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Fig. 1.11. Full bridge inverter.

17



HIE

p={ L$

A IVOFEHEN NS 7280, T VHOMESREENEH RoTLE S, HifiaThd L, MELT
WBA VR R ACHRTRNA VXX ADEENEHL b0, Rl VX o x A
TOEITEERPREL LS, D2F0, IANANDANIENENLLUTENEZBREL DL L5,

Z OREDRIRFEE UTlE, BHEABMRIROEECHEIZ LD, 1 v X722 2D
BeWZ5HE, VTR MERE 2 S 5 HIEVRH 5, T OEIEHREEE O 5
fRR G % ke LT, BIfiCBA LY Y IV YTy KA UN=ZRE A N — X D3
cLTEIFoNnG, Gl & o THHd 5 fike U TIE, Dual active bridge (DAB) 3> /3—
ADE ST, —RME AN 7V T v DA v R—= R EER L, TNEFNOHEEDAHE
22T EH LT, BROMMEEHEIHL, W1 X7 X AKX NEBT2HZ 5 1%
MHD, TAIVIHIEREZ RT3 Gk LT, BB IVICHEROF v /8y 2P a4q
Wt UT, WA VX7 RV AOREZMA THRE2EET 2 HE 28] 1 EITond,
NODEI BNy Y TTFNA ZAZHANWDEHEUMNCE, 77714 771 AEERKL, MifER
BOYOEZRX, A4 v F bFy N NUReMBT5 A [29] EREINTWVWDS, AW TII,
A OB RIS % Bt U 7= (B % LR (A B & .3,

IO DERFGIEDHTE, MEBEIANNITF Y NV R IA )N EERT 5 HiENE S RAZ
NTHL, KFETIE, ZOARZERALTWS, £2T, AHiTIE, Fr v RIZLBHEAR
ZRHIE A ROV THHT 5, F vy XU X OHEARE2NHET 256, —xille Z ko=
AINZENZTNZ, FiEF Y XX 2EHS U IFWHINTERT 2 HRTHT B2 e TE S,
FrlEEOSBEL D5 L, Fig 11I2IRT LI 9MEHE 425 [30], 72720, ¥EIAC
VRO a1 IS 5 ARNTDONWTIE, SHEHIZET 2,

Fig. 1121239 ZNZNDHAREEE O — X AN LR FER V), —IXHNCHPTER R 2 8¢9 5
&, Fig. 1.13 1239 & 5 7% SS(Series-series) fififE /X, SP(Series-parallel) fififé 75X, PS(Parallel-
series) ffifE /i 2\, ¥ & U PP(Parallel-parallel) ffif5 5 XD T BEAffi[m & % RS Z L A TE 5, Fig.
11312812 M HE—RMlac )V L, [H] & ZklaA )V L, [HOHEA VX RV ATH
D, MBI IVEOKAREEZERTHRELE FEEHRE) 2HVT,

M:k\/Lle (11)

ERTIENTED, BUFTRE, TNZTNDOLHADOE NS LOCAHNEELZEHL, Fito
BEEITD. RO I AN F ¥ XY R e ESRY 256, HAREIEEO RO AT 1 >
lf_o"_‘ &:/1 ZZ,S [Q] Ci,

. o1
Zrs = jwly — j—— + RL (1.2)
(,t)Cz

TRIZENWTED, —F, R VIZF vy R e lif B s 256, LRER O~k

18



l\)
|
5=
[Eay
N
M

A ERE R AATE O A T L DRk

(1.3)

TRITIENTE S,
Iz, —REIOFHEF ¥y XV RZE2EEFHRVEHEIPORZANAI VE—R VA Z 4 [Q] (X =

S, P) &
a)2M2
2 X

THRITIENTEE, Z0&E, —RHAITAIIZF v U R 2 EHE T 5854 OHIREFE O
ANA V=RV A Z,sx [Q1 (X =S, P) 1

Zl_X = _](J)Ll + (14)

1

Zinsx =72 —_— 1.5
SX 1X — ]wCI (L.5)

TRIZENTES, — 7, — XM IIZF v XY X2 WH BT 556 OIREIKO AN
A V=X VA Znpx [Q (X =S, P) I

Zinpx = T (1.6)

E + _]Cl)Cl

Secondary
side Non SEHES Parallel

compensation compensation compensation

NS compensation NP compensation

Primary
side

[\\[e]1]
. L L,
compensation

NN compensation

o
o

C CII IC2 ClI
H pr—)
. G,
Series . L L L L, L L, ==
compensation
(-, 0 o ] o —0
SN compensation SS compensation SP compensation
Oy o o |&4 p—O)
ETE ¢y G . (&
compensation ] ] T
[ O O "o ] —()
PN compensation PS compensation PP compensation

Fig. 1.12. Basic compensation topologies for primary-side coil and secondary-side coil [30].
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Fig. 1.13. T-shaped equivalent circuit of each compensation topology.
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Table 1.1. Capacitances of the primary-side compensation capacitors C.
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SS 1 WL Ly RL
szl RL wk \/L] Ly
1 2Ly 1 (L
SP WL (1-k2) k L Ry k VL
2(1-k*)2L, L L kR
PP 1<k21'e L/, 2 e k2R) =+ k2L_;RL L o ’
WLy (1-k)+ L2 L K R 02 (122 L Lo
1 WAL Ly 1 L kRy
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(a) SS compensation topology. (b) SP compensation topology.

Fig. 1.14. T-shaped equivalent circuit considering ESR of the resonant coils.
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(a) Circuit diagram. (b) Operation waveforms.

Fig. 1.15. Single ended rectifier [26].
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(a) Circuit diagram. (b) Operation waveforms.

Fig. 1.16. Class-E inverter [27].
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Fig. 1.17. Half bridge active rectifire.
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Fig. 1.18. Full bridge diode rectifire.
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Fig. 1.19. Bridge-less active rectifier.
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Fig. 1.20. Full bridge active rectifier.
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Fig. 1.23. Buck-boost converter.
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(a) SS topology inductive power transfer system with two active bridges connected in both sides (chapter
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(b) SP topology inductive power transfer system with an inverter connected in the primary-side and a
buck-boost converter connected in the secondary-side (chapter 3, 4).

Fig. 1.24. Inductive power transfer systems used in this paper.
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Fig. 2.1. Inductive power transfer system with bidirectional power transfer capability.

49



H28E REYAIINEEZEULIEEMEES AT LDV 7 S AL vF U THAF AT Y ISV X OME

R & LT, Dual Active Bridge DC-DC I > /N—2Z& (DAB 2> N—X) 2H 505, JEHEMEAE
VAT LTI, —RElE RO 3 A OVEOFREEIREEAMELS, fEF v S R EESL, R
[l %2R T 2720, FEORENKREL B s, AT, I/ LHORKESREL LT 57
B, WHMBIEREMIEEY AT LAIEDAB AV NX—=ZDYV 7 N AL vy F U7z F0 % 58
T3 ZLIETER, D7D, WARBIEEMIGE Y A7 LI21E, DAB IV NN—X PR
MDY AT LRI 572V T N ALy F UMb ETHL, £ T, AHiTlE, YA
FLADHEEFIEIZDOWTHPL, VT AL v F U TEED O DEMERT,

222 BEREER - EEDOEMR

ZDOVATLAORIZaY bu— 5 THIBITE 22802 <, HHTE22HE LT, —X
e —RMENENDT 2 T4 T TV IIIHBITBVIHDMMEY 7 & a [rad], @, [rad], —
BT 2574 TTVYIDS), DALY FUITGHEEFMEL U2 EDOIRMD S, DAL v F
Y IAEE DA [rad], T v NXA L [rad] A A v F > J TR E AEEBTRLUZE w
[rad/s] D’ B, 7272L, OglF—AA v F U IAZ 2n & Lz EOMEHRMETH D, TN
DERMPHEYNZHIEH I, R—=V A VDOV T NAA Y F U T WRERINTVEREBIZENT,
—R, ZMEED n IR (n=2m—-1, m=1, 2,..) %KD Vi, Vo, [V]iEZThZTh,
2V2E, cos %sjn(_azlerd)

2

V]J’l =

(2.1)

2 \/EEZ na; jn(5'_“72+id)
= COS —¢

2
2n —

(2.2)

nr 2

EUTRTZENTED, 12720, FEEDOMMIE, —RUT 27477V v IDS, DALY
FUIREEREREL LD THS, MAT, ZhodRiE, 72727477V yYOHNEE
AL L, 7)) TR KD, B L SPERICARLTER, AFANF R
>R DEM DT BRI 2 B L 72 581I0K 02D, T LT, MiED LS, HIREEOEE
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Gate drive
signal of Sy

Fig. 2.2. Vector diagram for the voltage and current on the primary-side and the secondary-side of the

resonant circuit.
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(a) Turning on.
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- - Time [s]
(b) Turning off.

