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Abstract

Single-cell battery power systems are a promising bus topology for small scientific satellites.
However, to bridge the huge voltage gap between a single-cell battery and power bus, bidirectional
converters with high voltage conversion ratio and large current capability for low-voltage side are
necessary. This article proposes a bidirectional interleaved PWM converter with high voltage
conversion ratio and automatic current balancing capability. By adding capacitors to conventional
interleaved PWM converters, not only are inductor currents automatically balanced without
feedback control nor current sensors but also voltage conversion ratios at a given duty cycle can be
enhanced. Furthermore, the added inductors reduce voltage stresses of switches and
charged/discharged energies of inductors, realizing more efficient power conversion and reduced
circuit volume in comparison with conventional converters. A 100-W prototype was built for
experimental verification, and results demonstrated fundamental characteristics and efficacy of the

proposed converter.
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Fig. 1. Spacecraft power systems: (a) Conventional unregulated bus system, (b)

Conventional regulated system, (c) Regulated bus system with single-cell battery.
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Fig. 2. Conventional bidirectional PWM converters: (a) Bidirectional PWM converter, (b)

Interleaved three-phase bidirectional PWM converter.
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Fig. 3. Proposed interleaved PWM converter with high voltage conversion ratio
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Fig. 4. Proposed interleaved PWM converter with high voltage conversion ratio
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Fig. 6. Operation modes in battery discharging: (a) Mode 1, (b) Mode 2, (3) Mode 3, (d)
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WYT 25, 1504 X7 ZERPBBAOTHIET, L bIEDT 5D, Ciy Cou Cous 13 i3 128
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STHREIND, EFREBIZBNTL O 1AM TOBERMEILO IR0, GEBXID
Ce DFEIE Ves, VestEA(10) THE S A, Cous DEIE Vi 1ITA(14) TR SN D,

Mode 4 (Fig. 10.(d)) TiE. QuIIA 71725, i 1E D1, De, Dg % i U ChitdL, #RIZAIIC
WoT 5, 1 DDA X7 ZEFRPBWATSHZET, L bW T 5, Cry Cay Cous 1T i 12
STHREIND, EFIRBIZBNTL O 1 EAHOEERMEILZ0ICR5720, CBIVC,
DFEE Ver, Vel T(12) TR I AL, Cous DFEIE Vi 1IFF(11) TR SN D,

BRFN 21BN TH, 3L &7 ZERPE—{bT DRI 3.1.2 LRBRIZE D
ZEINTED,

D. Dx 3 D, D7’ DKE D‘)’
DF C DF C DF Cf
Dt CGT DF T DI C Lond gl g ] Load
4 4 bt a
i i NP DF ¢ DF C D& Cj v,
L, DT o] DF GT DF 6T Te, Jan B 1 : 1o Cou J "
oh us -
L
Vel T F . L,
ndr z L { LMB
bat
—Ho —FQ, —|
- —HQ “HQ, > 10, > S m—
- - - <J
(a) (b)
D D Dy’ pF D] D]
D,T C DS C DT G DT C DT C. D C
S +—— R Load X b 1 zﬁ Load
D D D E! s E
/‘,Ifak T C TG TG Chue )Vm ’KIE Df ¢ bF ¢ bF ¢ Coud 7V1un
v, ViulT
t 1 B: 41 B;

—Ho, o, “HQ “Bo, “Ho,  HoQ
- - < - -
(c) (d)

Fig. 10. Operation modes ( 0.67<d <1):(a) Mode 1, (b) Mode 2, (3) Mode 3, (d) Mode 4.
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4, TE R

4.1 Total Device Power Rating

Total Device Power Rating (TDPR) 1%, Y-E(KFR FOEJEERA N L ADE RN O RS
FHR % E BT 5720 DOFEIE L L TEASILD, TDPR X, 28 KFE 2B 58
AR FEIEE A b L RO A ANENEIITHNE N TERELIZDTH Y |

