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Abstract

Additional power sources, such as rechargeable batteries and generators, have been employed
in power systems since the advent of renewable energy systems such as photovoltaic (PV) systems,
wind turbines, and fuel cells (FCs), and electric vehicles. Multiple converters in proportion to the
number of power sources are necessary in such systems, resulting in increased system complexity
and cost. Multi-port converters (MPCs) combining multiple converters into a single unit have
been reported to achieve simplified systems at lower cost. However, the necessity of a transformer,
decreased power conversion efficiency due to low effective duty cycle operation, and no common
ground issues are of great concern in the conventional MPCs.

The nonisolated MPC integrating two different PWM converters is proposed in this research to
solve the problems of the conventional MPCs, hence simplifying the circuit. The proposed MPC
achieves size miniaturization of two inductors thanks to the capacitor inserted into switching
string. In addition to the detailed operation analyses, the quantitative comparison with a
conventional power system having two different PWM converters and a conventional MPC were
performed. The comparison results revealed that the passive components of the proposed MPC
could be miniaturized to 82.5% of that of the conventional MPC and to 88.0% of that of the
conventional system. The 240-W prototype was built for the experimental verification. The results

demonstrated the voltages of the load and battery could be independently controlled.
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I py \i
(a) (b)

Fig. 1. Schematic diagrams of (a) conventional PV system and (b) MPC-based system.
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Fig.2. Conventional MPC: (a) isolated MPC [2], (b) partially-isolated MPC [6], (c) nonisolated
MPC [13].
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Fig. 3. PWM step-down converters for the proposed MPC: (a) Unidirectional PWM converter
(Converter A), (b) bidirectional PWM converter (Converter B).
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Fig. 4. Proposed nonisolated PWM MPC.
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Fig. 5. Key operation waveforms in PV-powered operation mode.
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Fig. 6. Current flows in PV-powered operation mode: (a) Mode 1, (b) Mode 2, (¢c) Mode 3.
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Fig. 7. (a) Control block diagram, (b) PWM modulator not considering dead time.
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Fig. 8. Key operation waveforms in battery-powered operation mode.
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Fig. 9. Current flows in battery-powered operation mode: (a) Mode 1, (b) Mode 2.
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Fig. 10. Voltage conversion ratio under the condition violating (15).
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Fig. 11. Voltage conversion ratio under the condition satisfying (15).

Fig. 12. Advanced proposed MPC eliminating the criteria (15).
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Fig. 13. (a) Conventional nonisolated MPC [17] and (b) conventional power system having two

separate converters.



4.1  Size Metrics
— RN A B 2R a T oY EDZEFR T O A R IFOBZTFNERDHT I
F—2(IZHHT 5, FEEHFRICB T D 1 A, v F TR OZEEFOEZD
TRNFX—" ANZFNVF—E;, ( = VilnT,) TIEBIEL7ZH D% Size Metrics S & L,
K(17)THE,

S=L£ s PE, < E—J )

E_ Inductors Of CapacitorsQf
in L C

CIZTE & EFENTENALE IR LT oV OREL VBB RLE—TH D,
ZLl T & aclFA v ErE2LaryToryOEnENER, BEY TVEEZRT, SO
EA/ NS TN S WIE EEIEH OZ8FE OV A Xz /hs < ﬁ“é EINTE D, BT
AT UV DA T FIZHTHERAX—EETH Y, —EAIITIE B 1T 100~1000 F2
ETHH[21], A TIL =03, ac=0.03, f=100 D ﬁﬁf‘tﬁx%ﬁoto

2% MPC @ L, Lb% LTCCDFMETF/LF—% Table 1 IZ/"7, FELKEOM
ZRLTWDAMN, EFRECTIEENENN AT AT 5720 UfEIZ7 5, Converter A
X PV E— F‘Tﬁiﬁ@aﬁﬁfkéﬁﬁaﬁﬁ ENy T UENEW S, E D7 Converter A
DEZFNF—EEHZFTHD Lo & ClE PV E— RICBW TR KERTRLF—%2H
9o E£77 Converter B 1L 322 HiDOE /1 HEIES KIZL>TPVE—RTONRYT Y RE
TRIVFX—ITHIER 02572 PV E— R T O E LV & Battery T— R TH O ES)
DIFPREL 725,

