1096 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 38, NO. 4, JULY/AUGUST 2002

Multi-Input DC/DC Converter Based on the
Multiwinding Transformer for Renewable
Energy Applications

Yaow-Ming Chen Member, IEEE Yuan-Chuan Liu, and Feng-Yu Wu

_ Abstract—A multi-input dc/dc converter based on the flux ad- Transformers in different varieties of converters are used to
ditivity is proposed in this paper. Instead of combining input dc  deliver the electric power from the primary side to the secondary

sources in the electric form, the proposed converter combines input gy 1 meet the desired voltage and current requirements as well
dc sources in magnetic form by adding up the produced magnetic

flux together in the magnetic core of the coupled transformer. with @S t0 provide the electric isplation fO_r the applic_ation: According
the phase-shifted pulsewidth-modulation (PWM) control, the pro- to Ampere’s law, currents in the primary winding will produce
posed converter can draw power from two different dc sources magnetic flux in the magnetic core which will induce voltages

and deliver it to the load individually and simultaneously. The op- i, the secondary winding based on Faraday’s law. The induced
eration principle of the proposed converter has been analyzed in )

detail. The output voltage regulation and power flow control can Vo_ltage on the flxed—turr_l-number secondary V\_"nd'ng is deter-

be achieved by the phase-shifted PWM control. A prototype con- Mined by the total flux linkage produced by different magne-

verter with two different dc voltage sources has been successfully tomotive force (MMF) sources, which are created by currents

implemented. Computer simulations and hardware experimental i different windings. Consequently, the magnetic flux linkage

ﬁjﬁ:tfngﬂf dpcr/edsceggenc\j/ége\f”fy the performance of the proposed provides a possible approach to combine energy from different
sources.

The objective of this paper is to propose an innovative
multi-input dc/dc converter, which is based on the concept
of the transformer flux additivity. A two-input current-fed
. INTRODUCTION full-bridge dc/dc converter with phase-shifted pulsewidth-mod-

PPLICATIONS with renewable energy such as the solg¥ation (PWM) control [5], [6] is proposed in this paper to
cell array, wind turbines, or fuel cells have increased sig¢alize the proposed idea. The proposed circuit topology has the
nificantly during the past decade. Different circuit topologie®llowing advantages: 1) magnitudes of dc input voltages can
for multi-input dc/dc converters have been proposed to combifig different; 2) dc sources can deliver power individually and
different types of clean energy to obtain the regulated dc outgifnultaneously; 3) the soft-switching technology is accessible;
voltage. Different dc sources can be put in series to implemeaitd 4) the electric isolation is naturally achieved. Computer
the multi-input dc/dc converter and the regulated output voltagénulations and hardware experimental results are presented
can be achieved [1], [2]. However, if one of the dc sources this paper to confirm the performance of the proposed
is diminished, it will be very difficult to obtain the regulatedinnovative multi-input dc/dc converter.
voltage output since the input voltage variation is significant.
Another approach is to put dc sources in parallel by using the
coupled transformer [3], [4]. Control schemes for those multi-
input dc/dc converter with paralleled dc sources are based ormhe schematic diagram of the proposed two-input current-fed
the time-sharing concept because of the clamped voltage onfiliebridge dc/dc converter is shown in Fig. 1. It consists of two
winding of the coupled transformer. Hence, only one of these darrent-source input-stage circuits, a three-winding coupled
sources is allowed to transfer energy to the load at a time. Sintansformer, and a common output-stage circuit. The number
energy can be transferred or combined in different varieties offthe input-stage circuits can be increased to meet the practical
forms, it is possible to combine input dc sources in the magnebwlti-input dc sources requirement while the coupled trans-
form rather than the electric form. former and the output-stage circuit remain unchanged. In order
to produce the desired magnetic flux in the coupled magnetic
Paper IPCSD 02-018, presented at the 2001 Industry Applications Socieg'e the current source input-stage circuit is implemented by
Annual Meeting, Chicago, IL, September 30—October 5, and approved for pdhe current-fed full-bridge dc/ac converter. Each dc voltage

lication in the IEEE 'RANSACTIONS ONINDUSTRY APPLICATIONSDy the Indus-  gorce associated with a choke inductor becomes a dc current
trial Power Converter Committee of the IEEE Industry Applications Societ

Manuscript submitted for review October 15, 2001 and released for publicati%ﬁ)urcea which implies tha? t_he ampli_tude of the dc voltage
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The authors are with the Power Electronics Applied Research Laborat(ﬁyum_input dc/de converter since voltage variations of these

Index Terms—Flux additivity, multi-input dc/dc converter,
phase-shifted pulsewidth-modulation control.