Fig. 2.3. Drain—source voltage and drain current waveforms of S;; when S, is switching with soft

switching.
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RO SDOFEMEINMADZ LT, TRTDAS Y FRR—VIA VDY 7 NAL v F U T % iE

MCTELHRMELGLSZENTES, TORME, —RUT 27477V VDS DALY F
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Table 2.1 1Z/RT, $#RFEFHUi~ v 7 EREIEDIIREN S MR TE 5, AHITIET 51T, Ml
~ v TOMHGES K OBESEERL, FHIF L UCHEMBREY 2T L0MAHELE IR
ZRHfi I al—Yard a8 T, REILIAEYAT LD~ v TORM TR LAY
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Effective range for

optional parameters
P P Contours of

Charging .
path Z SOC (x %)
' \soc 0%

r-axis: Required charging time [h]

0-axis: Rate of
charging current [C]

z-axis: Switching loss [W] (®

Fig. 2.4. Evaluation model.

Table 2.1. Table for comparison between the proposed method and the conventional methods.

Proposed evaluation map Method in [63] Method in [65] Method in [67]
Required time for charging O O O X
Rate of charging current O X O O
Power loss of system O O O O
SOC of battery O X X O
Pattern of charging O O X X
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Fig. 2.5. Charging system evaluation model shown in cartesian coordinate.
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ZDETNTIEEEDH, ESRIF—EME LTW5, £/, CCAEZT2EGEE, Ny T VA
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Fig. 2.6. Battery charging characteristic at CC charging mode.
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Fig. 2.7. Equivalent circuit of the resonant circuit with SS-compensation topology.
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2.8 ST 512H7- D, Table 2.2 D[EEE/NT A — X &\ 7z, Fig. 2.8 Difi~ >y 7'&, Fig.
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Table 2.2. Circuit parameters used in the evaluation simulation for the inductive power transfer

system.

Switching frequency of the active bridges f,.. 85 kHz

Input voltage of the primary side E; 200 V
Low protection threshold voltage E;, 150V
Precharge threshold voltage E; 170 vV
Exponential point voltage Ey 180 V
Battery voltage for CV charging E., 200 V
SOC of low protection threshold voltage x; 10 %
SOC of exponential point voltage x, 80 %
Capacity of the battery 11 Ah
Coupling factor k 0.3
Inductance of primary coil L; 67.7H
Inductance of secondary coil L, 68.6 H
ESR of primary coil r; 95 mQ
ESR of secondary coil r, 103 mQ
ESR of battery 7, 200 mQ
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Fig. 2.8. Evaluation map of the inductive power transfer system using the evaluation model.
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Fig. 2.9. Loss in the resonant circuit for each charging path when considering charging from SOC:

0% to SOC: 80%.
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Fig. 2.10. Loss analysis when considering charging from SOC: 0% to SOC: 80%.
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Fig. 2.11. Waveform models of the drain—source voltage and drain current when MOSFET is turned

on.
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100 % DARFED HALTED x [%] DIRFEIZ 72 % £ THEF KM [h], zHlIEAF N\NF v S0 X2 f
HLUTOWRWGEEDET VT4 7TV VDAL vy FUITHEE W Z2RLTWS, AT,
ROFEA, Ny T 1) DE LW SOC ZFRTHEA TS, SOCDEFEMTH D, X512, K£E - HER
Hae~y 7RI, TORBO i AROEI OMPABIZET SM [h] &0, TR
BIZBWT 2B A RAIDAA v F v 7 HEKEZNEEA T2 L TORE - MERKIZBII2 A1y

67



W2 REBYAINEEZBUIEEAES AT LDV 7 N AL vF Y THAFNF Y I8 X O

FUOEAORMEME I 725, 72770, Fig. 24D X512, RBEFIMOFEL — bAZLEL
“HETH, TDLEDSOC OEFE MR EOBETHNIK, TXINF—DiEEAS K ORRIKEL
FRAELR, £72, ABERCRERCTHREERIZSIT DA v F v THEEVPRLR DD, [FE
ECH A NERT, YATLOHERENERSE-OTHE, TLT, 6, 777
D FH SIMINZ [ H > THO B88235 v K & LI IC R AT AR A F 8 F ¥ 3 R D
BRBOWHEEZRTERET, TOERRE 0 & KEEHE O AAOBEIERIZB T, RERE
&%, Fig. 212 2 /5 &, AFNFY NV XDOHEBRENPRKEWVITY, TOERBRIEEVA
HENELV— NOEWERIZH D, AFNFY NN XOMEBE RIS 2 Z B bhrb, Ny
D RERFIZBEWT, 35nFUAEDAFNF ¥ XU RXDGE, BEL— MNP 1COEMEKIZTE
5 —ARDIAFIET B, T, AFNF v Y X OMETREHEEZ M S BRI TH 5, OF
D, ZTO2DODHBFRHKRIZHDO NI TAFT NNF ¥y XU XA EAREE 25, DLEXD, Ny
TYDORBROEWAEL — POEERICBWTIE, AFAFYy NV RXOHERENPRKETE
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Fig. 212 2 /5 &, AFN\NFy NV RXDHEREEZ/NSIKTHI LT, KWETFEHRIZENT,
VINAA Y F U ITPAERE LD e bhb, LrL, REVA 7 )VOR THEIZHERT S

Table 2.3. Circuit parameters used in the visual evaluation for snubber capacitors.

Switching frequency of the active bridges fic 85 kHz
Dead time 64 800 ns: 0.427 rad
Turning off time of the switches ;¢ 80 ns: 0.043 rad
Input voltage of the primary side E,; 200 V
Low protection threshold voltage E;, 150 V
Precharge threshold voltage E; 170 V
Exponential point voltage Ey 180 V
Battery voltage for CV charging E., 200 V
SOC of low protection threshold voltage x; 10 %

SOC of exponential point voltage x, 80 %
Capacity of the battery 11 Ah
Inductance of primary coil L, 67.7H
Inductance of secondary coil L, 68.6 H
ESR of primary coil r; 95 mQ
ESR of secondary coil r, 103 mQ

Oscilloscope: Tektronix MDO4034C

Switching devices: ROHM BSMO080D12P2C008
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Fig. 2.12. Visual evaluation map for snubber capacitor Cy;. Copyright ©2018, IEEE.
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2 SOC A320-90 % X {5i5E Lz 8ity, N TV DKRBELMEEERL, 7nFHC, OIRAM L 72
%, TOMDAFNF ¥ )XY RIZDOWTIE, C LAKOHEBTHRETES LH>RFHTHIL
T, TV RXALEINEE2HE8%2 R/ NRIZHIZ S Z 8N TE S,

REITIE, EBRICCTAREHEOANMEZHERT 5,

2.6 ZRERICK ZERBIFHME & ERETIRET OB DHESE

BIEICIRE LB IZ BT, BELAAF ATy RURNBT Yy R XA AR s Bz
B UKZ B0 R MRT 5L T, REEHEHOAEEZ RS, MAT, HUBESIZEWT,
AFNF vy N R e UBRWGE EREHERNTRER DO WA F AN vy XU X 2 Ef U256
gL, BEMERMINTWS Z & 2R 5,

Fig. 2.13 IZEBREBONE 2 7T, AV ATFAF—AE —XMTREZTF>TWEI L %
Hifge LCH D, FRTIEK, — il Zxllzneho7 7571770 v V&MU THIEIE
fFoTHEHT, —2ODAY I NA—=FTHADT T4 77V vy V%ML TNS, MAT, =
WANZIE, Ny T ORO D EFEFRZEGL TWDS, AT A —X (X Table 2.3 IR L7
A—=REMHAL, EAF N NF Yy N XOHEAEIL Table 24 ITRTHEZHWS, ZOEE, 7
27477y YOHNEEDREEIL 8 kHz —E & LT\ 5.