24 MPC L ERDEP S AT LD Size Metrics DLk % Fig. 14 ~nr~d, A0~
UNF AT o HIENTND VAT ATIRERUKRE S THD LIE LEKT 5,
Fig. 14(a)DARWERE T ENTZERD DT = —T 1 OFIFRIZ & > THE/ I L 72 $2% MPC @
BIERIPH CH D, IR MPC XAV F 7 Z LR T A% (ARIOEETIX f=100) O
ANF—FEELFOa LT oY E RN —FEREAET L LTHH L WA= iEkTT
L& /UL TE B8, BERIFIC X » CTEMERPHAE/ N L CLE 5, ik 53R 1E
[l &6 U4 (Fig. 14 R A) Tld, #8284 MPC (3963 MPC (2%} LT 17.5%., F 729
K AT MK L TIE 12.0% D/ NUMEIRFIEE T D, TR MPC DMER T AT A &

TABLEI

Charged and discharged energies in passive element in proposed MPC

Element Charged Energy  Discharged Energy
La (V V )1 d T (I/Ca - V:z )[La (1 - da )7:;

L (V,-v,-V),dT,  VI,(-d,),
Ca V. (d] +d I, YT, V.1, (1-d)T,

Ca” La
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Fig. 14. Comparison on size metrics S among (a) proposed MPC, (b) conventional nonisolated
MPC, and (c) conventional power system.

THAANMRKELRDDIT Ly ICHIMM SN A EBED K E WO [R UER Y 7 /L3 T g
LGB A E T B ARENT 5720 TH5H, 72 Lo ICHIII S35 EEITIRZE MPC
EWERV AT LATEDLLT, IBE MPC AL V/MUTHLIDIZ L, EFH LT C.E AW
TWbH7HThD,

4.2 Total Device Power Rating

Total Device Power Rating (TDPR) (3-E{KZ FOEEEILA LA TH Y |
wATREND,
V. oI

TDPR= Yy  ‘lowime (18)
Switches , Diodes R .

TDPR 13 DEN L D /NS W, PERE T ~DA NV AZEHTELHZLE2RLTE
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TABLE I

Voltage and current stresses of semiconductor devices in proposed MPC

Element Voltage (V) Current (Ziax)
Q Va iy = I
Q: Va in = I
Qs Va ira t iy + ipa = Irat Ip+ Ipa

Da

=~

Ipg ~ Ib

. LIZUIEAA v FTHO R 5 A M TOERLEICHW 511 5[22][23],

Viar & Dnax VEFBER T ORKEBELEERKERTH D, LV/INSWTDPR ThHiVLH:
BRFZ IS YY) arORE/NILSTHD 9: MTEDH EEBEWRT S, I
T 5 Eﬁﬂﬁtfﬁfﬂgm U arERWTWEEE, TDPR O/NSWEHRO N LD &
PERE. Bl ILENRITR D RN & D,

e jiﬁ@ Viax & Inax DE% Table 1 12T, 2 2T Ly (L PHETE AV, 128
MPC H O HE - DBEA P L ATETV, THD, T LTQ;IX PV E— K TiKE
M2, NSO Q1. Q. DT Battery E— R TR KEBIL E 72D,

24 MPC &k 5D TDPR O il % Fig. 15 127”87, Fig. 15(a)DIRWVERR TR E i
T2y HIHEGRE MPC OENMERIFH CH 5, #2% MPC @ TDPR I3 M, 23 0.5 (I TRHET 5
2, ZAUTIRE MPC OF 2 —7 o d, /el (Bl 21X d, = 0.1 RFNLLT) &7 5
D ThD, ZOX ) BRBEIMNHERY AT MR LW OIX, Bl L2 L 9 IZR_ES
X LMK MPC, (kT AT AL OEBEEEBRILOHEHTAOIENZ LD HDTHDH, M, 53 0.5
D HREIL D IZHEW  TDPRIFHER MPCROUER T AT L LD b /NSVMHE E 72D, Z D TDPR
DT B BERIIE AA > FICHMS LD EIEN Co lZ Lo TR S e Z LIRS
Do =RV AT A TITR KD ANEIEIZ L > TRIESNDTZOEEA b L AN
EMPC LV Kk&< D, Lol 24 TDPR O KIE/R2IAZEN S0 oiE, ##
%% MPC 73 Battery E— RNIZEBWT Q & D, WEINZEHiSNDT-OTHDH, TDH
Q. Q. BLUD,DEJA L ANHIK L TDPR OHMNZH <,
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(b) (©)
Fig. 15. Comparison on TDPR among (a) proposed MPC, (b) conventional nonisolated MPC,

and (c) conventional power system.
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5 ThAyFTY2TRy b I—H