Il. OPERATION PRINCIPLE OF THEPROPOSEDCONVERTER

PEARL), Department of Electrical Engineering, National Chung Cheng Uni; L .
\(,ersity ():hia_\p(i Taiwan. R.O.C. (e_maﬁj: ieeym%@ccu.edu.tw). 9 9 "¢ sources could be significant. Each switch of the current-fed
Publisher Item Identifier 10.1109/TIA.2002.800776. full-bridge dc/ac converter in the input-stage circuit should be

0093-9994/02$17.00 © 2002 IEEE



CHEN et al: MULTI-INPUT DC/DC CONVERTER 1097
The First Input-Stage Circuit
nl, n2, and n3 are numbers of turns

The Output-Stage Circuit
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The Second Input-Stage Circuit

Fig. 1. Circuit topology of the proposed two-input current-fed full-bridge dc/dc converter.

in series with a reverse-blocking diode. The reverse-blockimgheeling stage. Thus, there is no power transferring between
diode can regulate the direction of the current flow antthe two input-stage circuits, even when they are all in the power
prevent the reverse power flow from other dc sources vieansferring stage. Therefore, power can be delivered from two
the coupled transformer and switches’ body diodes. Withoimput-stage circuits to the common output-stage circuit individ-
these reverse-blocking diodes, different dc sources of thally and simultaneously without disturbing each other.
proposed multi-input dc/dc converter cannot deliver power to The conventional PWM control scheme cannot be directly
the load simultaneously. Also, all input-stage windings arapplied to the proposed multi-input dc/dc converter because
the output-stage winding of the coupled transformer should béthe transformer winding voltage-clamping problem. For the
wound on the same magnetic core to ensure that the total flewerent-fed full-bridge dc/ac converter with the conventional
linkage produced by each input current source can entirely p&&/M control scheme, switches in the diagonal position form
through the output-stage winding. The output-stage circuit & simultaneous conduction switch pair to transfer power to
implemented by an ac/dc full-bridge rectifier with appropriatthe load. Two switch pairs of the current-fed full-bridge dc/ac
output filters. converter should be all conducted in order to avoid an abrupt
When two MOSFETSs located at the diagonal position of theurrent change in the input choke inductor while alternating the
full-bridge converter in each input-stage circuit are turned onpnducting switch pair. This overlapping conduction time will
power is transferred from the current source of the input-stagause all transformer winding voltages to be clamped to zero
circuit to the output-stage circuit through the transformer. Thi@nce the induced voltage on each winding of the transformer
is called the power transferring stage. On the other hand, wiehould follow the turn ratio relationship between windings. The
two MOSFETSs of the right leg or left leg of the full-bridge con-appearance of the unexpected and unwanted clamped voltage
verter in each input-stage circuit are turned on, the input curremill disable the normal operation of the other dc input-stage
source is freewheeling through these turned-on MOSFETSs arictuit. The solution to this voltage-clamping problem is to use
no power is transferred to the output-stage circuit. This is ra-phase-shifted PWM control scheme.
ferred to as the freewheeling stage. Demanded power transferA phase-shifted PWM control scheme for current-fed
ring from the input-stage circuit to the output-stage circuit caull-bridge dc/dc converter is used in this paper. The
be achieved by controlling the time ratio of the power transfephase-shifted PWM controller IC UC3879 with auxiliary
ring stage to the freewheeling stage. circuits is used to generate gate signals for MOSFETs in
If the first input-stage circuit is in the power transferring stagie proposed converter. Also, the functions of soft start and
and the second input-stage circuit is in the freewheeling stageercurrent protection, which are very important issues for the
the induced voltages on each winding of the coupled transfornimrost-derived full-bridge converter, are accessible via pin 6
will be clamped to the value that is proportional to the outpatnd pin 4 of IC UC3879. A typical phase-shifted PWM control
voltage. The clamped winding voltage intends to deliver powepattern for the proposed multi-input dc/dc converter is shown in
to the second input-stage circuit, which is in the freewheelirigjg. 2. During the transient of alternating conducting switches,
stage. Since all MOSFETSs are in series with reverse-blockiagleast two switches will be kept conducted and no more than
diodes, the second input-stage circuit will still stay in the freg¢hree switches can be turned on at a time. Hence, the operation
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(1_91)15 the magnetic field intensity produced by the primary winding
@2 ‘ J currentsé’y; andi’,, respectively. The basic electromagnetic
M, ‘ — definition indicates
1 '
M, Tl ‘ 1 ' H=B/u B=¢A, )
M; || X :
M, [ N whereB is the magnetic flux density; is the magnetic perme-
; W ! ability of the transformer corej is the magnetic flux, andi.
: 0 is the cross-sectional area of the transformer. From (1) and (2),
(-0 Ls : the net MMF can be expressed as
, 2, 2 ! ‘ .
M; L | 1 Fr = (¢1 + ¢2) Z (3)
- pAe
Ml L ———

