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A Study on the Transmission Distance Compensation System Method
for Wireless Power Transmission for eVTOL Aircraft
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Abstract This paper proposes a compensation system method for wireless power transmission technology
that can efficiently supply power to parts with different heights of manufacturers in developing eVTOL
aircraft, and the urban air mobility industry is currently attracting attention to alleviate the congestion
and saturation of the ground transport network. The configuration consists of a two-stage circuit of a
boost converter and an LLC full-bridge converter, which compares and analyzes the existing LLC
full-bridge operation and design method and gain curve to verify the design of the proposed wireless
power transmission compensation system. In addition, a wide range of output compensation results were
analyzed through the gain compensation of the resonance compensation system and duty control of the
boost converter. The results were analyzed by simulating the wireless power transmission compensation
system. In this study, even if the transmission distance fluctuates, the validity of this study was verified
by compensating for the gain value of 0.9 or more with the resonance compensation system and
satisfying the output specifications of the LLC full-bridge circuit through boost converter output control.
Therefore, these results are expected to contribute to the future development of the UAM industry by

eliminating the inconvenience of eVTOL wired charging.
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A Argo] LAF o] lolA, M AlA= =I7HAE S
2 QIsto A4 w8 B4 € 23 A1 Stk =
A g5 TE(UAM : Urban Air Mobility)2 53t %]
f 5T AAR QI ol BE&A AHE FESHL 3
39 NEL 1F AAE F5517] o S5
1 Stk &3 EAI9 BAE olsdte A 2% 3
T 7IARE TAET Qlof, 8 & MY FF 1F
@GO = A= Qirtk oo UAM E3HE 50l 4l
A7158Y 434 o]&%7](eVTOL : Electric Vertical
Takeoff and Landing)Es #%9] £F4 0= Hdslal,
w24 g ZAFPstar cH1-3].
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Table 1. eVTOL type

Multi rotor |Lift and cruise Tilt
Assortment
type type type
=
FAR
Shape ;ﬁi%tm Tl
O
Rotary wing R(?tary vs{mg
. X . Fixed wing
Rotary wing Fixed wing .
. Transition
L Low advance Transition N
Characteristic . . flight
High safety flight .
. . High forward
Low hovering | High forward flight
flight Low hovering
Maxdmum | 4o 100km/h | 80~150km/h | 100~300km/h
distance
. i About About About
Aireraft height| 70 08m | 0.5m~0.7m | 0.4m~0.5m

@ ® ©

Fig. 1. Resonant circuit structure and gain curve
(a) Series resonant circuit and gain curve
(b) Parallel resonant circuit and gain curve
(c) LLC resonant circuit and gain curve
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o] 7k & GainZ ¥ 4= Ut Eq. (D2 A8 34
gt 54 oA 9 Q(Quality factor)E HYERATH

L 4 1 L
Zy= Fvaffﬁ ol ()

Fig. 1(2)9] ¥E T%19] 0|5 F4(Gain curve)oll A
Gain=0.6%1 4%, Q=137 @=10& v Q=14
o, &9 AYZ Aojsr] A 5] =2 29 5
o47F Q= AS BRI 4= L, ol AE 3119
oz g3ttt

Fig. 1(b)olA Hi= Hie} Zo], 1§
7tg|Zolt, 37 942 FE HE
32 A C= JER 9
oF= YR A4y ol HE
o5 ZAZ BA =Y, AEstA 2 51t

&

&9 AdS Ao =
Ad 34 3=o S BYske AgS s, &
<8 AFE QAR Y] & &I} FRStolA e
o

20| W Lehr] diEe] $319] MEHoE B2
22 a7she 312 7400 dhet wdo] 9k Eq. )
L9 B0 dhet 54 e @ QF et



eVIOL #3718 A4

il

A5E

LA

=
=

A AE AY BA AL ete] B aF

L, R_1 [C
ATV TRV

Fig. 100141 5 ulg} Zol, LIC 3L H8% 5
Zglzolch, A8 B4l Bz} ok A wgle) At

JAYHA(L, )5 34 84 AREIIHE Aot &3}
AYEAE Hojel HEg T &3 ARE JFTith
J9Beg Het MR7F Aag ot W2 ZVS(Zero
Voltage Switching) G4 &2to] 7FsaliXItt. 0|5
TS BA HY, 54 942 Hd AdA A2 agd=