TDPR — Vmaxlmax

(19)
All MOSFETs Voatlpar

FIND, ZZTC Viars Inae (TFNZF MOSFET O EFEGRAV/RHEITE A b L A K L OVER
xbef%é MOSFET (2855 Viaxlmax DFEFIDIK E < 72 HITEVREHEINT 5 72
W, TDPRIED/NE N NR—=RZ I EEETH D, KETIE. Vi B L Lo D U TIVRL
TN ENTZDERE L2,

e a3 —4 O MOSFET OH R /2R L OVE mxhvx%Tmm1_r¢ di~ds
BLOL~MplIEnETnNe2TELWD d, I EB<, EEA NV AX, Fig. 51ZR L7CH)
W%—F\ﬁﬂyw\ﬁg4Zméhé1#%&méhé Qu BLV Qus DEIRA F LA
IZ. Fig. 6 \Z/x &35 £ 512> MOSFET O&EEA b L AD 2 {51272 %, QuB LU Qs i
%, ZHIEH Fig.6.(b). (IZRIND L DI [~z D H HD 2 D355

RGN 1 LIEkD PWM 2 =2 LHERD 3 A % Y —7 PWM a2 /3—X D
TDPR % Fig. 11 \Z/77, 9.0 XV & @mWEEEHLORE, 25853 11T EFto 2 >ofEk)s

Tablel. Voltage and current stress of MOSFETs in the proposed converter.

Component Voltage Current
Qui Viar(1-d) I
Qui 2Viar(1-d) I
QL2 Vial(1-d) 20
QHZ 2 ngt/( 1 -d) IL
QL3 Vbat/( 1 -d) 2IL
Qus Via (1-d) I
50
40 |
Conventional
£ ) i
S0t -
0 L ;..:.*‘, i Proposed
| d=10.67
D 1 1 1 1
0 5 10 15 20 25

Voltage Conversion Ratio

Fig. 11 TDPR as function of voltage step-up ratio.
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XLV TDPRIFEL 72D, ZaiE, MOFET OELEA ML ANBDT 5720 THD, —F
T, fkd 2 HXX TDPR &< 725, ZOEMHIE, MOSFET @ KL A > Y — AT/ A
BEIE Vous DEAEFIINES I, EEA MLV ARERT D720 TH D,

4.2 Size Metrics

AN R R T DR F DO BRI DEEEZ EOL0RA o F o2 LarT YT
D, ZNHEDOY A XTI MET RN F—DORKE S|ZHBT 5, KEiTIE, A%
IEABLOarTFUoNICERBINDI ALY —% | A TOANZRIALX— (E) =
ViapaeTs) CTIEHUET 2, IEFULESNTEEZAWTIRESF R LR X2 ERLE L, 28
A& D/ NRUIZ BT DA EE R T,

5D 5% el 5 72912 Size Metrics(S)DNVEA X4, SIFKRXTERIND,

1 E E
ZIZT, an aclTENENA UF 7 ZEREAT UOVEEDOY TAVRTHY plixarT
VYDA UE T BT BRIV —EEDLTH D, RIS o 1 TEE O PWM 22N
— 2 DYE . 02~0.4 OHIPHITRE SN D, AMNBELLENSEDT2DIT Coarn Cous (37
JEU 7V ac 23 0.03~0.05 D#EIFH TIREINDHRETHDH, —H T, Ci. ClT acH 0.1 1
TEESND, [HxDarT O —HEEIXFRA XA X7 X ORI —
FEED HREWV[], B, ZNOEEEEZ T, SOHKIT e =03, ac=0.03 (A= TF
Y Chate Cous) v ac=0.1 (227 % C, Co), B=100 & LTITH, S DR A Fig.12 12w
To Veet=4.0V, Vius=48V OFHEEBEIR L AT LEHMETH L. B ETHEELHLL 12
BN, EFRINMERFRL Y & 94%/ ULAEETH D Z LR ENT,