M, ] — where¢; an.d ¢- are the magnetic flux produped b‘g; and _
M. | — 3 — s, respectively. As a result, the net magnetic flux linkage in
T - ; the magnetic core becomes -+ ¢, which is the summation of

0, Ls the magnetic flux produced by the two different current sources.

By Lenz’s law, the induced currety, in the secondary winding
as shown in Fig. 3 should produce an opposite magneticiiux
Fig. 2. Driving waveforms of MOSFET&/, ~M; with phase-shifted Pwm Which tends to cance}, + ¢». Hence, the magnitude &f, is
control. determined by the magnetic flux linkage + ¢» which is the
combination ofi;; andi’, in the magnetic form.

Tyand T,: The Primary Core permeability u T; : The Secondary
Windings o Pt P = Winding B. Operating Stage
lg':tg%e ?<+> ;) urns ip The following assumptions are made to simplify the analysis.
Circuit hpn ¥4 . 1) The inductances of choke inductdts and L, are large
1 n ,,,m“:l‘::? o,,,pf,’,'_es{age enough.that currents flowing through them are constant.
The Second | —3d__] . B Circuit The_ dc input vo!tage sourcés;; and Vs, with thelr as-
zn%-cf‘t;ge is2 ] _J_> Hy turns . ] sociated choke inductois; and.L» can be considered as
‘B.E | s sectional constant current sourcdg; andIs».
S ’ 2) The transformer is assumed to be ideal. Thus, the leakage
?foﬁt';'ftsz’mth inductance and magnetizing current can be neglected and
winding voltages can be determined by turn ratios of these
Fig. 3. Block diagram of the proposed converter. windings.
3) All switching devices, MOSFETSs and diodes, are consid-
ered ideal.

of each input-stage circuit will not be affected by the clamped
voltage of the transformer winding.

Some other important concepts for the proposed multi-input
dc/dc converter are introduced as follows.

4) The output filter capacitor is large enough that the output
voltageVy, is constant.
Based on the above assumptions, the operation of the
proposed two-input current-fed full-bridge dc/dc converter
A. Magnetic Flux Additivity over one full switching cycle can be divided into 12 different

The concept of the magnetic flux additivity is employed iré0 ip?]rjtlgng stages. Ttr;]ee t(l:nl}:?(gmd:lg(;a\rgigog tvr\}ng%fmgrg?g
the proposed two-input current-fed full-bridge dc/dc convertel 912> VGs1~UGSs, 9

o . . ransformer windings/; ~73, and the voltage waveforms of

Instead of combining input dc sources in the electric form, th : . o .
. . . .’ choke inductord.; andLL are illustrated in Fig. 4. The equiva-
proposed converter combines input dc sources in magnetic fqrm

by adding up the produced magnetic flux together in the m gnt circuits of each _operating_ stage are shown in Fig. S(@)—(0).
netic core of the coupled transformer. To clearly describe t & the sake of brevity, only six operating stages over one-half
) L . switching cycle will be described here since the remaining
concept of the magnetic flux additivity employed in the pro-. . o o
- T six operating stages within the other half switching cycle are
posed multi-input dc/dc converter, the schematic diagram Sho‘évnmmetrical to the first six operating stages

in Fig. 1 is redrawn in Fig. 3 with an ideal transformer and thred perating stages.