1, O 71 O 71

Ao B2 EAE AT AAY 4 k. £, W
9] £42 Aot o AGUN(L,)E FHE 9

gt QAR ARESE 4 Q7] Wil &4 A7 5t
1 &9 S0 4 QIFE7 E8 gle AHE 7L A
. Eq. 3= LLC 3Ao| Wizt &4 dyda 4
Quality factorg UeRHATE

39,

AEA(L,)
7ol AxA Hos g2 Pelolao] stetld ol
B Elo] QYA E8 Aolst olele 4 9tk
54 Y AL 9t A A By AADE LIC
Fuelx 54 9 A4 B4, A5 Ae] me o)

1 o= A=
A 24, Adsh= g AS B ALE, AlEE

aL
hal

2.1 7|& LLC 225X S&F U M7 giAl

LLC Z2E7A] 3|2 742 Fig. 28 Bt Hiet Lol
Yyl 7H9] A91x1et - ARAIE(C), L9 4 <1H
EA(L,), 283 A5t A9EA(L, )2 FAEI, 23
Uz 0 2 tlo| Q& HHr|9} &8 AWAJEE L
ot

o

|

\e

|

ox |

481

I{Jl.ac
_rvvw_| —d
% U&)l.ac
Vin L Rotac
¥

Fig. 2. LLC full-bridge equivalent circuit
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Viink = - 2R,
v
Viink =8 = 2R,
Viink 5 -= R,
v
Viink =75 =i =R,

Fig. 3. LLC full-bridge operation mode
(a) Mode 1 (t0~t1)
(b) Mode 2 (t1~t2)
(¢) Mode 3 (t2~t3)
(d) Mode 4 (t3~t4)
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Fig. 4. LLC full-bridge operation waveform
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eVTOL 3714 FA A8 A5 AT A% A B4 AAH HRbo] gk a4t
Vo 1 G AFAF(R)NE FFE v|A7] P o] HE Aol
Vi n 2} 23 208 oyx] Hgo| o]2ojX X g 4= 9lrh
_1 1 Fig. 5914 ¥ e} Zro] A& Ag] 10cm?! Fig.
" \/[Hi 1_(&)2 r% &_&)r 5(a) 71€0.2 LLC 34 A4S A3} 12cm, 14em
KT 5T of W2 o5 TAE EAt
(10) Fig. 5(a)= 10cm & A4 2] AAH LLC &3
Aol o] LMoz YuHoE ol = ](Load
Eq. (1102 QI Agkol it 4;, ol= ZAH9  100%)E 71EoE ﬂ?ﬂoh 85kHz &3 Fopo] w2
7127 9 o|= Zt A7)0 YFS F gholh A9Y  FA AWAELE 11.3nFS HEdlgon, Folgo] o
ST )0k BA FTAS V) BE A, B0l WE T o5 FAS Uehich olS @S Q% T
O K3k TAQ0] 9, 28 oj=2 AM u|(n)o] o]  (f/f), K%k AL 9len, FRASE o5 glo]
5 2B & % AcH5-7. ol B8, 297 FuhE ngshe Roigol g
A dalE 7vs oo gel B0l FiseAich,
4 L, L,
Q= RoLac: C. 8n’R - L, an ’ Transmission distance : 10cm
22 T | M2 OIS 2 2 g
oI5 malo] ot BHS J1E LIC BRAA Fzo] g

Eq. G5)~(119] A4 A& ol&st1 HE A T4 A
g A% Circular pad typed ZYE 10cm, 12cm,
ldem 71202 A FH(f,)E 1ol ol5 =
AL B3 Table 2& A Ao @£ Circular
pad typed] YU TulE GO &, ol A 4 %
Aokl 34 BAY AlARS] ey grog Z-83ith

Table 2014 Hi= A3} Zo] L 2 A3} QIEEA,
L= w4 AgEs, n A4 8], L& 54 3 %]
YRS, Ly 54 5 A7) A€, L,k 4T Q)
gus, ki AeASE e