3. HICHI LIz & 512, 25 MPC 1213 2 SO R — hOEE Vo & Vs ORICARE
FHRHEGRMICHELTLE S, 2O LI RIS ATIOMEFHIL MIMO & A7 A
IZBWTIHESHONTWAORETH Y, BlzIX2 A2 10T 2T A THIUX Fig.
l6 DX H77 vy 7K ERD, Fig 16 1R TEY . AKTHIE Output A 1T Input A
DI L > THIFH L7205, Input B 2D HEEELZITTLE D (Ha ilsy). #2% MPC
TlX. ANMRTF2—F 1 d, & dy THY, ZHHZNENR2 OO V, & 1y ~FE
525,

ZOBMIEENENOMATHET BT X RTANE (FHy TV TRy bY
—7) BEATHI L TRRTE D, THY TV U %y NI —2 &R LTy s
B % Fig. 17@\2md, RIFRECHLONIZOORT Iy 7TV TRy NU—7 Th

Input A —ﬂ' >@—> Output A

Hi,
/ > Hy
Input B H,, + » Output B

Fig. 16. Block diagram of two output system.

Output A

Input A Hy;
G, R
/% Ga / > Hy,
Input B—# > H,, Output B

. J

Decoupling network

(a)

Input A——>| H,, > » Output A

Input B——»{ H,, P@ » Output B

(b)
Fig. 17. Block diagram of (a) two output system with decoupling network, (b) equivalent

diagram after introducing decoupling network.
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5o ZD Gray G MEEOI AT TH D Hipy Hu 2 HET L O ITEAT 5, &
H. Fig. 17(b)® X 512 MIMO ¥ A7 A% SISO (Single-Input Single-Output) A7 A D
LELL T 2L TED, ZOMREZEREKTRT LRONUITR D,

il e L AL @
Vi Hy, Hy, |Gy 1 ||u 0 Hy||lu,

51 REFHEEZAVRESEXDER

Ty TV TRy T — 7 OFERFHTA D IR & 72 5 [ O R =B 5L %
H %, ARIHETIRRIEEEbTE A2 IV THER MPC OYRAE TR A2 B H L 7=,

AA v F U TBIIIEE T OAAL v FOA AT L > TERKRENEI Eb 5, 1
DO OB OIREEHF XL ZE DI ORI FRERE NV TLHZ L TEHTELN, 20
FF TIHEAEOREHF R L 132520, 2o oREERICSEE—F
DOHIMDOES, 2E VT a—T 4 &2EHALE L THNIT, TNENE T Z & CThE2ED
WX E T2 (RREEHRIE),

R RORES TR a o =2 oREFERAOK, K20)EQHDIET
KT L, BT A DS DIFRQONBQRND L HICFKEND, T ZTHREZE X &AL
BE LT TNhXQ22)ER)TH D, b DREFEXIIBCANEENT = —TF
4 ERDEIIERINTND,

d

— X =A4AX+BI
dt (20)
Y=CX+DI (21)
A A A A A T
X = |:iLa iLb vCa va vb:| (22)
1 = |:d/\u Ahi|
(23)
La La La
0 0 0 D, L
Lb Lb
A=|- (l _Da) 0 _ Da _ Da 0
C, r.C r.C,
1 b, D (wEDR)
CGH CO!I r C rcRa CO!I
0 L 0 0 _
C, R,C,, | (24)
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Var(‘,[La 0
La
0 Yo
L,
B= I, 0
Ca
0 _ILb
¢,
L 0 0 ] (25)
0001 0
C=
_0 00 0 1 (26)
oo
D=