REFRINERFTRE D b ar T o oBPEMT 212 b 203 59, S 13/ SR %
IRY, RERS A E T A DORIRBCRAT =R T Lo TIN5 720
T D, Fig6 [T LI, A F 7 X FarT oy (CEiEC) LTENEEET
52 L TRBECANT—%25HT 5, pICL > THMSITOND L HiC, a T hiEA
YHEIEID NSNS, ar T oY RS T U X OB FLF -2 oA
B 5 Z EFEEY A XOHIIC D723 5,

400

Conventional

300 -

vy 200 -

Proposed
100

0 10 20 30
Volatage Conversion Ratio

Fig. 12 Size Metrics
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5. B
5.1. 8= 01

5.1.1 GBI

CAD Y 7 |k EAGLE % IV TR R OFREH 2 ATV AFRL L 72— R % Fig. 131277,
100 W OFRAERIEE % Fig. 14 (127, 72, EH L7cFE 1% Table2 (2777, RAIERIKIE, Via
=40V, V=48V, AA v TF > 7 EM¥ 100 kHz CEIES ¥ 72, 7 — MEZ1XDSP v A =
> (TMS320F28335 Experimenter Kit, Texas Instruments) Z i LAk L7z,

(a) Board (Top side). (b) Board (Rear side).

Fig. 13.  Screenshot of board.

78 mm

10 mm

Fig. 14. A photograph of 100 W prototype.

18



Table2. Components used for prototype.

Component Value
Li—Ls 15 puH, 16.9 mQ
Chat Ceramic Capacitor, 220 uF, 3.1 mQ
Chus Al Electrolytic Capacitor, 272 pF, 5.0 mQ
C, C Ceramic Capacitor, 22 pF, 6.0 mQ
Qri—Qu3, Qui—Qms3 N-Channel MOSFET, TPCA8050-H, Ron = 14.2 mQ

5.1.2 BREEIP

FERFIZEBT 5 ERRE COEMWERIE % Fig. 15 (2T, Vour-Vors 38 X Wi~ 13E 0 ZE 1
120°DRARZEZA L, FIHRIRAA v F 0 T 2GR LT, inrins OTHEIT TN LN 9.3 A,
93A, 94A LIFIFHELVMEIZZRY | B TA > &7 ZERT L Lz, BE Ve, Ve
ILZENEI15~17V, 30~33V TH Y | VerlE Vi /3. Ve ld 2Vi/3 THDHZ b, FTED
EEZ R L2, Qu. QudENENA T OWIRINZ, Vorr. Vo \ZEARANTHINT 5, i
1L Ci. C:RENEN inr, i lC K> TIHREI I, Ve, VaSEMLIZIZOTHL,

40 50
_ 30 | _ 4or
Z 5 | ’ Z 30 F
3 20 |
=10 | h }‘ = 0 |

0 L ; 0

-10 L L L L -10

40 50

30 40

vorz [V]

— 3

o o o
vor [V

— kD o

o © © ©

-10 -10
10 30
30 23
= 5 2
= 0 =1
= 10 =10 f
5
0 ol
-10 -5
1 40
i i
p— . B e
=10 = 30 F >
= = v, Yei
9 20 - 2
T e Tl
8 10 4

Time [5 ps/div.] Time [5 ps/div.]

Fig. 15. Measured key operation waveforms at full load.
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513 EBELH

FHERFZ 31T 5 EBIEA R O BERE & DLk A Fig. 16 129, FEEREITHEGRE & By —
BExR LT, Ta—T7 4 OBEINIES A —BuL, Ya—nHBIck5bDTh D,

2 30
3 o
Qé 5 Theoretical
220 o
= .
2 15t 6 Experimental
S
O 10 r
[
&n
3 i
§ 0 1 1 1
0.6 0.7 0.8 0.9 1

Duty Cycle

Fig. 16. Experimental and theoretical voltage conversion ratio in step-up mode.
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5.1.4 FEIIZEHGNR

