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Abstract: For serial hybrid-electric aircraft (HEA), the flight performance of the whole aircraft was
analyzed in combination with the dynamic characteristics within the given mission profile, and the overall
parameters were associated with power and energy demand in each flight stage, assisting in design and
sizing of each system component. Then, the calculation logic and each work path for the serial hybrid
electric propulsion (HEP) system were summarized to explore the potential impact of energy management
strategy (EMS) on the sizing method. Based on the established design system, a Dornier Do 228NG
aircraft was selected and applied to compare the proposed method with that developed by two European
teams from three design aspects. The results showed that the relative error for design point was less than
1.5%, the errors for conventional powertrain design were under 6%, and the evaluation of maximum
takeoff mass (MTOM) for serial HEP design was less than 4% error. And it can verify the feasibility and
effectiveness of our method. The characteristics, advantages and disadvantages of four EMS were analyzed
and discussed. And based on an existing serial HEA, the Panthera Hybrid, the differences of power system
working situation and design parameters under distinct strategies were studied and summarized. The
results indicated that the MTOM under Light strategy was the smallest, and the benefits lied in that the
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maximum power demand during the take-off was taken by the fuel and battery power system at the same

time, which optimized the power system weight directly.

Keywords: hybrid-electric aircraft; serial hybrid electric propulsion system;

aircraft conceptual sizing method; mass evaluation; energy management strategy
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Fig. 1 Schematic diagram of serial HEP architecture
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#HJEH [A]/min 30
Reeor ST 0
JRIMRE I % 1/ (MU/kg) 428
PMAD %% 1
HLHLACR 0.95
Loy &y e 0.8
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Fig. 5 Mission profile of reference aircraft Do 228NGF?

3.1 BT R RERRT

3 1 2 U A R A5 31— 2 o A B 2 ey
DRy, X RN RIS — 2, 5
G B2k AR AR W SRR AT 3 . DRI, A b A
BT S BGHE T XS A4, SR 1P ik it
A AT

T2/ T 3Ry AR A5 R 0T I,
Horb 3R25 1 FR 22 2 40 Wl AR SCEE SR T 7
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21 FRZE2),
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Table 2 Comparison of design points

X LI H B Ao/ (N/m?) i o/ (N/KW)
I A 1957 53.62
T B 1958 53.68
AN 1957.68 5437
R2E 1/% 0.03 1.40
R 2/% -0.02 1.29

MR 2 HAT LU, RT3k far 9 PEAL, A8 S
i 5 WA T g i) — SR b, 4 XHE AR R T,
X M IE] 6 Fir 7 (8 2500 I T X8 L v e A 21—
A b S B, 3 F 5 v ) B A 4 PR Ok U R 2
WYLSE W o XF T IR B Aar i PEAL, A8 SC 5 P Fh 7
2 B 45 R R — S 22, (L AR 5% 25 o AR AE
1.5% LA, 3 B 22 51 32 2R U5 T P9 5 . — 2Pk
FE 29 R 2% 1 2 B A 22 01, ik DA IET 6 rh e A 31 10
A5, 18] 6 Hh CS23 R MU %5 % 42 ) ( Euro-
pean Aviation Safety Agency, EASA) il 22 ) 23 #E
EMUAERRME . ARSCH Ik A FJT i BIEA R
e B A AR R, 5 51 R BLAE Do D) 2R 4
LRS- I, AR SCH) 3R 38007 2 H A KR B e
(9, 771k A M7k B Rt AEO JE T} (rate of
climb, RoC) HRJE Y. I PERE 2 Ry R v Y 22
Ao 7 A I EREAT B E (A, SEPR R
KARHFIFAIT, HEFENAR T RS %A
Gudmundsson ¥ 77 %, 77k B &% F Raymer [ 4H
KT, AN JE S Roskam [ 71k . X LET7
BAKRF/NF, HZAHMMNERBSFHRELY
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% R 228NG “KAHIL 3 ZH ML At /28 fny o o B AT S5 5 L, I
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S| — SOk [32] R 7 9 B 5 SR A R AT
. 3 P I ik A B A 45 I iR R T AN L
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(W /S)[(KN/m?)
(a) AR SCBLHITEERISMP
CS23 requirements, Method B OEI RoC at SL, Method B

Take-off distance, Method B OEI RoC at SL, Method A
Take-off distance, Method A — AEO RoC at SL, Method B
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Shaft power to weight ratio (P/W,,)/
(W/N)

