of two air compressors In these c onditions a nd with a fue l ce ll efficiency of 0.6 a p ower density of 1.8 kW/kg is assum ed. T hus, the gr oss weight of the PEM fuel c ell s ystem (i.e. 1 0 fuel cells with their h ydrogen tanks, associated with air com pressors) is about 226 k g and its volum e reaches 1 m 3 . For an embe dded energy of 500 kW h, it is n ecessary to store 30 k g of hydrogen (at 7 00 bars) in 10 ca rbon fi ber composite ( CFC) material tanks of ab out 25,5 kg a nd 0.051 m 3 ea ch ( with a diameter an d length of 0.3 m and 1.63 m respectively). Second, each EDF suppl y chain is prote cted b y a SSPC module of 10 kW under a HVDC voltage of 135 V DC . Based on the assumption that commercial SSPC modules will b e use d, a power de nsity of 15 kW /kg has be en esti mated from data sheets, le ading to a SSPC weight of about 27 kg. From the aircraft geom etry defi ned b y CAD, the power harnesses length of the propulsive part is close to 114 m.

The environm ental flig ht cond itions (altitude) and installation characteristics analysis, give a wire gauge of "8" with an avera ge linear w eight of 0.130 kg/m. T he correspo nding cab les weight is about 39 k g incl uding th eir inst allation pen alties (estimated at 30% of the cable weight). The overall weight of (DC/ AC) inv erters located i n front of EDF is abo ut 100 k g with a p ower densit y close to 4 kW/kg. Finally, the assumption that a power density of 5 k W/kg was av ailable at EDF level has been done and thus the EDF system weight about 80 kg. The total weight of advanc ed po wer architecture ha s been summarized In the below table.

Table 1: Sum marize of weight of a dvanced p ower architecture.

Conclusions

In this p aper, an a dvanced power arc hitecture h as been defi ned and pre-s ized to demo nstrate the viability of a AEA concept for a small business aircraft. T he different analyses sho w that in the coming years, all necessar y technologies will be available to enable the m anufacturing of th is concept plane. Moreover, our conceptual approach has shown that larg er ai rcraft are fea sible [START_REF] Döll | Conceptual F easibility Stu dy for A F ully Electrically Powered Regional Transport Aircraft[END_REF] but requ ires breakdown technologies for t he Electric Ducted Fans and fuel cell systems.
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 1 Fig. 1: ONERA's "concept plane".Main characteristics of the "concept plane"Starting from a small air craft main o perational characteristics compliant with the CS23 regulations (4 PAX, 40 0 km range, 2 h of auton omy,) a n iterative multi-physic a nalysis, le ad to the follo wing aircraft design characteristics[START_REF] Hermetz | L' avion d'affaire pers onnel à propulsion é lectrique, un « concept pla ne[END_REF]:• The propu lsion is performed thro ugh 4 0

Fig. 2a :

 2a Fig. 2a: Advanced propulsive architecture.

  Fig.2b: zoom on the left wing (symmetrical system).Power architectureThe next step was to des ign a safe and optimized advanced po wer arch itecture (F ig. 3). Aiming to reduce th e co mmon fa ilure points, eac h E DF cluste r is po wered by its o wn fu el c ell s ystem (PE MFC and high press ure hydrogen ta nk) and its o wn electrical wiring interconnection systems (EWIS). To reduce the power architecture weight, a HVDC vo ltage (135 V DC ) has b een cho sen for e lectrical p ower distribution, limiting to th e number of co nversion steps between fuel cell (available output level) and EDF. As a res ult, a s ystem bas ed o n 1 0 pr imary po wer distributions h as b een se lected, i n which e ach primary distrib ution is composed of Busbar, Solid State Po wer Controller (SS PC) mod ules all owing electrical load contro l rem ote a nd c able protection, cable harnesses and inverter (DC/AC) at EDF level.
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 3 Fig. 3: a dvanced power arch itecture (primar y distributions) -Partial view .

Fig. 4 :

 4 Fig. 4: adva nced power architecture ( secondary distributions).
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