ZZ T, Fig. 2.1412, Ny FYUDSOCH 80 %TO0.7CRERIZBIZKTIZT4T 7)Y
YOHIDER - BERIE, Fig. 21512, Ny T U D SOCH 80 % T 1 CHERIZEITZET

Table 2.4. Capacitances of snubber capacitors used in the experiment.

Capacitance of snubber capacitors C;;, C;; 6.8 nF

Capacitance of snubber capacitors Cy3, C;4 6.8 nF

Capacitance of snubber capacitors C,;, C;; 8.2 nF

Capacitance of snubber capacitors C,3, C4 6.8 nF
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Fig. 2.13. Experimental system used in chapter 2. Copyright ©2018, IEEE.
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Fig. 2.14. Output voltage and current waveforms of each active bridge in the battery charging mode

(SOC: 80%, charging rate: 1C). Copyright ©2018, IEEE.
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TVDOREY A 7NV EZBRUIZAFTNANF Y XY ZOBEFHIBERIERE B TELLD1TRD,
HEtOEFE R AL T 2 Z e AT EZ, DLELY, REULEENIMMGE, LT
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Fig. 2.15. Output voltage and current waveforms of each active bridge in the battery discharging

mode (SOC: 80%, charging rate: 1C). Copyright ©2018, IEEE.
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Fig. 2.16. Results of the loss analysis for the experimental system (SOC: 80%, charging rate: 1C,
charging power: 1.4 kW). Copyright ©2018, IEEE.
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Fig. 3.1. Inductive power transfer system with the secondary-side buck—boost converter connected

(IGBT).
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Table 3.1. Circuit parameters of the SP-compensation topology resonant circuit.

Frequency of the Input voltage fi, 20 kHz

Inductance of the primary coil L; 63.2 uH

Inductance of the primary coil L, 43.6 uH

Coupling coeflicient kq 0.4
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Fig. 3.2. Characteristics of output and input voltage ratio on SP-compensation topology resonant

circuit.
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Fig. 3.3. Operation modes of secondary-side buck-boost converter
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331 B/HDEREERLCHIROBOEDERE

SR DO HDEEE, ZREIFBEM I N—ZDANEEL RS0, iz d5 LT
HELRERL KD, LML, EBEOYVATLATIE, 1N =%, HREESXT 7LV T v
XA Z— NERAIZTHRICEDEER TV HET 5720, iGN mAzHWS L, EE
DY AT L HERENT & DRIOERNKELS L->TLE D, £IT, ATy, ZThooiE
RIZEDEFERETZHZRL, HRFKOBBICHEGRINZ TV T v VXA I — NEREFDOH
HEEZELT 5,

Fig. 3.4 1214 v N—=Z&, FIEEEE, BXOT7VT Vv VXA 4 — NEREBICLZBER 25
& U 7z LR A% O SE i B #% & /R 97, Fig. 3.4 TlX, BERBILIED S A ¥ N— XD ASIEBD kR

2k o THRAET 2EILER T 2 FMES KT (BSR)r, [Q], 1 >V N\—XEHKT 5 IGBT & 7L
)y IRA A — NEBREBERERT 281 4 — MK 2BERT 2 S MEIHET ron. [Q] & i
BIERE T vy [VIZFHWTERL T WS, 72720, BAF xIXIGBT 2RI HAEIES, X1 A—N
ERTGHIID L1 5,

Fig. 3.4 1Zf\, M AR Z LT, HIREIBOBEICEGI NIV T ) v VXA 4 — N
e DN EEDOEMEV, [VI 2B T 2L 35 DESITkhb, 20L&, SPHiEGRILR
&%, FEHRBEERBAN D BRI T2 AT V=X APRKREL, N RARRAT 1
WREUTHIK, RYATLDA VN —RI%, HIJEEDREEE ILIREEE (k = k) I2HD
BT, “EBLRBEIFHINTVWED, B.6)DLII, A N\—=XDWHEE (SFFEK)
DEE V, [V] D a2 B U, FEARR R DFME v, [VIDAEREL T V] [V] 2E
HU7,

V- —X2X, (Vf - 2von,s) — 2Von_s (Xl X; — X%)
5=

(3.5)

Xxﬂy{xﬁ+&g)

2Von_sy 2ron_s Cl\ revtrpy Li-M LM 1

Fig. 3.4. Equivalent circuit of resonant circuit considering the voltage drop caused by the inverter, the

resonant circuit, and the full bridge diode rectifier.
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2V2

vi="Yy, (3.6)
T

=72, (3.5 TOEHX,—Xs 1% Table 3212 X > TEI N, kiZ—WlE Zxkfla+1 VEOKEE
FREL, win [rad/s] 1&1 »N— XD TEED AR, Z [QFIEREFEOE MM 1 v =X A
(CREIEBEER IV N=Z DAL V=X A) 2R LTS, RBHDX, BLFX;12%
NENEEND kB LU Z BREFEL, SPHESLNILREIMEO H 8B E 1T — k|l & =%
fila o L OREEREL B L, HREEEOAM A VY E— XV A Z T KEUKFT D Z LR
BIN5, £IT, KX TIE, EEFENIFEMBEZH VAR AT LAIEHNSE NS
DRGEERFHZH R U 72 RSB 3 > N — X O BGRRNT %2 1T D0

332 REEMFOREBOER

TRBIABER O VN A BRFEEFEE L TWD L EDA VX7 ZEFR i, [A]lX, Mode?2 &
Mode 4 DZNZENDEFE AR ZMS Z LI L VEHRTLZ N TES, X(3.7) & (3.8)1Z,
FEBIMERFIZ Sy % A4 12 U721 (Mode 4) & 4 7 (Mode 2) (2 U 7zBD A > &7 Z IR i1b00ston
[A], imbooswoft [A] 2 7N TV XA F — FEG&GDOHNEEDFIE V] [V], TV NN=ZD
TVRIEADA Y Z IR YA Loy [H], BAIEHA, Dy, E\, BLOEKA 12HVTENE
WRT, 20L&, BNEGIITEENDIEHA L 211X (3.9) & (3.10) 1Tk bh&RIh, BIEH
IZDOWTIRLBEOHIT, BEBEORYEHE HITRRS, IV N=ZDARIZDONT, Ny
FURAMEUTREZEE, Ny T VICHINT 2EE L BROLD S, Sl 22 KHUED D

5, TDI=®, KENTIX, Ny TV DOIREEIX R, [Q] IZTHEREL T\W5,

Vi
[Lbooston = ﬂt + Ay 3.7
con
; : —ht Véave
Irboostoff = (D1 sinAt + EjcosAr)e ™ + = (3.8)
L

Table 3.2. Circuit parameters for (3.5)

Constants Equations

X Fin + 2rons + rer + ron + j{winly — 1/(0inCh)}
X> — jwink VL Ly

X; rea + ria + j{winls — 1/(winC2)}

X4 rex + jl1/(winCr)

Xs 2rona +rea + 721 — jl1/(winCr)
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1
h=
2R C,

1 4 1
A== - 3.10
2 \/Lconco REC(Z) ( )

X (3.11) & 3.12) 12, FEFERIZ Sy, B A 12 U7z (Mode 4) & & 7 (Mode 2) 12 L 7zl H

jj %{ﬁ iobooston [A]7 ioboostoff [A] 7& E_\‘j_o

(3.9)

Iobooston = Ble_zm 3.11)
. (., di1poos
Loboostoft = R_L (V3ave — Leon Lde;)StOff) (312)

333 BEEEFOSTLOER

TR REERL O U N—= R D EEEEE L TWB L EDA VX T REFR i, 1%, Mode 1 £ Mode
2DFENENORBEESHFREAZMS ZLICEIVERTEIeATE S, X3B.13) & 3.14) 12, B
JEENERFIZ Sy &2 A4 12 L7z (Mode 2) & A 712 U721 (Mode 1) DA > X2 ZEIR ibuckon [Al,
irpuckoft [A] ZFEDTEELAs, By, Dy, Ey LFEE K, AZFHVWTENZTNRT, X (3.13) & (3.14)
ZEENDIHAEBIZDOWTIE, MUBKOHiT, FEBEORMAEHR L LIRS, 72720, B
JEEMEDATIZE TWVWE, Ny TV OREIE R, [QICTHEH#HL TV,