RRGTROENEWNR LM NBEEN—EMEL 2D X7 2 —7 ¢ L AmEHUE % &
R LR GEG LT, FERCIIT 2B\ A% Fig. 17 12737, 2RI IE
DOEINTFE MR 2 IR T L, EF 100 W FRHZBW TR K2 90% D3R4 157-, HRNR%E
Fig. 18 IZ7” 9, 50W 225 100 W O TIIA v X7 ZBLVAAL v F OV 22— /WP TR
HARERTHD Z EDRENT, —FH T, A v F U 7THIFEERICBWThT N Tho T,
THUTE 41 TRALL O, arTF ot G GIZEY AL vy FOEEA LV AREDT
L2 LICEDBDTHD, ZNHDRERIT, R LS D72 DIITEIEGTHR 7 OBEN
HELRDHIEERBELTND,

100
98 o
96  ©
94 Theoreﬁcal
92
90 r

88 1 1 1 1 1
0 20 40 60 80 100
Output Power [W]

Efficiency [%]

Fig. 17. Measured power conversion efficiencies.

12 o
10 | — Switching Loss
Capacitor Joule Loss

z 8
— 6 iz «<— Switch Joule Loss
34t :

) : <«— Indoctor Joule Loss

0 mmmm P

20W 50W 100W

Output Power [W]

Fig. 18. Calculated loss breakdown.
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52. 252

5.2.1 RASEME

CAD Y 7 I EAGLE Z W TR A5G Lo, BEHXN 2 IZBIT 67— FRB LD
350 W OFERIEE & %4 Fig. 19, Fig. 20 12/, $£72. FFE%E Tabele3 (277, ik

(a) Board (Top side). (b)Board (Rear side).
Fig. 19. Screenshot of board.

100 mm

Fig. 20. A photograph of 350 W prototype
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Table3. Components used for prototype.

Component Value
Li-Ls 33 uH, 2.4 mQ
Chus Ceramic Capacitor, 68 pF
Chat Al Electrolytic Capacitor, 180 uF
Ci—Cs Ceramic Capacitor, 3.3 uF
Q1—Qs N-Channel MOSFET, IXFQ60N50P3, Ron = 100 mQ
DDy Fast Recovery Diode, VF,=13V

TEREIBIE, V=30V, Vou=400V, AA v F > JJEEE 100kHz TEIES 7=, 77— MEH
< DSP ~ 1 =2 > (TMS320F28335 Experimenter Kit, Texas Instruments) Z{#H L T4 L 7=,

5.2.2 BMREEIP

TERSIF COEWEKIE # Fig. 21 [ZRT,

Vori-Vors 38 XN i~z 1TFEI 1200 OAAHZEE A L, FERIR AL v F v 75 fE
RCTE, F7o. iu~i OFHEIZZENEIA45A, 4.6 A, 47 A LIRFELWEIZRD .,
R CA &7 ZEWRITE—t LTz, B Ve ~Ves 13 132~138V TH YD | Vou/3 Th D
ZEnn, FTEOEMER ER LT,

200 300
=130 - = 190
< 6o | S os0
=

-10 -30

200 300
> 130 — 190
~ Z,

o o
= 60 = 80
; -

-10 ey pobreh -30

200 300
Z130 = 190
S I
= 60 = B0

P | P 1
-10 T T - z -30
10 : — 140
=130 f Ry
al -
120

Time [5 ps/div] Time [5 ps/div]
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300 160
190 . 100
Z Z
£ 80 S 40

3 -20
0 160
190 100
= =
= 80 = 40
= =

30 20

300 160
=190 = 100
T80 = 40

120 120

Time [5 ps/div.] Titne [3 ps/div.]

Fig. 21. Measured key operation waveforms at full load.