Z 2T rdd Ca® BSR, R FAFHESL (Ra=Vi/la) « Ry 1373y T VAAFHEST (Ry = Vi)
Th D,

52 G HKEIHE

— R Z B T DEEAAE T D B O ER S E TitH CEH T2 O IEF ICK
MThDH, T TIRESBREREZEHT 2 £ TOBRETFHE L, EEOEMEA I HIX
BUEFHE Y 7 N MATLAB & W TITHIRIR R T 7T A2 1TV R A KD 5,

FERRIZFHRE L 72 $2 %2 MPC O B JE I 5082 4 Fig. 18 12777, Fig. 18 & V) BREmatHMH
EvIalb—ra iR —E Ll L E LT VOAIMENR RS,

HHET AL OEONTREREED Hy, Huy 2T HHT L 912 G & Gu 25T 1
X7y TV TRy N REHRIND,

53 ®ERAKER (YzalL—Y3V)

T TN TRy NU—7 i LT8R MPC OJEEBIGED Y I 2 b—a v
fE % Fig. 19 /°5 Fig. 22 ~/R~9, Fig. 19 & Fig. 20 (IC Hyy, Ho DT H v 7V 7 %y
U — 75 Rt O JEREISE T RERPOH LR LT Iy T TRy b
U—2 B LTI b LT HAOISEICEMITR SR, ZHUIT Yy T T
Fv NU—I PHETWG ORI HHET LI EITo 7206 Th 5, 72 Fig. 21
& Fig. 22 ICHAFHSr. DF Y Hip & Hu OHINICE %2~ Fig. 22 bW b7 k9
IZ Fig. 18(b) CIXE RN K& < B L T =28, Fig. 22(b) TIEFLAIICIE-300dB &\
IEoT %%%ﬁxﬁ%k%éifﬁﬁbfwé‘*ﬁ/\JV%Va/F%TiE
HHREEZI T BHT I LI L TWD, $-HHL I 2L —a rTRER
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Fig. 18. Bode plot of the proposed MPC (a) Hii, (b) Hiz, (¢) Hai, (d) Ha.
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Fig. 21.
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Bode plot of Hii, (a) before decoupled, (b) after decoupled.
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Fig. 22. Bode plot of H»i, (a) before decoupled, (b) after decoupled.
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6 SEHRREE

6.1  E{EEIE

Fig. 23 (27”7 240-W RAEEIEE 2 W TR FEFERR 21T o 7, RAEEICHW =437
DEH % Table I IZ/RT, AJJEE V=60V, AWEL V, =48V, Ny 7 UELE V=
28V, AA v F U T EME f; =100 kHz DRI CTEBREIToTo, ELAERTIET 4 —

R X 7 Hil4H & BREN{E 5 4E Rk 12 DSP (Digital Signal Processor) (TMS320F28335, Texas

Instruments) % fV 7z, DSP 7' 1/ Z AFHEE I 2 L— 2> Y7 b PSIM @ Sim
Corder BEEE CAER L7z, FEBRTHA L7 DSP 77 77 A4RH O PSIM [#iE D A
7 ) —> = v b % Fig. 24 15 Fig. 26 12”7,

Fig. 23.  Photograph of 240-W prototype.

TABLE III
Circuit element list
Element Value
L. 100 uH
| 115 uH
Cin 170 uF
Ca 9.4 uF
Coa 440 pF
Cob 190 pF

D, Schottky Diode, PDS4150, Vr=0.76 V
Qi —Qs BSC360N15NS3, R,, = 36 mQ
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Fig. 24.

PWM Modulator

i

O L

T = - — =

Initial Phase
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- 'Qz
R : ST LA PWM Generator 2
= TphPWM G
- e o G 0]
£ v-=*PWM Generator 3

. initial Phase
0 [degree]

(®)
(a) Screenshot of proposed MPC and control block in PV-powered operation mode, (b)

PWM Modulator
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(b)
Fig. 25. Screenshot of proposed MPC and control block in PV-battery hybrid operation mode

with, (a) regulated input current, (b) MPPT control.



t it ~— i Proposed MPC

Fig. 26. Screenshot of proposed MPC and control block in battery-powered operation mode

6.1.1EREIEIFR (F— kK54 /\)