Just beforety, as shown in Fig. 5(I), the input current

circuit block diagrams. By using Ampere’s law, the net MMF

) . Is1 in the first input-stage circuit was freewheeling through
! o
I around a closed path of lengtiy produced by, andi, Dy, My, D3, and M3 and the input currenis, in the second
can be determined as

input-stage circuit was freewheeling throufh, M;, D-, and
Fr = nyils, + natlsy = Hyl,, + Hol,, 1 M. Dipdes in the output-stage circuit are all reverse_bia_sed.
There is no power transferring from any input-stage circuit to
wheren, andns are turn numbers of the first and the second prthe output-stage circuit. Additionally}Z, was turned on but
mary windings of the coupled transformer, alHg andH; are conducted no current.
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b 4l Lt causes the body diode of MOSFET; to be forward biased.
[ S R The equivalent circuit of stage 1 is shown in Fig. 5(a).
Vast 1 - T - I 2) Stage 2-{#; <t < t2): Attime instantt;, Ms is turned
Vesal L 1 [ on at zero voltage due to its forward-biased body diode in the
pes L0 [ previous operating stage. That i is operated with zero-
o — 1 voltage switching (ZVS) at turn-on transition. The equivalent
o —_— I——1 circuit of stage 2 is shown in Fig. 5(b). During this stag#; is
Vess R ‘ turned on but conducts no current. The input curigatis still
vess| 1 = B D i - . kept freewheeling through;, Ms, D7, andA{; in the second
Vs S IR TR M [ input-stage circuit. Operations of the first input-stage and the
Yest o Lo output-stage circuits remain unchanged.

3) Stage 3> =< t < t3): This stage begins when
MOSFET M- is turned off at¢;. As shown in Fig. 5(c),
the current source/so, in the second input-stage circuit
will flow through the second transformer winding, via
switchesDy, M5, Dg, and Mg and start to transfer power to
the load. During this operating stage, both the first and the
second input-stage circuits are delivering power to the load
simultaneously. The total magnetic flux linkage in the coupled
transformer is increased because of the additional magnetic flux
produced by the second winding curréfs. The operation of
the output-stage circuit and the clamped transformer winding
voltages remain unchanged.

4) Stage 43 St < t4): Attimeinstantts, both M, and
Mg are turned on and low-impedance circuit branchgs—

My — Dy — M, andDG — Mg — Dg — Mg are
formed for current sources; andis», respectively. The equiv-
alent circuit of this operating stage is shown in Fig. 5(d). MOS-
FETsAM; and M are still kept on but conduct no current. The
input currentd s; and/s, are freewheeling through these low-
impedance routes and no current will flow through the trans-
former windings. All of the diodes in the output-stage circuit
Vi will be reverse biased since all of the transformer winding volt-
b Lo ages are clamped to zero because of the freewheeling currents

R S in the two input-stage circuits. No power is transferred from
Vi L i L any input-stage circuit to the output-stage circuit. The power

' demanded by the load is provided by the output filter capacitor
C.

5) Stage 54 < t < t3): As shown in Fig. 5(e), MOS-
Ts FETs M; and M; are turned off with zero current ai. That
is, M1 and M} are operated with zero-current switching (ZCS)
at turn-off transition. The current sourcés and/s, are kept
Ts ! freewheeling in the input-stage circuits, and no power is deliv-

ered to the load.
Fig. 4. Conceptual current and voltage waveforms of key components. 6) Stage 6—&5 § t< tG)I Attime instantt;, A is turned
on at zero voltage due to the clamped zero voltage across the

1) Stage 14, < t < t;): At time instantty, Ms is first transformer windind/} . That is,M3 is operated with ZVS
turned off. Power starts to flow from the first input_stag@t turn-on transition. The rest of the circuit is the same as de-
circuit through the transformer to the load. The current sourgéribed in the previous operating stage. Two current sources are
I, in the first input-stage circuit will flow through the first freewheeling in the input-stage circuits and no power is deliv-
transformer windingZ; via switchesD;, M;, D,, and M, ered to the load. The equivalent circuit is shown in Fig. 5(f).
while Is5 is still kept freewheeling in the second input-stage Stage 7 begins whef/, is turned off atts. The equiva-
circuit. The magnetic flux produced by the first windindent circuit shown in Fig. 5(g) is similar to the equivalent cir-
currenti's; will induce voltages on other transformer windingscuit shown in Fig. 5(a) with symmetrical conducting and free-
Induced voltages across transformer windifigs 7>, andZ3  wheeling switches in the input-stage and output-stage circuits.
are clamped ton;Vy/ns3, naVo/ns, and Vi, respectively. Also, the polarity of transformer voltages and currents are op-
DiodesDy and D in the output-stage circuit will be turned onposite to those shown in stage 1. Consequently, stages 8-12 can
because of the induced transformer winding volt&gewhich be found to be symmetrical to stages 2—6, also.
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Fig. 5. Equivalent circuits of operating stages. (a) Stage 1. (b) Stage 2. (c) Stage 3. (d) Stage 4. (e) Stage 5. (f) Stage 6. (g) Stage 7. (h) aE®86.8j)i) St
Stage 10. (k) Stage 11. (I) Stage 12.

