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Development of Switched Capacitor Multi-Port Converter for

Standalone Photovoltaic Systems

Abstract—Renewable energy systems such as photovoltaic (PV) systems require batteries for
steady power supply. PV systems consist of multiple dc-dc converters, including a converter for
PV string control, a bidirectional converter for battery charge-discharge control, and a voltage
equalizer to preclude partial-shading issues, are separately required. Hence, conventional systems
are prone to be complex and costly. To cope with this issue, this research proposes the switched
capacitor converter (SCC)-based multi-port converter (SC-MPC). The SC-MPC can be derived
by integrating a bidirectional PWM converter, series-resonant converter (SRC), and SCC voltage
equalizer. The PWM converter and SRC regulate battery and load voltages, respectively. Not only
is the system as a whole dramatically simplified but also the circuit element count can be
significantly reduced thanks to the integration. The SC-MPC operates in three modes—PV,
battery, and hybrid modes depending on the power balance—and operation analyses were
performed to investigate the details of each mode. As a quantitative analysis, charge vector
analysis was conducted in PV and battery modes to determine the current stresses of elements in
the SC-MPC. The 150-W prototype for 60-cell string PV panel was built for the experimental
verification. The experimental results demonstrated the extractable maximum power from the PV
string was significantly improved by the SCC, while the battery and load voltages were

individually regulated by the PWM and PFM control.



NE

L T B e 4
2 SCMPC ..ot 8
2.1 FEATCEIEI LTV SC-MPC DI ..o 8
2.2 SC-MPC DB covovveeeeeeeeeees e ses s s s s ens et an e 9
/1L (=5 1 OO 10
Bl 7 T e 10
32 FHIHH T T 2 2 e 10
33 PV B RO BT oottt n s 11
3301 FEEENERIE L OFETTRES oo st ses s 11
332 EBATELAHIE oot 13
333 PWM T8 ettt 14
334 EAHEIR T L /R e 14

34 N T U ROBE AT oottt 15
340 JEIREIEAL PWM B .coooveeeeeeeeeeeseee et 15
342 FHEBNEIRIZ I O BRI oottt 17

35 ANA T U RE—= ROBEIRHT oo 18

= = v -2 1 OO 19
A1 BBITIBENIRHT coooeeoeeeeeeeee et 19
41.1 PV E— FOBRIBBENIRIT oo 19
412 N T U E— ROBRIEEIIEMT oo 21

42 BT =7 DB oo 22
43  FBIEA B L ADFHH oot ettt 24

= <5 OO 26
5.1 150 W BRAEIIIEE oottt 26
I 7 CEA oY 3| 73 O A AL - = <SRN 27
5.3  FEEEHEFER D TOUTAT 0 TIREE e 28
B4 EBOTEAHIE TEBR ..cvoveeeoeeeeeeee ettt 30
T 1= = ST 31

b= 0. T 33

A - - SO 34
LS =1 T 34
7.2 BHET T T T IO T R oot 35
7.3 GBI BRI oottt 37
7.4 PUGHIE Z B L7 MPPT L .ot 37
75 FEBRR ettt 38



1 HRER

AL KT a v K3 E (PV: Photovoltaic) o A7 A 73 g@ﬁi—fﬁg:*/w@»—:
AT LTI, AMENOZENE BHIC PV SV OHHE T & ARTE T OBy
BHERBETH Ny T IUNRHFHIND, ZOXI72PV AT AT, /\Z\/I/%Eij(
7). (MPP: Maximum power point) TEIES® 2% Z & THINE & & Kb+ 25 MPP &
& (MPPT: MPP tracking) #1417 9 /\Z\/Dﬁﬁﬂfﬁﬂ)ﬂ@ﬂ YR—=H LNy T Y DOFRINE
HIE4 2 W70 = o R—= 2 PNkt L CTERII 2725, SHIZPV VAT A
TII RNV DO—ESRAET D (LI, H05) E&%%%fg‘féﬁgﬁﬁ)éo

WL S TEPV YT AN T OBLRHEICERNEL, 30D OMHE
T T 72 5 ONCHEELD MPP ORA7R EOREN AT D, Z OfREE R T 5729
2, FR S EAAERNER STV D [1],[2]. #MEEIC L Y MPP & 1 4512UY
WISHE, NRADLLOHMHE N ZM ESELHZENTE D,

PSRENVHIBIRA O 3 v x—5 WG v N—2 | GG RAESRDO 3RO a L NN—F %
EBNCHNZ PV VAT LD T vy 7 K% Fig. LIRS, #EO 2 ~—& 2 @pIcfs
T2 LIk TENENOHRELZ HFEILTED DD, VAT ATa =25

IZHBI L TR B NICE 2 A MELTLE D, ZOMEA RIS 5510, HEED
T N—FE L RICEN LT AR — ka3 3—% (MPC: Multi-port converter) 734
RINTWD, MPC WD Z & THEEREDa L =2 % 1 RICRETHZENTE
L1, VAT AOMFEI S NEK 2 A MEEHEBLITE 5,