KBl 6 SEULMEEXT

Fig. 6 Comparison of sizing matrix plot

N 3 Fras o MNHR R LAFR H, 4% TR (R A9 AR G 5%
FZEHAE 6% LA, B Xt T 4E 8 1175 R i,
ARITE ST A FJ7 % B 1) — B IR B
BRI Wk

e, 0 TR R TR PR, BTN
B RATAE 55 22 4k, AR SO 45 R B A X R 22 WA
TE 1.5% A o i B, 72 ALRE 5 073 A 9 AH
XR2E, LARAE PR AR T 5071k B BRI XTR 22,
HRTE 0.5% LLIA o LA Hk R 3 17 AR Y 52 22 175 D
I EEAZEA

FCUC, JRIMR A Sl AL AR SR Al DU AR R 15
FERRAGPII . 2B AR A S S PR 7 i fd
(14 & S HLALCR AR R AR[A], J7 ik A #1074 B 1E
I 5% >R T I S 4 Sl 48R T FE R O 398
g/(kW-h), Xf I i) & S LA AR B A TH E 79 0.211 2,
{ELR:, 30 9 30T 44 X B0 1Y 22 00 B0, i B A
ST X BT 55 BOBERUVEAG 1507 1% A/B B0R
FAL

R3 EEHNHRINZITREL

Table 3 Comparison of conventional powertrain design

AR /km ey T i kg X} L3 H M,/kg M,/kg M,kg My/kg S/m?
Tk A 6216 3338 343 525 31.1
77k B 6259 3425 345 529 31.4
396 1960 ARSI 6189 3335 359 535 31.0
B 1/% —0.43 -0.09 4.66 1.90 -0.32
W 2/% -1.12 -2.63 4.06 1.13 -1.27
Fk A 6364 3468 352 1219 31.9
) B 6446 3527 356 1238 323
1280 1325 AR 6451 3489 373 1264 323
W 1/% 137 0.61 5.97 3.69 1.25
W 2/% 0.08 -1.08 4.78 2.10 0
kA 7083 3861 391 2285 35.5
kB 7182 3929 396 2310 36.0
2361 547 AR 7161 3900 393 2321 36.2
W2 1/% 1.10 1.01 0.51 1.58 1.97
W2 2/% -0.29 -0.74 -0.76 0.48 0.56
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B 7 45 I T A SOE R G 8 17 SRR
(g R PBERALALL

— Output power
Input power from PGS
-- Altitude
1500 T T T
13000

2 1000 £
<4 12000 3
5 £
£ 00r {1000 <

1 1 1 1 IO
20 40 60 8 100 120 140

Time/min
Kl 7 ASOT XMLl 177 SRR A D A
Fig. 7 Power simulation of paper method for conventional

powertrain design with short range

33 HEORBEARMIEITTEE

BT AR T B RATAE 55, XF Do 228NG
AL Ak 2 TT R i 3l ) O R 0 ek i i, A3
S 0E A T vE B AR SR 45 SR 0 e in 3 4
Fim

IR 4 ] LU BT E b 5 S AR T T
TR IR ZE R, AR5 S E0 45 R H 8k 1
T, Ho, AR SOy R R R R LA
A TH R PEAG 5 WA 5 0k 0 — SO LR AE,
XFF L B ML B A PGS BB AL S 5 A T
SR o T L L TR T 3 o U A ) B 2
F BN YR TG T

B —, TEAR A, AR SO ERA T R SO
SRS 1D AR R PR (32 B R T A 2R
TR TAE ), 10225 SCHk b 0 W R iR IR
UL 2S4S PO I, R SR TEAN A B R R 40 TR %
RHR TR . Tk A FT i B X T PGS
FL ¥t 2 G 18 AR = A A 465 e 1) 1 2 ) 3 4] 4,
T A HEAAT 55 BOWH H DR IE TR S5 2
I REFE, 45 G THAETT oK, TH 515 21 f it AR T
Jist . BRI R v RE AT AL R AR B R T
Ry WO T A PP AN, R4S B R 3h ) RS AR
RATAE S5 2 TARRE B B —, 4k TS ()
[l TR