TMRENTWDL T =K RTANEINAT A RAAL v Fbm—H A RZXA v F &6
ICEFBESERWVWEIICRIANIC WETT v RZA L DT 2RITTODHDRE,
LU, $BR MPC TlET v R¥ A AOFREFEN Fig. 27 (T L O ICEMETH Y Z 0
LT v REA LEFEBLT D7 — b RIANIC IEHRMICIE RV, 22 TEED S
— F RIANECHMBEDETAL v F 2B Lc, Z2DIeONA YA N, v—H A %
fE BN BEE AfREZ2 77— h K A X (UCC27201, Texas Instruments) % Qi. Qi D ERENIZ
W, ANEIEE S — R RI A TRIBRMEHGR SN T DHE/EME S — R~ K7 A4

(ADuM3221, Analog Devices) % Qs DERENZ N, Qs DERENHEHZM 7 — F K F A
NhHRWZDIX, Fig. 6 ODEGEENHOND L D12 QD Y —RENLN Veu & Vin DFE]

TE L, B IEREE S — N FIA NI TE W=D THh D, £ — b l\

TANOERICHER LTI ZR 20, Qi 7 — b R A NOEFIFIHEL
CEIRZAND Z ERTEIR, QDY —RENBEN D T2 Qs H Dffaka Ml 7 — b ]\
TANOERITITHND Z RN TE Dol IWHEEERZ AW, EREEO
ERDOFF DR E Ryl A & @E‘Eﬁﬁaa D VA RIZE 5T Qs DT — h KT A \)3FRH)
YELTz, & Z THM ElzFERREZ/ MU O DC-DC = > /3—4  (NCS3S4812SC,
Murata Manufacturing) % Q3 D= RIANHOBEFRIZEH L7, £72 Q. QHDS
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Fig. 27. Driving signal for proposed MPC.

— K KT A B [E Ui DC-DC a2 > N—H Z i L, QD7 — F KT A LIz
IEE%O){%%@]\jJHjjjﬂf‘_‘ Fﬁ)%ﬁfﬁ%ﬁtfufg 5HE 9 IEIE&/\& /U)DXD‘I‘%‘_’{TO 776

6.1.2{8 5 £ Al

B BRI EOENEE— NICBE L THIRIUTH S 7 Fig. 24 Z W Tt %,
Fig. 24(a) PR EZR MPC, SEHES DSPIC 7 1 7T A & L C 39 2 il fEI1a] 56
ey PWM B 5B Th D, £7242% MPC @ DT % B8 LI BRENE 5 E & Flg
27 (2R, BRERAUICIE NAND [HIEE 1 SO A CTHRENE 524k T& 5728 (Fig. 7(b)) .
EEET D LEFOERFIENEME D, Ty N A LEBE Lf:%[%bf%%iﬁilﬁl%
% Fig. 24(b)IZ/~ 7,

Fig. 24(b)®> PWM Generator 2345 A A v F OERENE 5 & AKT 25 PWM ARk~ v v 7
Thd, PWMAEKRT R Y7 TiEx v U T HOMHEZFEBNICHETE, Ta—7 1, b
LET a—7 4 LMD T2 AT %, RIEFEREE TIE QICOHRT 2—7 «
NN DRREFRER T Ry 7 B L, QT 2 —T7 1 DHEANTITHT
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2y 7 Z W, £724 PWM Generator (ZH7JAA L BD 250 HY . ABITIAT
SNTT a—T A4 %A Ta—T 4 LIZEFRHIE, B Hid A DIE 5% KA
L7-EEnH &5 (Fig 24(b)+ PWM Generator) , 4 [BID[AIE TIIE A A~ F DER
BE ST TMHEN TN TS ENENIN A DX v U TEFEZHWE, Q& QX
AEARSEE S 40, Qs OALAHIE 0 FE TLd 42T PWM Generator 7 12 v 7 OFEHEL L |
QD PWM A7 v v 71X DT il DTz, KA v TF o T HA I 7IZBT
57 v R¥ A K% Fig. 27 (2T,

QDT =—T 4 £ 725 d, 1T PWM Generator 3 ~EH2 AT L7z (Fig. 24(b)F D),
QODFTT a—T A INdTEN Fig2T DX T v REA L EEBETLHHLERD D,
ZDID d\Z2DT R LT, 7T 2—7 41T 572 1 15K 2 & TRIEET