K MPC Tl, A — MIARGIZHINTE L LW IHBLRNPBEZ DOFRIZBNTE
BT ARHNSENTWD [3]H5], 2D & 9722 MPC TR DON—T7T 1 v
YN=R TN T N P a s nN— R EZER N T AN T LRIZENT D, 25K

kv 2 Z Wz MPC O —fl & LT, Fig.2@IRT RT3 BEOTILT Y vy oayw

PV Panel

e
=

=

Lg‘ Converter

& (MPPT) Load
<

=

—[Battery Bidirectional J
[ """ Converter

Fig. 1. Block diagram of conventional PV system.
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Fig. 2. Conventional MPCs: (a) using multi-winding transformer [5], (b) using normal
transformer [13], and (c) nonisolated MPC [19].
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Fig. 4. Key elements for proposed SC-MPC, (a) bidirectional PWM converter, (b) switched
capacitor converter (SCC), and (c) series resonant converter (SRC).
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Fig. 6 Power flows, (a) PV mode, (b) battery mode, and (c) hybrid mode.
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Fig. 11. Equivalent circuit of SRC.
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Fig. 12. Optimized F as a function of d.
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Fig. 13. Resonant currents in battery mode at d = 0.3, 0.5, and 0.7.
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Fig. 14. Key operation waveforms in battery mode (d < 0.5).
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Fig. 15. Current flows in battery mode (d < 0.5), (a) Mode 1, (b) Mode 2, and (c) Mode 3.
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Fig. 16. Notional image of the resonant current approximation.
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Fig. 18. Charge flows of battery mode in (a) Mode H and (b) Mode L.
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Fig. 19. (a)Actual and approximated current waveforms of ics (b) Current waveform of Qs
containing resonant and square wave components.
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Fig. 20. Charge flows for resonant components in (a) Mode H and (b) Mode L.
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Table | Comparison of the peak current for elements of SC-MPC.

Component Peak Current [A]
PV mode |Battery mode
Q1 3.05 7.95
Q2 2.03 5.31
Switches Qs 066 961
Qs 11.8 6.06
Qs 19.7 4.91
Qs 115 2.39
Cy 1.83 4,78
Capacitors Cz 488 14.4
in SCC Cs 6.47 2.39
Cy 3.05 7.96
Cs 10.4 5.42
Ly 9.29 7.82
Cn 9.29 7.82
Ly 9.29 7.82
Cr 9.29 7.82
SRC Dny 9.29 7.82
Dh2 9.29 7.82
Dy 9.29 7.82
D, 9.29 7.82
Csre 14.9 12.1
PWM Converter Lpat 2.61 6.82

=28V, Po=100W OFM T THFEFOERA ML AIZET LK EZIT-7, o
fERA Table 1 lIZRd, BONTHERNS, RTORFIEPVE—RENYTVE—FD
WL TRSVENH D ZEDBHALNE ST,

Z CHM T IR N R L 2> DR EAS N IR EIC B W CHFICEE
ALy FITHEREZ Y TS, Tablel 226 A1 v F Qi~QelL PV E— RD A, mWEN E
— 7 RO LR BNE ol PV BE— RTIEIASRANE ANy T U EFRELOOHA
BN ZMAGT D720, ANOBERPUZT WRFIERNPETT L, TORRE, PV E
— R T Q~Qs DEITA FLANKEL gtz E2 NS, —FH., Ny T UE—KTiX
ARBE NIRRTV NBHREIND oD, Ny T UDIES DAL v FThDH Q~Qs IZFE
WEFNEZD, ERE—7PNEL ol EZEZ N5,
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FHEGE 7 5 NCHEFER % Fig. 21 & Table 111239, 3A/EREIEEIZ Vi =30V, Vo =28
V. Vea=12~16V TENMEL, EWIFICBIT DAME &Ny TV OREBEENIENEN
100 W & 50 W Th b, E-HIREREL 1% 164 kHz & L7, 7272 LEERIE 1 54

(Fig. 21(a)) 1ZEIEEIEAD/RZ — L R—HHL 2> TLEW, Ny T UE— RIBITD
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(b)
Fig. 21. Photograph of () first prototype and (b) second prototype.
Table 11 Component values
Component Value
Q,-Qg | Dual MOSFET, IRF7905, R 4 even = 21.8 mQ, R oy oqq = 17.1 mQ
Lo 0.47 uH
Cuo Film Capacitor, 1.0 pF x 2
Dyt Diio Schottky Diode, RSX501L-20TE25, V; = 0.39 V
Corc Ceramic Capacitor, 47 pF x 3
Lbat 33 UH
Chat Ceramic Capacitor, 22 pF x 5
Cout Ceramic Capacitor, 10 pF x 7
C—Cs Ceramic Capacitor, 47 uF x 4
Gate Driver MCP 14628
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Fig. 24. Measured voltage conversion characteristics as a function of (a) duty d, (b)
normalized switching frequency F.
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Fig. 25. Dynamic behavior with step change in output powers, (a) response with step change
in battery power, (b) response with step change in load power.
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Fig. 26 Measured characteristics of (a) sub-string, (b) string with/without equalization.
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Fig. 27. Power balance test under MPPT controlled condition.
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Fig. 30. Screen shot of board (a) main circuit and (b) gate drive circuit.

34



Dual

Thin .
pattern Q;’s source MOSFET
Dual
Q,’s source MOSFET

GND
GND

(@) (b)
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