Table 29 mieir|g gkS 71202 F4 A9 AE
whalo] 85 =9, Ag Aol wEka FA4 QgdE
(L)% At JI9EA(L,)9] WEH7] wizol, o5
2419 718719} B3 T3/, BYIE} Wt
Table 2. Circular pad type parameter

Assortment 10cm 12cm 14cm

Lm 154.72uH 131.76uH 121.64uH
Ls 310.11uH 333.07uH 343.19uH
n 1 1 1
L11 464.83uH 464.83uH 464.83uH
122 464.83uH 464.83uH 464.83uH
L12 154uH 131.76uH 121.63uH
k 0.499 0.395 0.354
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3 fs/fr: 1.01

Transmission distance : 12em
——— Resonance Point(Load 10%)
————— Resonance Point{Load 50%)
Resonance Point(Load 100%)

Switching Peint

Gain

Gain

Fig. 5. LLC gain curve by transmission distance
(a) Wireless power transmission 10cm gain curve
(b) Wireless power transmission 12cm gain curve
(c) Wireless power transmission 13cm gain curve
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Fig. 5(b)2} Fig. 5(c)= Fig. 5(a) HH] °5 FAle]
71€71e o 7IEa FRstolA o5 ol HH =of
e FRIT £ ot E3E F4 JIGEA(L,) W5
e 37 T ZRIEE #HE0E FAo|A Hof,
st B(f,/ £ AAA "k

Table 3014 H+= 23t o] AE Ao weha 5
s H(f/ f)e AR AAA =, o5 glol E01E
o, 3 FER(f)e AR Soleth oF AL
400VDC 7|02 &8 AYo| o5 gholl w2t H2k g
oA AL AT & Ak oI5 ol dis) M g
55 285, Resonance pointg 2A517] #15h
B =EoA Ajele 3 BA AlAHE H8s510
LLC EEA] 329 TS 7fAgich

Table 3. Parameter by transmission distance

Assortment 10cm 12cm 14cm
Switching 85.9kHz 85.9kHz 85.9kHz
frequency
Resonance 85.1kH 82.4kH 80.9kHz
frequency

fs/fr 1.01 1.05 1.06
Gain 0.955 0.685 0.582
Input 400VDC 400VDC 400VDC
voltage
Output voltage 382VDC 274VDC 233VDC

2.3 Mghot=s 24 HEH HE B A2

Altsl= 3]2+= Fig. 6014 B v} Zo] 2¢ 32
2 g, RAE AwE 9 LIC EEFA &
£ #8313l LLC Resonance device®] &3 BAF AlA
HS F7HHoR AAste] Hd Ao o &3 4
Shof| ofgt ®RkE Altslith 33 BHA A|ARS 34 A
AR HAste] E2o] gt o]& HARE olEth
T4 A8 ASS A% 33 B AAHE B EE

o gt BdS ASobH A A2 IEC-61890
29 MF-WPT2 55°l sidsot= 5kW AIFo R 4
AAIsto] HE 3

Table 4914 B A Zo] RAE 7A¥E 9] H2,
AY HL2 34 220VACE AFH$H AYol=t 75,
o £ AYL 450VDCoIH, 40kHzo] 1 Fut
2 PWM RFHE Aot LLC EEA I=&=
85.9kHz9] 114 Fr}52 AlofstH, eVTOLY 37 A
A AR 72 EA ErE FE2 gl7] "o, A71A
B2 HiE ] 7]E 380VDC ol 37 HAEE 71ES
2 gt Adske 31 BA AlAEL AE Aol o2
o5 BAE Eashy, HYHos 28 SHE 4 9
=4 HE

o

Table 4. Specifications of WPT system

Assortment Boost converter LLC full-bridge
400VDC ~
Input voltage 312VDC 450VDC
400VDC ~

Output voltage 450VDC 380VDC

Switching frequency 40kHz 85.9kHz
Max. output current 12.5A 14.3A
Max. output power S5kW S5kW