. . —ht Véave
I1buckon = (Ax sin At + By cos Af)e™ + R_ (3.13)
L
irbuckot = (D2 sin At + E, cos Ar) e™ (3.14)

=X (3.15) & (3.16) IZ, BEFENIERFIZ S, 24 12 U7 (Mode 2) & A 712 L 72 (Mode 1) D H}

jj%{):ﬁi iobuckon [A]’ iobuckoﬁ'" [A] %/%—d_o

_ 1., digbuckon
lobuckon = R_ (V3ave — Leon L;tk ) (315)
L
L dipp,
iobuckoff =75 Lbuckol (316)

"R, dt
334 ZFHEFE—FOBOEHDEHICDOWT

LEEE— FOBIROMGwm NI AN ERE L FITRT, BMaEi, E@FREzsw
TA VR ZIZHMEINDEBED—AA v F ¥ T O MEN 0, F ¥/ 3 X Z HER
DAL F v I FHORESMEN 0, A4y F U IRAMIZEIT B VX7 ZRERVERHRLTH S &\
SEMEAWTEET S Z LN TES, Table3.312, “IRMEIFBETER 02 N— X O FEEIER
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IZBFBA YR ZEF irvoosions imboostoi P (3.7) & (3.8) IZXF T 2FE/ E 8% /RS, Table 3.4
i, IRMBIABEERL O VN — R OBEIEEIERHC BT 51 ¥ B2 REIR ipuckons izbuckort P (3.13)
& B.14) TS BN ERE/RT, 52 Table3.512, Table3.3 B XU 34 ICHVSNTY
5x,(n=1,2,3, - 2D IZHIET BT A—=R%ERT, /272U, Table 3.3-3.5 TR 172/%
FTA=RIE, A VET R Loy [H] DB F ¥ NV XD ESR, AAM v FUIHRETILLDE
FERE N IZFZE L TWaW,

335 ZTRAIRBEREIVAN—YDEBRETI

KT OBEET IV T, FRFOEBBLLE AN v F U IBEEZSITTEITED, JEHIC
AT %,

RZETIIB I 2E@EBEREZEHNT 572017, KR TITB T 2E@ERET V% Fig. 3.5 1R
TEIITEHRT D, AENIZHWT, “IRRIARER I Y N—=2 DA VR IR Ly DIBEKET
VTSRS rrge [Q] L BABIBT ree [Q1 2 F R, 1 VR REIRDOLRFIES ira [A] DIERIE
EHERIZRNE DT B, HITEHDDOFERF v /32 & C, [F] DELE T IV TILESR re [Q]
W& BHEIEOAZZEE LTS, A1 vF U IE L AGBT) & X1 4 — NDEEETIVIE, Eil

Table 3.3. Integration constant for the inductive current when the buck—boost converter is operated

in the boost mode.

Integration Definition

constant

X, X15X19X8 — X15X18X7 — X12X19 + X11X18

A [x1 {=x15X19X5 + X15X18X7 + X12X19 — X11X1g} + X3 {X15X16X5 + (X18 — X15X18) X4 — X12X16} + X2 {=X15X16X7 + (X15X19 — X19)%4 + X11%X16}] /X
By —{(x19X4 = X11X16)X5 + (X12X16 — X18%4)%7 + (X11X18 — X12X19) X4} /X

D, {x152x16%7 + (X19 = X15X19)%4 — X1 %16} /Xa

E; —{(x15x16%8 + (X158 — X15%18)X4 — X12X16} /Xa

Table 3.4. Integration constant for the inductive current when the buck—boost converter is operated

in the buck mode.

Integration Definition
constant
Xy X3(X3(X20X9 — X17X21) + X5(X14X9 — X18X21) + (X14X17 — X18%20)X6)

+x2(x7(x17X21 = X20X9) + X5(X19X21 — X13X9) + (X19X20 — X13X17)X6)

+x7(x18%21 — X14X9) + X(X13X9 — X19X21) + (X14X19 — X13X18)X6 + X13(X22X24 — X19X25 + (X20%24 — X19X23)X3)

Az (x1((x19220 = X13217) X8 + (X14X17 = X18%20)%7 + (X14X19 — X13X18)X5) + (X18X20 — X14X17)X3Xs + X2(X13X17 — X19X20)Xs + (X13X18 — X14X19)X4)/ Xy
B, —(x1(x7(x18X21 — X14X9) + Xg(X13X9 — X19X21) + (X14X19 — X13X18)X6) + X3X4(X14%9 — X18%21) + X2xa(X19%21 — X13X9))/ Xpy

D, (x1(x7(x17221 = X20X9) + X5(X19X21 = X13X9) + (X19X20 — X13X17)X6) + X3X4(X20X9 — X17X21) + X4(X13X9 — X19X21))/ Xpy

E, (1 (xs(x17X21 — X20X9) + Xs5(X18X21 — X12X9) + (X18X20 — X14X17)X6) + X2X4(X20%9 — X17%21) + Xa(X14%9 — X18%21))/ Xpy

84



3.3 YR FEBEERL T >N — X DT T3k

BEABLUORA v FUTIEEE2ERT S, b, BEBKRIZESR ry., [Q, SMELMET von
[VIIZE > TRINBIESAEL vy, [VIZHWCTEE T 3, 72720, BAF xEAT v FOIES
MEEZRTHEIES, XA A—FOIEAMEBLEZRTELAEIZD LD, Fig. 35D XA A —
RElBEIX, HEXAA—NT, ~HARCOABRPEND ZEE2RLTWD, £z, AT Y
FUIFETAGBT) DAL v F U TIZ XD AU KL, Fig. 3.6 IZRTIGBT DAL v F 7
RIZB T2 BRB LIVCEBEDETVERZMHEAL, EHd 5, X144 — FEEEFRKIZ, Fig.

Table 3.5. Parameters of x,,.

Xn Parameters

X1 Viae/ RL

X2 e~ sin At

X3 e cos AT

X4 Viave

Xs Leonh

X6 Leond

X7 Leone""(Asin AT + hcos AT)
Xg Leone™ T (hsin AT — Acos AT)
Xo Leone ™7 sin AdT

X10 Leone™7 cos AdT

X1 Leon€ T (Asin AdT + hcos AdT)
X12 Leone ™7 (h sin AdT — A cos AdT)

X135 Leon€ M (Asin AT + hcos AT) — Legne ™7 (Asin AdT + hcos AdT)

X1a Leon€ T (hsin AT — 2¢c08 AT) — Leone ™7 (hsin AdT — A cos AdT)

—2hdT

X15 €
X16 ;dvedT/Lcon
X17 X0 — 1
X138 X2 — Xg
X19 X3 = X10
X20 X11 = X5
X21 X12 = Xe
ILac P Vs _ Vi D
I'Lac b V, . V,
7, on_S 7, on_ D
TLdc IC onS <= on D =
—— . C, “MN——PBt—o AMM—|—P}t—o
> > Leon °_W\I_| |_° /> />
I L I Ldc re s Irp
(a) Inductor (b) Capacitor (¢) IGBT (d) Diode

Fig. 3.5. Conduction loss models for each circuit component.
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37W0RT, BAA—RDAAS v F U IRIIB I 2EBRB L OCBEDOETIVIEEAMHL, B
%, Fig. 3.6 IZB1} B dIXIGBT DT 2—F «1 L, Fig. 3.7128 % dp 1E X1 4 — KDLt
ERLTEY, Z0ZENTa—T 1, BRILIZE > TETNVEEOGES T 2IToTW5,

ZUC, Fig. 3.6 IZRTETUREETIE, —BINICERBINDE X —VF Y - =V A THEL
LRBRICINAT, A4 FPRRRIZA VT2 ETITHET LEE vy, [VIICERT 21%B
KR =V A TRHZHET 2T - VEIRICERN T 5HEEEERET 5, £/, Fig. 3.7IRTE
TVEE T, TBRIZA VT DETIIRET DETE vy, [VIICERTE 74T —FY AN —
B, Z—=V A THRHIRET DY ANV ER e [A]WTERRT 2 ) A28 —fEE B X OEEE L
ZHEELTVS,