R4 BEGEBEARMIRITXL

Table 4 Comparison of serial HEP design

LR /km g T kg Xt H T EH M, /kg M/kg M,/kg M/kg M,/kg Mkg S/m?
kA 8295 4521 256 148 713 697 41.6
kB 8246 4512 244 148 696 686 413
396 1960 Ak 8385 4494 254 167 722 789 41.7
B 1% 1.08 ~0.60 -0.78 12.84 1.26 13.20 0.24
IR 2/% 1.69 ~0.40 4.10 12.84 3.74 15.01 0.97
i A 12518 6821 387 519 1076 2389 62.7
JriEB 12354 6760 365 513 1043 2348 61.9
1280 1325 A 12758 6737 384 425 1081 2806 63.7
W 1/% 1.92 -1.23 -0.78 ~18.11 0.46 17.46 1.59
W 2/% 3.27 ~0.34 521 -17.15 3.64 19.51 2.91
- — EM output power
Vo . ~
55, FER MU (AT 55 H, AR SR He L BT 1Y EM input power from PGS
PEAR L AP 5 AR DT 20%, 31X 2 o I HT Y — EM input power from battery
- - Altitude
FEL L S5 St T2 R PR TR A A B e R T 1Y, (L 1500 T i -
o b | {3000
ARSI EAARSE O M A IR e, 1000 l :
. - ; . - << L ] 3
PRI/ T 52 B T 1 L b 2 496 0 ek, {23 5 [ 2000 5
0k E
S, >, ~ o 1
HR43 FIr 5 BEAE S Fh R & R AL 25 i ath FE L Y, = ool 11000 <
T B B AR R T R T LR S e Y
N o 20 40 60 80 100 120 1
Exﬁiﬁﬁﬁ, R X B X AT AT LA [/ Time/min

TET A 28038 WA ST 7 ik ) L AT 1 A Sk
8 45t T RSO 16 H3 R i D7 SR AU 1 )
ROLTRL

8 ARIOIT RN ERIIR T SRS AR 1 D) A B

Fig. 8 Power simulation of paper method for serial HEP design

with short range
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(EB LI DA S I 2 B o ) B LA o
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AT, R ERE B XTI b B it
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4.1 BEREIERRE

1) BE A B 5w —

XFE 1 RE RS R N 1 s 7ETRALIT
W HATAT 55 1, SCpas 1.3 71 #9345
TAEME— 0 TAERAR, RVt R, HE
IRBSCH S 15 5 T E B G B, HRL LR
GEASFEH 3 71, PGS R G, tAT 3N T
A —, JF RIS X b T 7, B R IR S Chpeo
SR 5, PGS RGEAF 1k T AR, Lt R 40 1O T
BCHL, DA ZEHE . B T AR AT S, Bt
PTG PR TR 5 AR, DR I 5 ol A FH 5 g 37
h Cyelico >R F 3 i 55 W 19 32 2 Ji XA PR 5 T
— e LB B 1 H b B ARG R, AR AT 55 n] kA
Phak R A L A (AN 3R 4) ; R AE R R B
FEATT AR 4l 3l K ALE TAES, A ase sl
Jii) B AIER TRAT 5 B 4 DR R

2) RETRAE BRI G —

Cyclic 5 W& L35 B S i — SO0 S8l J2 A 3 i
BB T4l i Bl AT R A I HE R MR 2R o PRt
FE VA /8 PSR M A AR B RH DG Y TR AT IRE, TN
—AN%E M 5 (transition altitude, TA) L&, #f
PR RMLAE I B2 DA AT B, AU FL 3l 3R e
HOR AR 2 ALIE R TAE . BLE, X5 mE i 40
A SR RHLNIF IR BUATAE 55, B 2 C T 31 5% 5

re B, AN R G TR R AT TR . B,
G PGS RGEIFHFE TAE, HE| CHL N B 2 %%
B, X — R, SR LT SR T KT PGS
Z 4 f TR, et 2R G [ B R A o B T
R Z, W PGS RS it 1T 7 L, H 2 Coae
It —EHAERAE R BT . R, TERE R L
TR BT AR, AN FR R R SR O ik TAE
i F e i DL L, AR A F A E 1 Crag
AR, DK S — R FRA Steady. 33Xl 5 W 119
e o s 1 S 2 E NS e R 7 R
B MY R TARRAS

3) REVRAE BRI MG =

FZIEFME b, HE CHLU T BB
A PR L R G 8 it B ), O F 3K
I 7E AT 45 I R R A 22 0 i, S (H A5 i
— B B BRI T ARG . UL, SR R A R
W LA T R R AR AL SR ETSE R PGS R4
1 T AR, D8 3 F i A R AT S5 R A B Cine
T SCRE T FR X RS R SR  A Smart.

4) RE U5 HR N )Y

iR 3 RS SRR, L[ B — LR A ]
SIS R B 4l B AT IR DR HE R (R,
X IR TR AT KA G F 4 BTk i — IR H R LR
o E CHLAT b B Be [ B FH R 3l g e LAl
SRR BRI 3, SRALAL S T R G A T
PRI, 5 % DU 3 s — ) Sk b b AT T A G R
CHLN—FF IR BATAE 55, RIS PGS FR 40 FlHE
ARG ILE AT B I h o R SORE fRTRR kPP A B SR
i% A Light.

gi I, Bk 4 FhAR IR HLAR G 09 T AR RS
M #xf e an 2 5 i o

x5 ATREEEEEEREHIL
Table S Comparison of different EMS

TR F e TR L A
Cyelic F AR S ey T4
Sead LA R R ] R
teady S L R HERAAE BV RAUEE )k,
A AL AR HIARRIIHEER
Smart R C,
. AT RS A, ) R B
Light AL R o e i