Fig. 7914 B+ Z17} Zo] LLC Resonance device
3R B AA”H o g FAEo] itk TR BAF AlA
2 4 10cm ol A5 Al digt FA4 A9 AS
2402, A 7H4 7]% 10cm °ove IE5HA]
T},

10cm A& A=Y B9, 33 #AMAE G = 5,
S, 3 Sy On A2 &6t 8,3 S+ Off HEi=
BARITE A JI9EA(L,)= 310uHe] A&=H, 34
AMAIEI(C)= 11.3nFC& LLC Resonance device
£ /3%

Ir

Mo o

52
fr oo

Boost
Converter Full-bridge Rectifier eVTOL

i S S J] ' LLC Resonance device !

| HAm PbrAR b A s i &

| * G Gy G Ly ! D, DS:

| | ' !
i | e i
: T erﬁ: §§ T 1% Rigad,

Fig. 6. Proposed WPT compensation system
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Fig. 7. Proposed resonance compensation system

(e}
% 34

12cm A& AL 4 AdAlY C.3 F7
B AAE C 2 AE =L, 57 S;= On A
g2 526t 53 5= Off ez S48t} 4 <l
HEA(L, )= 333uHo| FE851 F7 AAE(C )T
X B AMAY O 2 ZE AT 10.49nFo2
LLC Resonance deviceE A3t
l4cm AE AL 49 X AW C3 3A
B AMAE G, C,E AE F8=HL, S 5=
On JHI= S&ste S\ S+= Off JeHl& SARith
T JIYEA(L, )= 343uHe] &5 37 ATAE
(C)T 31 B ARAE G, C,= AE 4%
10.2nFO.& LLC Resonance deviceZ 43t}

T, AHT eVTOL 7H9] AZ7F 10cm oY o,
Fig. 894 E+&= Hle} o] Resonance points= =90
2 0|53}/ wl&o|| ZCS (Zero Current Switching)%
QoA FZSHA =t ZCS FFoNA s&5H =H, &
A49] Drain AF+= FHAF7HA oA YA E A9
A7} Turn-off & 7R HE tho]REE Bl A&F
7} SEA FI1, o]F AR tho] R E9] A3|E AAO
2 QI ¢ &2 A7 Amfo]37}t WS Hrt ol
Bl=of| APAQ £4& dod £ on PgHer
5571 Asl, T2 ko] WE ZVS FollA 52
Al717] 5t HA A9 FupeE A7sfoF gtk E3L
A3 eVTOLS] A2joll gt #4 10cm o132 H&
AY 71&= WSSk Ao gt

120 T
4~ ————————+=——————10cm resonant point

Switching Point

8cm resonant point

‘4~~~ —— 4cm resonant point

Gain

Fig. 8. Gain curves by distance of 10cm, 8cm, 4cm
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Table 5. Parameter by resonance compensation system

Assortment Cr Cr+Crl Cr+Cr1+Cr2
Distance 10cm 12cm l4cm
Capacitance 11.3nF 10.49nF 10.2nF
Switching 85.9kHz 85.9kHz 85.9kHz
frequency
Resonance 85.1kHz 85.2kH 85.1kH
frequency
fs/fr 1.01 1.01 1.01
Gain 0.955 0.950 0.940
fnput 400VDC 400VDC 410VDC
voltage
Output voltage 382VDC 380VDC 384VDC

Table 504 Hi= vpe} Zo] Fx1 BAF AIAHIY] F
2 ARAE(C)2 B B ARAE(C,, Cp9 T
g0 wE Tl hE UEhdith

As Aol w=hA 32 B AvAE HeR
Resonance point7} HEEA] &AW, AA Al &
A=7] FrE HARIE ol5 #& BH, 0.940 ~ 0.955
Alo|Z E4FE JolE Holw, 4 Ao weh &9 A
¥ 380VDC ool &EES AT & Qlrh 14em
A A o, 4 A% 410VDC o, FAE
HE R 4 ARRS BA6lT= AL IAT 4 Slth