—MRANZ AL v F U TEFB LRI A= RDR =T - R— 2 F 7RO BEIRBERIZ LI
MIETHY, KT, TNAADT a—T 1 - @ilkA2 15 LU <IF0ITEDWE, 2o Dk
BIERELS BT S, £ZT, KEFETIVIE, Fig. 3.6 BEO37IZRTEIIZ, TN AD
Ta—T 4l @Rk 1 E U IFOMEIZEWT, ERELIRIENT 2— T « k@RIt -> T
BT BHEDICEETD, 2ZTRUE TS ADT a—F ¢ @itk 1 3 U< iZofha]
21X, Fig. 3.6 (2B AKX T = (Ton+ Top + Ton) <dT < T B XX 0 < dT < Top + Top + Tonns
Fig. 3.7 W28 AXMT - Ty <dpT < T B LUK 0 < dpT < Tpon + T IZXHIET 5,

33.6 T RAISEBEREIOVN—YDBELODEHAE

2T, GBI xRN THWS Z IR BEER O 2N — Z503FE n [%] DEHNZRT,

Py X 100
n = out (3.17)
Pout + PLloss + PCloss + PSloss + Pdloss

RBAT)DINT A =R P [WHEHTTEST, Prios W] Leon D rrac [Q] & 110 W& & B, Peioss
W] & re 12 K DK, Pgioss WIZAT v F U TRETDERE L Pyogs [W]HEX A A — KD
$%F LTS, Table3.6 12 “IRMIFHETE O N— R &S 5 & DBELOEL R % RS,
Table 3.6 D I oy [A] & Ligeon [AJIZ AV N=Z DAL v FDA Y LIz & EIZHEND A VR I XE
FEDOEMME & EME (EFRKSD) 5 Log [A]l & Tpgeo [A]IE TV N=RD AL v F DA T L7z L
SITWND A X7 REROERE & FIE (EFRED) , [ [AlIZa Y A=k 1 FHO1 X
7 REIMDFENE, I [A] I, DGR DEE, 14 [A]E I, DEFES, Ic [A]IZHT
R D F v N R Cy [N D BIRDERNE, 1, [AlFHENEROENEERL TWD,
Table 3.7 (Z — AN FFEERL 2 > X — X ORRMEHTIZAET U 72BN T XA =R 2Rd, 722U,
BT NA ZADWHIN3THY, &T 1 ADWREF=ER 255) —EICREZNTWS {E
U, IGBT & &1 & — FORHEIZDWT, —if, FEllfEZHWTW5, ZhiE, EFREPAA Y
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Table 3.6. Loss equations derivation for each circuit component in the secondary-side buck—boost

converter.
Pou Vo /R
Plioss rracly, + (rrae + reac)l’
Pcioss rel?
Buck mode
Psioss Condition: Ty, + Tog + Tonp < dT < T — (Ton + Top + Topi2)

d(Ideganis + rsli{m) + {%alazT‘%

35+ 2 (arby + b)) T2 + biboTopr + %ISOffV;aveTonz} Seon

+ {%03047&, + 3 (@3bs + asb3) T2, + b3byTon + %iLon(O)va,SToﬁ?} Seon
v

Vie —iro(dT) izon(0) vR5=Viie .
— 3ave — 3 0 — Lo —_ 3ave — — — — ’
ap = g5, Gy = =M, a3 = TP, a4 = T, by =0, by =ire(dT), b3 =0, by =V},

Condition: T - (Ton + Totf + ToffZ) < dT < T - (Ton + Toﬁ)

Iso V3

A (Tuscnvrs + 1513,,) + {21023y + 4 @b+ asb) Ty + 2555 o + Ton + Tow = (1 = ) fen

+ {blb2Toﬂ‘ + %G3U4T2n + % (asby + ash3) T2 + b3baTon + %ium(o)vfz,s Tnff2] Seon

Vi Viave—iLor(dT) izon(0)=b vrs=Vi, . T2+ Ton+Tog—(1-d)T
a) = e g, = Jwe L az = izon(0) 2 oay = f2.8° e b =0, by = ifen(dT), by = Isor o2+ Ton +Toir—(1=d) by = Vg.
Toft Lot Ton Ton Tofi2 3ave

Condition: 7 — (Toy + Tog) <dT < T

d(ldeoan,S + I’SIIZ‘M) + {%alazTﬁf + % (a1by + axby) T(;%] + b]sz(:ff} Sfeon

+{Lasai T3 + L (asby + aibs) T2 + bsbyT}, + Lizon(0)vs2sTom2) feon

_ Ve _ Viye—iron@T) — iLon(0)=1soft _ s Vie
@ = Tofr * @ = Tofi » a3 = T W= Ton
— " _ _ _ (=TT _ (-d)T T
by =0, by = ifoq(dT), b3 = Isot, bs = Vieo Ton = Tty Tog = T
Pioss Condition: Tpop + T < (1 =d)T < T - Ty

ViD ([deoﬂ'(l - d) + Ide) + FonD (dlzoff + Iz%) + (l,.ﬂ‘on]RPTrrvéave + %fconTDonvf‘D]deon +2 (VfJ)Ide + ronD]z)
Condition: 0 < (1 —d)T < Tpen + Ty

’ ’ ’ ’ Tt on
VfD (Ideoff(l - d) + Ide) + FonD (dlzoﬂf + Iz) + éﬁ:onIRpTrrvgave + %ﬁ:011VfDIMconTDon (1 + L)

Tpon

, 2 r = =TTy pr  _ A=d)TTpw pr _ (=-d)Tlrp
+2(vy ol + rnol}) T = FETE, T, = G, Ly =
Boost mode
Pgjoss Condition: Ton+ Tog + Tonp <dT <T — (Ton + Tog + Tom)

(Igc + dlpgeon) Vi s + (12 + [fon) rs+ {%alﬂzTSn + 1 (aiby + aeb)) T2 + b1byTon + %iLon(O)V_[2,5T0n2}fcon
+ {%a3a4Tsﬁ + 3 (asby + asbs) Tog + babyTopr + %IS(»H‘VUT(M'D] Jeon

— izon(0) _ vp2sVo _V — Ison—iro(dT) by =0.b,=V..ba=0 bs=1i AT
a = T , dy = , A3 = 7=, Ay = (T( s U1 = U, U2 = Vo, U3 = U, 4—1L0ﬂ'( )
Ton Ton Tof off

Condition: T, + Tog < dT < Ton + Tog + Tonr

iLon(0)v 2.
(Ige + dlpgeon) Vi s + (12 + Ifon) rs + {%alazTin + 1 (arby + apb)) T2 + 22202 (2T gy + Ton + Top — dT)} Jeon
+ {blh2Ton + Yasas T + 3 (ashy + ashs) T2 + bybsTog + %IS()!'FVOTUHQ} JSeon

O _ vpsVo _ Ve-bs _ Isor—izon(dT) _ _ _ Tonp+Ton+Tor—dT .
ap == ay = = ay = R, ag = R by =0, by =V, by = v st by = dep(dT)
on on off off on2

Condition: 0 < dT < Ty, + Tog

(Irge + dlpgeon) Vi s + (Iz + Izon) rs + {%alazTQi + % (aiby + axb)) T2 + blszén}fcon

1 3,1 2 1 .
+ {§a3a4Toﬁ- + 5 (asby + asb3) T g + b3by Tl + 5150ﬂ'VoToﬁ2] Jeon

izon(0) vis—V Vo-vias Isofi—iLofi (dT
a = Il,«m()’ a = f 0 gy =2 f a, = o iroff(dT)

Ton Ton Tox Tor
— _ — _ y _ dTTy y _ dTTog
by =0, by=Vo, bs=vps, by =ieqdT), T5 = 77 Tog = 7.