% E QI OERENEE & 72D (Fig. 24(b)H @),

BN — AR Q DERENE S DA T EZ T 5, Q DERENE =% Fig. 27 £V
HONTHDLEIIEFORBNE LT 2—7 1 OWM G NENT D, Q OERENEF D
%%ﬂﬁi%\ﬂm%k%ﬁﬁ‘ﬁL71*74ﬁ#cﬁ®%%%mWﬁ%@ DT %

DR LTEHLDOTHD (Fig. 24b)TONR W Fig.27 Z2H), LrLIDOT =2—7 413 Q2
@ﬂ“/‘?j:ﬁ—?% T 57, PWM Generator ® B il ) ZfVWMEFZ A2 KR L TAH 77
a2 —T 4 BT D,

6.1.3MPPT 7J)LT3 1) XL WEYX

REMPC % PV v A7 A CHEMT 235G . PV /S L % MPPT il C& 5 2 L NEE
ThbH, EMETH Hybrid £— RIZIW T MPPT #2479 7=, PSIM ® C 7' 11
v 7 HEEEEZ W T MPPT 7L ) XA A LT (Fig. 25(b), £V 70U > 7 A
XC7 a7 ~ODANNHEATHErRA—/L K (ZOH: Zero Order Hold) 7' v v 7 %
HAWTRET S, ZOH 7 v 7 3% 7Y v VR ANE 5O ERET 571
V7 Chbd, IOH7ry 7% CT7 vy DAN~NFATHIETC TRy 7 OO
LAA I 7% ZOH 7y 7 DY 7 U o TREBICE > TIRETDHZENTE D,
LT VT ALNFTLRVETH D, FERICHW -7 1 7 Z L% Fig. 28 IZRT,
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Fmppt e

S

- 0O
Help
¥ Ndber of Input/Cutput Ports
..... ey : 2 ouput: [ 3
L - ki [ Enable Fixed Point Header Files
ro-Order Hold : H4
Zero-Order Hold : ZO Inbert Getpsmyalue: | Check Code |
Parameters | Fixed-Point | Color | T
Zero-order hold Help ai
Display
Name 20H4 r
Sampling Frequency Fmppt V=l
4 ic = x2;
7 pe = ve * ic:
¥ e IZZZZ i st o & pp =R ¥ ips
5 5 s
MPPT Sampling Frequency
(= Bsiinie Srsinaie (DI f(pp>on
/MPPT tart
1:(:: < ppH
dduty = -1 * dduty;
}
uty = ((duty + dducy > 0.9)? 0.9 : ((ducy + dduty < 0.1)? 0.1 : (duty + dduty))):
21 wp = ver
22 ip = ic;
. + 24) yl = duty;
ol 25 y2 = pp;
400u Tmu 26 y3 = per

Fig. 28. C block and MPPT algorithm.

6.1.4 EHEERIEK

Fig. 23 12/~ L7 iR 1ERIEE O SR EUEIZ V- Board X (FEFEDOEIEE /% —2) &
Schematic [X| ([FI#&[X) % Fig. 29 & Fig. 30 (29,

Fig. 29(a) /XU —[nl#&ER 5y, O F ¥ Fig. 4 (R TIRERIEE Y TH D, XU — i
KERDTEI, SHICAAL v F Q-Qs IC L » TEMMRIKE &2 & TH VB2 5 7= FAE3
T A =B DB E R T D, ZD7=® Fig. 29(a)D L 9 (T KEWEDEAL DR D /XK
— IR TAL 2D KO ICGH Lz, EDICKERBTEND AL v FRHF A A4 — RiIH
LS BAT DD F =0 BIES LUMZATIND DRSO ICAFEDOKRE 21 v
2B ERE L TR TFORERINSE S, £7- Fig. 29(b)13 /3T — E%ﬁ@%_uﬁﬁ
25— 8 RIANEDEFEDNRE =2 Th D, A vF DT —h, V—ADEMHE K<
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Fig. 29. Circuit pattern of the prototype, (a)power circuit, (b)driving circuit.
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Fig. 30. Schematic diagram of the prototype.
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Fig. 32. Measured power conversion efficiencies in PV-powered operation mode.
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