7 B AA”o] A0 wiet A AARAE
Resonance pointZ YA|AA & = YO, Table
5004 Bz Adt o], HE Aol wet o5 gho] =&
A oigFohs AS & = Utk olA2 HA4 A 7IEL
2 o3y or A & ole 2AE YA ) A
g 7|&% st bl A of gtk A7t s
A JdEEAE HA AR A3 dERAE MR &
o}57] "2l Eq. G)~(11)= =5l X A9 o]
5 HAx gasieh x5l &Y ARl disiA 4 A
G2 ol AAZE 85t o]50] FolEs FEA
LLC E22]A 48 AYE HAJo] o|Foj#of Fir},

2.4 AlZ20]4d Zut

Aret 74 AY ML
sl AlEH ]S skt Al
2I9E ANESHRAL, Fig.
ZANE S} LLC B8R 2=
43 5to] Table 69 mEtvE e 7]
A& g5t
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Fig. 9. Simulation of WPT resonance compensation system
Table 6. Simulation parameters LLC 34 AA+E Eq. (5) ~ Eq. (11) o]golo A

Parameter Value
Boost Input voltage( V}) 312VDC
Boost switching frequency(f,;) 40kHz
Boost inductance(Z) 70uH
LLC DC link voltage( V};,,;) ~42(5)(\)]\?]§C
LLC Switching frequency(f,) 85.9kHz
LLC Resonance frequency(fr) 85kHz
10cm Leakage inductance(Z) 310.11uH
10cm Magnetizing inductance(Z,,) 154.72uH
12cm Leakage inductance(Z;,) 333.07uH
12cm Magnetizing inductance(Z,,) 131.76uH
14cm Leakage inductance(Z,.) 343.19uH
l4cm Magnetizing inductance(Z,) 121.64uH
10cm Resonance capacitance(q) 11.3nF
12cm Resonance capacitance(C.+C,) 10.49nF
l4cm Resonance capacitance(qu q1+ C:.z) 10.2nF
n(turn ratio) 1
Road resistor(#7,,,) 28.8802
Output voltage(V, ;) 350VDC
Rated specification 5kW

Table 65 Ei= Hlet Zo| 14 329] BAE 7AHE
= 312VDCE Yo & 7P, Qe & 70uHE +
q=glon, PWM FE AR &8 HAYS Aofditt.
HAE HAHE Y A9 Fulp= QITE Afo]2 & A
o g aefste] 40kHz2 AdsHA AFstat. &
g AL 400VDC ~ 450VDC HAZ &9 %
Ag 10cm, 12cm, 14cmE 71E0.2 A4 Hs
AgE ¢ Eof It Boost £ AY W= © A
Aok gttt 2¢k 32E LLC EE8A] 3|2o|H AQkst
3H BAF A|A”IoR e} it

i O

=23
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g AZQl 10cm¥ o, Y g 7[Ee s I
Ak, X Fu(f,)= 85kHzolal A9 Fut
S(f,)= 85.9kHz2 A8t

LLC EEEA 32&= 3 B4E A8 G, G,
Co2 37 AMAEE #4519, ZVS 49 s 5&
SHEE AA5F3AT). Fig. 102 Table 6ol thet mato|g
£ A8% AlEdold 2} vgolt

Fig. 10(a)°lA] B Bt} o] g A7) 10cm & o,
A3} migolr}. HAE HHEY] 4 A 312VDC 4 o,
23 HU2 406VDCo]al CCM (Continuous Conduction
Mode)2 2 FA5KE Zhe &I 4= itk LLC E2A]
32= HAE 7AHE9 &8 AYS g &9 A%
378VDCEX Table 59| 23} k2 webhz 22 & 5
o} el 14 2 WISt 2914 WKV, TS
H, ZVS @Yo S 2RI & Atk

Fig. 10b)= & A9 12cm € o, 23 g3golct.
BAE 7AHE9 48 A9 312VDCY o, &8 A
404VDC ©]i. DCM(Discontinuous Conduction
Mode)o & S&F= A2 g 4= 3lth. LLC EEA]
3R9] 82 AS A7t Holdol wet 34 werE
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Fig. 10. Simulation of WPT resonance compensation system
(a) Waveforms of 10cm, conventional WPT system
(b) Waveforms of 12cm, conventional WPT system
(c) Waveforms of 14cm, conventional WPT system
(d) Waveforms of 12cm, 14cm proposed WPT system
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