Pioss Condition: Tpop + Ty < (1 =d)T < T - Ty

(1 - d)IdeoffV_/,D + ron,DIinﬁ + %fconTrr[RP Vo + %fconTDon]deoanZD +2 (V,[Dlde + ]zronD)

Condition: T - T, < (1 -d)T <T

2 1 1 2 — — dar — dT
(1 - d)Ideothf,D + ron,DILOﬂr + (gT;rlllgpvo + ETDonIdeonvl/"zD) ﬁon +2 (Vf,DIde + ILronD)a T,fr = dT, V;"ZD = szfDT_,.,’ I]’{p = IRPT_"
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FOERBIEIIIKIET DD BRE VD, TRV — "D ORDEIENRTELRNVWEZDTH

%, FERPUEIZDOWTIE Table 3.7 12, (R) &FLL TW5B, ATk, —ikMl1 > N—XDH )18

Collector-emitter voltage waveform =e===-
Collector current waveform = ==

Condition: T — (Ton+ Toip) < dT <T

;fﬂfﬁege——w
Yhﬁ T%ﬁZ Ybn Thﬁ

hoooq | | meeeeeeccead

Collector current

Collector-emitter voltage

T'on T'ott Tlotr2
Time

Fig. 3.6. Voltage and current waveform models for IGBT with switching considered.
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Anode-cathode voltage waveform ======
Diode current waveform = o=

Condition: T — T, < dyT <T

Q
oo
©
e
S | 1S
2 Ve  —— —— g
gl N 1 =
S Vip e L v o
4'C-a 0 - :iﬁﬁﬁﬁir 777777777777777 17_7_7 0 Q
3 3 i Irp -8
) > i . 3
_8 """"" H—N w—v‘ """"
<% TDon Trr
Condition: 0 <dyT < Tyon + Ty
2o
Vf_D\,: :::::::::::::::::j!;tj
0 - B B - i"*i 777_H 0
'Y I'rp
o Y
0" R
------------------ : : r----------------
T'Don T,rr
Time

Fig. 3.7. Voltage and current waveform models for diode with switching considered.

JEDRWEIX20kHz —E & U, MR BEER I NN—Z2OH BRI 3.66 A —E L5 &
INZAVN=ZDT a—T 1 lEHIHET S, MAT, I IVREOEERE L IZDOWTIE, Kin
XDOIIREAEE BT A V=XV ADHERIZE AEZITT, EBIFH LB k=04, &l

S >

T V=RV AD B2 RELS X, EEEHT LIRS 0E=02 2ERL, MITET,

337 RAIFEERID Y NN—45 DIERETER

Fig. 3.8 12, FRERMRNTIZ & 2 M BETER O > N — XD 1 )18 HFM % % 3, Fig. 3.8
IZBWT, ZIRBEIFEBER I N—RiZk=04D & E, 380 W DEIEE— NDY] O 2 S
%o TEHED, 380 W LA LOFEEETIXAEEE, 380 W BAF OE/ES TIREEEETHEIEL T
Wb, —H, k=020D& T RCOEESIC TRIEEECEFEL TV, IMAT, k=02
D e EZHNIBAVEEBIZE EIRIZE>TWT, k=04DE XX380W OFEE— R
DY BEZ SR TESIRIZR > TWD, ZOHEEIX, Fig. 3.912xR7, HRMENIZE 5 IR
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Table 3.7. Circuit parameters used in the efficiency analysis of the secondary-side buck—boost con-

verter.

Main circuit

Output frequency of primary-side inverter fi, 20 kHz
Input voltage Ej, 70V
Output current /, 3.66 A
Self inductance of the primary coil L, 63.2 uH
Self inductance of the secondary coil L, 43.6 uH
ESR of the resistor r; 50 mQ
ESR of the resistor r;, 46 mQ
Capacitance of the primary-side compensation condenser C; 1.2 uF
Capacitance of the secondary-side compensation condenser C, 1.45 uF
ESR of the resistor r¢ 15 mQ
ESR of the resistor r¢» 20 mQ
Capacitance of the condenser C, 2200 uF
ESR of the resistor r¢ 30 mQ
ESR of the resistor r;, 150 mQ

Inductor L.,,: TDK PC40EC120X101X30

Self inductance of the coil Lo, 550 uH
Equivalent copper loss resistance of the resistor ry4. 25 mQ
Equivalent iron loss resistance of the resistor rL,, —6E77f2 +0.2f0n + 432 mQ

IGBT Si; — S 14, So; and S y: MITSUBISHI CM75DU-12F

On resistance of S, and Sy, 7on s 10 mQ
Saturation voltage of Sy; and Sy, Von s 1.0V
Forward voltage of Sy; and Sy vy s 7V (R)

Turn off current of S,y and Sy, Isog (kK = 0.2, 0.4) 1.2A,0.6 A(R)
Turn on time of S,y and Sy, Ty, (kK = 0.2, 0.4) 500 ns, 360 ns (R)
Turn on time of S,y and Sy, Ty 1 us (R)

Turn off time of S,; and Sy, Ty 200 ns (R)
Turn off time of S, and Sy, Tos (K = 0.2, 0.4) 1400 ns, 900 ns (R)

Diode: Microsemi APT2X40DC60J

Dynamic resistance of diode 7o, p 25 mQ
On-set voltage of diode Vyon p 09V
Forward voltage of diode v/, p 5V (R)
Reverse recovery time of diode 7, 300 ns (R)
Transient response of diode Tp,, (k = 0.2, 0.4) 1.2 us, 1.0 us (R)
Reverse peak current of diode Irp 05A
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Fig. 3.8. Theoretical efficiency characteristics of the secondary-side buck—boost converter (CC Charg-

ing, IGBT).
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(b) k = 0.4.

Theoretical loss breakdown of the secondary-side buck—boost converter (CC charging,
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Fig. 3.10. Experimental system used in chapter 3.
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the secondary-side buck—boost converter.

Fig. 3.11. Voltage and current waveforms in each part of the system (k = 0.4, Py, = 600 W).
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Fig. 3.12. Experimental efficiency characteristics of the secondary-side buck—boost converter (CC

charging, IGBT).
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Fig. 3.13. Experimental efficiency characteristic of the resonant circuit(CC charging, IGBT).
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Fig. 3.14. Experimental efficiency characteristic of the overall system (CC charging, IGBT).
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Fig. 4.1. Efficiency and switching frequency characteristics of the secondary-side buck—boost con-

verter (IGBT).
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Fig. 4.2. Loss breakdown of the secondary-side buck—boost converter considering switching fre-

quency (k = 0.4, CC charging, IGBTs).
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ZTDOAEMMEERT, FEEBRTIE, Fig. 310 R UZEREEZ WS, 72, a1 VEOREEIR
BORKMEEB/MEZE k=02, 04 EREL, EBRTIEIZORKME L BU/MEZHWS, [#&S
T A — R BT HERMENT & [FIRRD, Table 3.7 2R UNTA—REHWS, SEIOFEKTIE, #)
RIFHT & FRRIZ, 1 N—=XDANEER TOV —CIZEE L, ZREIFREER I YN — X3,
H1733.66 A DEBFHINC LD KO HIIT 5, 72720, A v F v I TAEBEIEO 581t
o TEHT, TOREBILICHFERFEZELS, LT -7V F LB E/HELT
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JE - BRI %, Fig. 4412, EBRLSB/BSNZ M Y N—=RDAA v F 2 J & ] 1
ZWA L2560 RIS EER D VY N— 2082 /RT, Fig. 44 T, A v F oo
JEREHIENC & 2 Esh R FEZEH U 7ZBoRoMimiEd R L T\W5, Fig. 44%2H 5k,
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LKIZELTIE, k=0212BWVWTIERKA3.6%, k=04128W0WTIXIRK 0.7 RRRBUES -
TR TE D, F7z, MEnfH e EREOERIE, HERMEITIZEWTIGBT XX A — KD
ALy F VT REOIMICEME 2 REBL L 72 Z B ERFNTH D L HE R 5N D,

T 51T, Fig. 45 IZEBR» /(o N RMa v N=R DAL v F 2 7 HBEGIE 2 @& H U
G A DMAEMREME 2R, Fig 45%2 5 &, A1 v F 2 ZTABEHIEIC & 5 SR Fik
EHWSZ 2T, BAEMRIZBELUTIE, k=02128WTIEHRA34%, k=04128WTIERAK
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Fig. 4.3. Output voltage and current waveforms when the switching frequency control is applied

(k=04, Py =600 W, foon = 19 kH?z).
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Fig. 4.4. Experimental efficiency characteristics of the secondary-side buck—boost converter when

switching frequency control is applied (CC charging, IGBT).
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Fig. 4.5. Experimental efficiency characteristics of the overall system when the switching frequency

control is applied (CC charging, IGBT)
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NBEACFEDOANMEIRE Nz,