4.2 Panthera Hybrid P8 2 &8 BX R FE %41
Panthera Hybrid /2 B i 3CJ W R ML i & 7
Pipistrel & - Rk B3 %% Bh #) 5t H MAHEPA (modular

approach to hybrid electric propulsion architecture) ,
BT A B — R DY JAE TR PR BN RBIL, T 2021 4R
10 J 58 i 55 1 B Be iy i A 1RO 3, R 7R
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2023 4F5E i EASA (19 CS23 sl i iAiE . ALK
TR PR N RE | T R = M
3 AR R 2R 0 A R T S, H B R R e 2 O
3J] . Panthera Hybrid 1Y — 26 BB T+ S 80 3% 6
F)_l"i‘_\‘[34—35]0

FEF Panthera Hybrid #4 %Y, 4 Fh K [6] 8 5 45
PR WG T BB H 25 3% L3k 7., &1 9 Rl 10
TNo o, T g T A% T R R ERL I AR Y ER
Xt e, B9 Ay H i H B (battery level) . AR #2K 0 &
(tank level) . PGS & 4t By o) = Hir i % 1 (PGS
throttle) A1 & AT i B (altitude ) K I 8] i9 A28 £k 3 A2,
&1 10 S I Bl 7 22 48 0 i Dy 5 R0 E AL Y e
Ty b AT 55 PEFR (R 75 SR AR 4k .

I3 B 3 T 25 SR EE AT DL A A AR B LR
it

B 4, Cyclic, Steady I Smart 5 & T (1) &AL
ST ARHAH T, BT RR BT B Ah i oAt & 503
RO AR A, AR 3 ORI 1) B 22 0]
R R A IH AR B o 3% AR 9 FIT 10 B XF L At
AEfS 2 5. D3 FPORmE T, B R Bl (5 i H vt
RagkEaeim i, HE KD RF R e X —

B B, 3R T =38 0 T F R B AL A R oK —
e, PRI 3 9 3 4 1 T i T A — A @ AT 10 W]
LAt 3 Bl s X PGS 2 4 Y B K i i o o
R A — 2, B o 09 5 — A BRI
THAE I (194 [W] 55 78 B3R W 1) g FH %86 A a4, T
Steady 1 Smart 5 B 1) X 51, A SCHEE 4.1 45 A4
AT F i, Smart 5 #E AHE T Steady RS, 11k
TEJE R A A, $RETZ L T PGS REM
TAE, W RE 74—/ B IH A& &5 T Cyclic R
WS AR T Y AR it B T 4 LT R S A L Y G
DL K Hy T b A B0 0 51 1Y PGS TR R R T
PR R A T 4

HIR, Light SREEXFRY T fe/M ) RALE R
i, X 53R 4.0 A AR & S —
o TR RE B R R YR E AN 3 ) RS IR]
AR, WA 10 (d) B, e A~ R 48 0t i
B RO, R HL T R G AN A — I R
HAH BT B fe KTy R, R R A T R B R
o THHATAE 55 s 19 B AR B T IH #E ) 55 Smart
FHZEARK . 2T LT LA ST &L, RS 55
T RGBT RN, a2 h T T

% 6 Panthera Hybrid BJfE & FEaE =R

Table 6 Mission and performance requirements of Panthera Hybrid

M Hufl 2 Wl
JRSKIL 105 JeTt3/(ms) 58
BB 1 i#/km 650
HLALRIAT B o7 S i g 350 LR/ (Wikg) 6450
&K /m 530 W T DI B/ (Wikg) 1550
A i 5/m 570 HLIbAE R (W h/kg) 250
AT 5 & /m 2450 R L/ (Wikg) 879
BEBE RS 1 /m 450 BT ) /min 15
et i /m 270 E SIS (1 0.05
4 Xt TR /m 8 000 JRINAE RE 5 FE/(MI/kg) 42.8
SCHFHBR/m 7 600 PMAD %i% 1
T/ (km/h) 270 HBLACR 0.9
R HHE/(km/h) 110 WA R 0.85

R7T 4 MEREEERETHRBKREZITIILL
Table 7 Comparison of serial HEP design with four EMS

REVRA BRI M, /kg M/kg M, /kg My/kg Mkg Mykg S/m?
Cyclic 1483 725 31 145 150 81 12.6
Steady 1489 725 31 145 150 87 12.6
Smart 1479 725 31 145 150 76 12.6
Light 1276 654 27 44 130 72 10.9
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Fig. 9 Variation of battery level, tank level, PGS throttle and altitude with time under four EMS
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Fig. 10 Variation of PGS power, battery power and motor power with time under four EMS
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