523 EBFELHL

FEBRIZ L o T DIV EEZ L & PREGIE & Ol 4 Fig. 22 1237, FEBRE I BRRR A
ERBW—HER LT, T a—T 4 OHEINIEI A—FUX, P2 — B0 TH S,

30

20

10 |

Voltage-Conversion Ratio
9

O 1 1 1 1 1 1
03 04 05 06 07 08 09 1

Duty Cycle

Fig. 22. Experimental and theoretical voltage conversion ratio.
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5.2.4 TEIEHNR

MABEN—EMERD I T 40— RNy 7 EZAITWE AR 2 S LT,
PSIM @ DSP = — RA A [ % Fig. 23 12”7

F7o, B LB A% Fig. 24 [T, 2T ES OO R 2 IR
L. &k 350 W RFTITIB K& 90% DR 21572, BAMFEO ERBRERITIA ¥ 7 25
FOAA v FOTV2a—VETHD, /-, HRHFEE TFTOEK E 72D DN Di~Dy DEHE
ToHbH, Di~DolZIT 7 7 —A N N —F A A — REMH L7720, IBF MR T
WO AT —RED bREL 20, HIEINCORR o7z BE XD,

] (olobialy Gan =0.01; © B
lobbaT=0.001, | | EF .......... s
3 -
=~ | {global)Lowlim=0.33 . . PR [ . oo
.| {glbal}Uplim=0.8 . . . . . . . .| . Duty = 0.71085
T (GlbAlFK=3333 - o o | S e

[ argware | - e L wsle oo

N it O S o

......... P

L TFeemE s sl

o [ose | e
Clock g I

. . BEODIZ0 - - - - e e e e e e
Fz8335 R I

Fig. 23.  Screenshot of control block diagram to generate code for DSP.
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S 95 |
2y
=
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S 90t
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Fig. 24. Measured power conversion efficiencies.
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6. il /&
6.1 &£ 1 ORFERFOENE

BEFXVFTEEAANOANy TV ERET 256, BEa =2 L UTHRET 2, &
& 100 W REIZ 35T HEMEIETE 2 Fig25 12T Vea=4.0V, Vaa=48V, AA v F L JJEK
¥ 100kHz THEERZITH-> 72,

Fig. 25 DA & 7 Z &l Fig. 15 DA X7 ZEREHMETHY . AL v FDO LA
V) —AMEBEDSE S ERO BRI CEA 27 ThHDHd, BIEa —% L L TokkE
TR L7z,

30 40
S 20 = 30
= = 20
S S 10
S =

-10 -10
30 40
" 30

,i 20

& 10

=

= 0

v4(Qo) [V]
vis(Qg) [V] v4(Qs) [V]
Xt i i

10 40
— 9 _
= = 30
5 8 =] ]
i T N | . S
I 10 F 2
6 ”
Ve;
5 0 . . . .
Time [5 ps/div.] Time [5 ps/div.]

Fig. 25. Measured key operation waveforms at full load. (Buck)
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7. £&0

IO B LNy T VERY AT AHIC, @WEEA S X O T 0B
B—AuHRE 2 A9 % 2 RO A X ) —T7 PWM a2 "— X 2R LT,

i RZENEICHONW T, BEREL ) SEELAHRIL 2R L2, $72, #2501 280
T, 2B OREHFAUIE T 2 B —(LERRIZ OV Tk~ 7z,

PR 1 ITONTIE 100 W BRERIEE 2 VW72 BB RGED A7 537, TDPR 38 KO Size
Metrics % W2 RER TR E DERBLB AT 72, TEEEOFE, 2L 1 136k
£V % TDPR, SizeMetrics D EH 6 H/hE < @mghE, /ML ARETH 5 Z LR ST,

TRFA21TONTIE, 350 W aRIEEIE 2 I 72 S REE 21T - 72,

FRREORER, MAHFNE b A 2 —TEEL L, Mz biicar T k- T mn
BIELEHL OIS, BRI TOL V&7 X BEROB—LIRENT,

AR

AT FTT BT 120 | Bl CHRHE TV T BB ARIE IR 2 1 U, ST Ui
BRI L A LC & RS0 S < It 72 L 5

A4 DRERCHEIRE B L CE < DML & H I H T 5 2 LR CEIAT—= 17
b= AR MR EHT LLFE T
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