2Tz, EIRAEOEMER E 21 v F U S ETFOEREETIVEERL, BRI & 1T
W, ZRMIABEERL O Y N R DAy F U RS SO EINCRT 23R &
Ulze X517, ZTORMBRML IV N=—ZDAA v F T RRBOBRMEZI S i3 % & 4t
i, WIEREHEIC o TAA v F v TR E G 2 RIS EER O VN — 2 O @=L F
EERELUZ, FEBRTIE, ZOREUEZAA Y F V7 RBBHITEIC X 5 @58RbFEE2HNWS
ZLiZkb, A1 v F U TR E 40 kHz —EIZHIFS 2 EREICHAT, ZRAIF TR o
VR=REN k= 0212BVTIERK3.6%, k=042 VWTIFHRK07 RETE, VA
T LAEEDMRERRIZBWTIE, A1y F U T REBEEGIENC L 5@ FEEZHNS Z 210
£V, k=0212BVWTIRHKK34%, k=0412BVWTIEHKO0S5 BiRETE, D i
5, ALy F 2T EPEHIEC X 2 EMRETEOAMENRE Nz,

L UL7ZD S, RELVEZAAS Yy F U 7 RABKBHENIZIE, RESRORT 1 IZEENLE8EP
VAT LADIREREIC X BHENBEINTVRWEZD, INSEBET LI ER5HBOFHE
L5,

44 HIREROSWHREFEEHEAEGOEIZGEDWMRIREL

ARHEITlE, RBEIZTIRE LU, ZMAIRBEFER O U N=R2 DA v F v R EHIENIZ X 5
BRI FEL, A V=R VAT Y F U X B ENRAFEEMASDE 5SS (U,
HASHOETE) OREMEEEZIT S,

441 HAEHLEFEOBE

FTIIUDIZ, ZIRHEBER I AN—ZDAA v F o 7 RN & 3 &R TEE,
AVE=R VAR F U T LD ENEMAFERBEWNICKIFLEIHEE2E R D, 1V E—
XY ARy F V& B @R TR, MREFEOEM, 20 “Rlla v N—XD A1
V=RV AERFAEST B LT, ROEIERIZEWT, LREEE SR RRBICEOFIETH
5, ZTOANAYE=K VA, ZRla Y R—=2DASOER - BIEZFT S Z & TIEHE
CRTE SN, EBITIE, SENER - BEE ERECEHIT A 2 2L W2, Zkflla
VN=ZDT a—T 1 IWEDHIEHNT A =R SEGENHET 2 FEVRHVS NS, LA,
ZDHIETIE, ZRMa N N=2IZHIT 518K (F)F) 2FEL TR\, KEOHE
BIZBWT, EBOANA VY E—RX VAL HEMHEDENPKRELR>TLE D,

—75, ZUMHIREBER I N—=R DAL v F 7 TSI X B @RI TETIE, 3
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N=RDA VX7 RIZHFENDBIRVESET, T N=RIZB T BEEDPFLE L 2 \WIRER E
T25E, 24 v F U TREBOZEZ A NR—=ZDANA VE—X Y ATHE LW, AT,
BREZBLUZGETE, EEOAS v F U IRARRE —€ L T 2HIEFEICIRT, ZR{HE
IUN—RIFERE (KB Lhdad, 1 V=X ADHEBE RN %5, L&
D, MAGLEFRER, ZNThOEEFIEOREL MEL TEHTE S,
HMAGOEFHEEERTZI2H720, HRFEEEPRANER L REAMA Y E— KV 2 | Z sl
Q28T 2, TNk, (LIS)ICXVERTEIeNTES, LirL, ZMAERERD Y
N=RDANA V=RV A% (115 IZEbETHIEZ 1T - 72856, —RENC X2 REB O
PN L D, FIT, AVATLATIE, —RED1 Y R=21ZL ZRHOMHEY 7 b il
ZHEHAT AT, BHOFEEITS, Fig. .11 DX 52, VLJHEOAMMHY 7 &% o [rad]
3oy, —URMIA Y N=XDOHIIBEDIEARP R DFEIE V] [V] 1,

2V2 [n-
\4:¥£,V @ 4.1)
T T

725, SPAHE G AR SR A AN O B R M 2R 2 AT v E— XV AR
E, NURRRATANRELTEILK 2D, RYATLDESIZ, —IRHEIA U N—2DHJIE
JEQRBEE —E LT HH5E, G 1D)DIIICHEARPERDIDATEZLILNTES,
DEzgseode, fllAGOEFETIE, ZRARBER I N=ZDAL Y FDT A —T 41
s s 2 iz & o RO EM A ¥ — & 2 ZADFIE 2T\, REBIOHIEHZ —IX
A o N=RIZEDITS, ZUT, IUN—XORBIZIIGCUTEMERLE LD LS, RMyFV
JREFEBOREZIT> Z 2T, @R EES,

442 RREMH

Fig. 4.6 (Z AR TH\ 2 Sk A SR IEEAMGE > A 7 L% "9, Fig. 4.6 X Fig. 3.1 ® IGBT %
MOSFET IZZH L7256 DTH 5, ZDY AT LDHBIL, Fig. 4.7 £ 7%, MOSFET 13 IGBT &
WED IR 5720, Fig. 3.5 B X V3.6 TERLUERETNVELEET 2 0EHH 5, MOSFET
DG F, IGBT O & 5 &M ARNEA MBI REE T, BlRFO BRI VHEPTIZ D AMK
795 &5 k2>, 7277L, Fig. 351D &A1 4 — Nid 5%, HEX A A —NT, —f
HIANZ DABERDIEND Z L ZRLTWDS, MAT, X—VA 7K, T—IVERIZFEL R
W, £ZT, I o %EE LTz, Fig 4.8 MOSFET OEEIELE TV, Fig. 4.9 IZ MOSFET
DAA Yy FUIRIZBII2ERBIOCEEDETIVHEEZ T NTNRT,

TR AT LADEEEINT A — XL Table 4.1 1TRTHEDELRD, ZOLEDEZEAAL Y F VI
BRI 2 Z IR R O VN — X2 ORhREHE T Fig. 410 B X411 &5, 72720, &
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Table 4.1. Circuit parameters of the experimental system with the combination control method.

Main circuit

Output frequency of primary-side inverter fi, 85 kHz
Input voltage Ej, 70V
Battery voltage for constant voltage charging Vi, 141.3
Battery current for constant charging /o 4.6 A
Self inductance of the primary coil L; 26.2 uH
Self inductance of the secondary coil L, 17.7 uH

ESR of the resistor r;

53 mQ (Q; = 264)

ESR of the resistor r;,

39 mQ (Q, = 243)

Capacitance of the primary-side compensation condenser C; 147 nF
Capacitance of the secondary-side compensation condenser C, 197 nF
ESR of the resistor r¢ 15 mQ
ESR of the resistor r¢» 20 mQ
Capacitance of the condenser C, 2200 uF
ESR of the resistor r¢ 30 mQ
ESR of the resistor r;, 150 mQ
Inductor L.,,: TDK PC40EC120X101X30
Self inductance of the coil Ly, 724 uH
Equivalent copper loss resistance of the resistor 7 25 mQ

Equivalent iron loss resistance of the resistor 7L,

TESf3 — 6E0f2 + 4E fpn + 407 mQ

con

con

MOSFET S;; and S : TOSHIBA TK39J60W5

On resistance of Sy; and Sy, 7ons 10 mQ
Forward voltage of S, and S», vy2 s 2V (R)
Turn on time of S,; and S,, Ty, 60 ns (R)
Turn off time of S,; and Sy, To 140 ns (R)
Diode: Microsemi APT2X40DC60J
Dynamic resistance of diode 7, p 25 mQ
On-set voltage of diode vy, p 32V
Forward voltage of diode v, p 800 mV (R)
Reverse recovery time of diode 7', 300 ns (R)
Transient response of diode Tpey 1.2 us (R)
Reverse peak current of diode Irp 24 A
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TFNA ZDWHDB+DTHY, {T /31 ADWEIXER 258) —EITE=ZnTWwWB 2 IKEL,
MOSFET & X1 4 — RORMEIZOWT, —#8, EHEZH VW5, EHHEIZOWTIXR) &

LCOH
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DC voltage source

Secondary-side
converter
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N R | I
SR I | S o

Resonant circuit

Fig. 4.6. Inductive power transfer system with the secondary-side buck—boost converter connected

(MOSFET).

Secondary-side Converter Primary-side inverter

Resonant circuit

Fig. 4.7. Experimental system used in chapter 4. Copyright ©2018, IEEE.
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Fig. 4.8. Conduction loss model for MOSFET.
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L TWa, AFEERTIE, Ny T IUANDOEER (CC) EEE (CV) KEEZBELTWVWS, ZDTFE
BHETIE, Ny TFVBENPERBEEL D BEVREDO L &, EEKA

JEDEREIE Voo [VIIZIELZE ZAT, EBEARBICYODEZAS, 7KL, KERTIEZ, Ny
TVORBREBEERIUCEOEHEL TWD, k=0218\\WT, CCREROEEEHTIX, —
M BEER 2 > N — X IBEEEEZ L TWT, CV AERD 450 W AET, BEEEL 7T
BELEI D BEboTW5, k=038 T, CCHBID 650 W T, BEBEL FIEEF
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Fig. 4.9. Voltage and current waveform models for MOSFET with switching considered.
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5%, IGBTZAWVWA5ELDE, VALY FUTABEBMTENRL LD EVHERTE, &
KRENE e RSP TAA v F o 7 %2175 28T, RAIARER 2N N— 2 &2 &M=L T
&%, ZOHMIX, Fig. 41212587, 1 YE—X VAT Y F U 72 & 3 @R TR E AR I
BIF2IZBT 2 RMFARER 2 N— X DEELEONRE LD LR TE 5, IGBT 27z
La L ARRIC, BIEE— NOYI D Fb b SfhHE L BN WT, KETOEELEDEHEN
24t 9 %%, MOSFET DELDEEI/NZ Wz, IGBT LD H, BWAL v F ¥ TP T
ERIR LD,

{RIZ, Table 4.2 IZMlAAOEFIEL KT 2 HI#HIFE%Z R, Method 1 11 VY E—X VR
XYy FUITDABEHLUZLDOT, HIIEOHIENE—RME A o= &, ZRAIFERL O VN —
RDAA Y F 2 THPEEIL 85 kHz —E & LTWA, Method2 H1 VE—X VAV F VT DH
BEHUZHDT, HITENOFENE—M A > N—&, ZRAFER IV N—=R DAL v F v
JTWNENZ 20 kHz —E & L TW5, Method 3 (& 718 % RIS BEERL 3 > N — X CHil
U, ZRBIFBEER I N—=RIZAA v F o 7 TG & 2 @R FiEz2EA L0
Thd, AfiTld, MAGDLEFEUNORETEL LD THERFIELHT, YOFIECH
WTH, =l Y N— X DB EEEIL8SkHz —E L LT Wb, MAT, MAGDLYE
FEEZHWDGE, —RHAA Y N— X CENGHHEZITS 720, Ny T AOREEN] ZFHID
UL BT THRBERDHL, L, KVAFLTIE, ffiEDORD, —KES v N—Z2Da v
Mo —ZFEHIIE N REENOBREZBEICIVBTVWE L L, ERET>TWD, EED
AREYAT LGS 5B8E, Bluetooth FDEEAFE Z 5N, EHRBIZHEWTIXAM (N
T V) R RO AT U TAIBIZZA{L L7228, Bluetooth DE{5HE AYd 1 iE+ 4>
THbd, AMNVENDEYNEAR®, T NVEDOKEEDZELIZRL TE, —xMlA =&
M3 N—=R BT NFNHSLIZHIE T 5 2 THIGTE 5,

Table 4.2. Control methods used to compare with the combination method.

Control Regulating Secondary-side converter
method charging power impedance matching (IM) switching frequency control (FC)
Combination method  Primary side Yes Yes
Method 1 Primary side Yes No (constant@85 kHz)
Method 2 Primary side Yes No(constant@20 kHz)
Method 3 Secondary side No No
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Maximum efficiency points:  *
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Fig. 4.10. Theoretical efficiency and switching frequency characteristics of the secondary-side buck—

boost converter with the combination method applied (k = 0.2, MOSFET).
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Fig. 4.11. Theoretical efficiency and switching frequency characteristics of the secondary-side buck—

boost converter with the combination method applied (k = 0.3, MOSFET).
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Fig. 4.12. Theoretical loss breakdown of the secondary-side buck—boost converter with the combina-

tion method applied (k = 0.2, CV charging, MOSFET).
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Fig. 4.13 £ 4.141Z, FNZTNHAEDEFEZEHLZEAL, EREZEAL 2560t
IREEE S & O RMIA LR 2 > N =2 O%)R %, Fig. 415 £ 41612, ZNZTHMAGHOETF
ErEALGEE, {CREZEALZ5E0REMELRT,

Fig. 413212 &, MALGDLETEZEALGEDIEI BEMNRE 225 I LW ERTE 5,
Hg4nzgmf,4yt—&yxvv%yfmié%ﬁ ALFEVEH I N TV RWES
MEF, EHINTVEHEEIIRH U TRES THS>TED, MAadbEFEIUNCTRD @LE
72 Method 2 12X L C, 1K 0.2 BxhRAE W, vk, HIREE & A BEER O > N—&
DEHERDOBERTHHTE 5, k= 02 DRWIZTBWT, HIREEEOHNELE, 2FH, —IX
HIFEER 2V N—= R DATEEIZE L RBMEMDVH 5, ZDD, { VE—X VA Y FV

ZHEAET, ZIMARER oY NN— X CEBNGHZIT - 7256, KRESEBEEEZRITET 20
DY, TUN—IANEAFMODPND, FOEERIMMERIER (EHEK) B85, AT,
ZTOEEDOFEIZEL D, HIRFIBEOERA V¥ — XV ADBROEAM | Zima] 2O KELANTL
FV, HIREEEOFEREMERE (FEEL) BTl 5, MReLT, 1=K
VAR F U EREALRVES, HIRAEEE XT3N R ORREINR VKL BB, —H,
T V=R VAR F U REA LGS, SREROBIFRITEDER (KEL) BIfFHRICB
D, 1T VE—X VAR Y F U I %7 IRMIARER D Y N— X OEIER B BIfEE — NI A
fhEDESR (KIEEL) BfERICE S, DLEOHEB»RS, 1 Vv E—X VAT y F U 7 2#AT
LZZ2IZEoTEMEMLTE, ZREIa Y RN=XDAA v F o 7 ABEEEHEZ2EAEDES 2
T, ToRDLEMBEMDELTE S,

—F, Fig. 414 Tl, CC AERIIMAZOEFIEEZEHAT A Z L TEMRL K> TWVWED,
CV BB IIEREZEH L ZIZ5 RENRE BoTWE, Ihd, HHREEE & = A H R R
AVN=ZDOEEFRDBERTHHTE S, KVAT LI, k=03DCCHEL CVAEEDYD
Bz, “IRBER 2N — X OEIfEE — NI A, B & OHIRE O Bl B fE S H— 3
THELIIZHFFEINT WS, ZTD7=DH, 650 W TITRTOMEN—HLTWbE, £72, k=03
DrE, HRFEEOENBTIZAMIL ST, TEERO LS 0L 05, T07D, 1V
V=XV Ay F U@L wEgE, CCARERIE, “IRAIFEERI Y AN—-XIZXoT
BHHEZTV, TIVN=ZDANA V=XV AFEKRELS LT S0, CVAEBRIE, X
MIFFEERL O N = RIZ KB EAHENZIZFE A LTI RER R, AVNRN—=RD AT E—
Ry AFF L ACZM LRV, AT, HIREIEE O SEEERGIE T, AMOZ(IC k53
IREBRNEDEDNS WD, A V=R VAR Y F U2 EHLRL T, LREIEKE D)
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Fig. 4.13. Experimental efficiency characteristics of the combined efficiency of the resonant circuit

and the secondary-side buck—boost converter (k = 0.2, MOSFET). Copyright ©2018, IEEE.
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Fig. 4.14. Experimental efficiency characteristics of the combined efficiency of the resonant circuit

and the secondary-side buck—boost converter (k = 0.3, MOSFET). Copyright ©2018, IEEE.
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