According to the operating stages described above, all t8e Output Voltage and Current
MOSFETSs in the proposed converter can achieve either ZCS or
ZVS. The upper MOSFETSs in each input-stage circuit are oper-In the phase-shifted PWM control scheme for the proposed
ated with ZCS at turn-off transition while the lower MOSFET$ull-bridge dc/dc converter, the regulation of the output voltage
are operated with ZVS at turn-on transition. Vo is achieved by adjusting the phase-shift percentage of gate
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Phase Shift Phase Shift
Driver 1 Driver 2
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+
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Fig. 6. Block diagram of the control circuit for the proposed converter. k FJV____ ! § . { i
signals. As shown in Fig. 2, the phase-shift percentage rep & - ?
sents the percentage of the converter operated in the power tre 1y L -
ferring stage over a switching period. In order to have differei

amount of power delivered from different input-stage circuit g
to the load, two different phase-shift percentageandé- are
needed. Hence, the output voltage and input currents are all i -
lated to the phase-shift percentages. (b)

By referring to the waveform of;; shown in Fig. 4, the Fig.7. (a) Simulated waveforms of the gate signak, drain-source voltage

voltage across inductdt; during the power transferring stage?»s. and drain currents, s of MOSFETAL; . (b) Measured waveforms of the
gate signab¢ s, drain—source voltage, s, and drain currentp s of MOSFET

(ves: 20 V/div, vps: 100 V/div, ips: 2 A/div, 5 ps/div)

can be expressed as A
n1 . . .
vpr = Vs1 — T Vo (4)  wheref, is the phase-shift percentage for the second input-stage
8 circuit. The output power, is the summation of the input
and the one for the freewheeling stage is power Fs; and Ps» and can be expressed as
Volo = Vsilst + Vsalsa. )
vl = VSl (5)

By substituting (7) and (8) into (9), the output curréptcan be
wheren; andng are the turn numbers of the first and the thirdietermined by the following equation:
winding of the transformer, antls; is the input dc voltage in

n n
the firstinput stage. In steady state, the average inductor voltage Io = n—l t11s1 + n—Q 62 1s2. (10)
Vi1 must be equal to zero. Hence, the following equation can 3 3
be obtained: In order to regulate the output voltage, a voltage feedback

signal is needed to dynamically control the phase-shift per-

n T T i - ircui i
Vi = (Ver = vy ) 6,25 + Ver(1— 91)_5 -0 (6) centage of eac_h input-stage circuit. Also, in orQer_to control
n3 2 2 the power delivered from each input-stage circuit, current

command signals for input-stage circuits are needed.
whered; is the phase-shift percentage for the first input-stage
circuit, andT’s is the switching period. Then, by using (6), théd. Control Strategy

relationship betweels, andVo can be derived as The block diagram of the control circuit for the proposed
n multi-input converter is shown in Fig. 6, whe¥g is the output
Vs1 = n—l 0 Vo. (7) voltage,V,.; is the reference voltagés; andis, are the actual
3

input currents, and,.;; and /.. are the reference input cur-
a%nts. In Fig. 6, the phase-shift control sigfial is the summa-

tion of the voltage control signal. and the current error signal
i1, While €., is the summation of. andi... The phase-shift
percentage of gate signals for each input-stage circuit can be
determined when the phase-shift control sigfajsandé... are

By using a similar procedure, the relationship between input
voltageVs, and output voltag®’s, can be derived as

n
Ver = —2 6:,Vo (8)
n3
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g

(vas: 20 V/div, vps: 100 V/div, ips: 2 A/div, S ps/div) (F'0: 2 A/div, 5 ps/div)
) (b)

Fig.9. (a) Simulated waveforms of the transformer input curigpand:’, .
(b) Simulated waveforms of the transformer output curignt

Fig. 8. (a) Simulated waveforms of the gate signak, drain—source voltage

vps, and drain currentp s of MOSFET Mj5. (b) Measured waveforms of the

gate signabg s, drain—source voltagen s, and drain current, s of MOSFET
lowing specifications is implemented to verify the theoretical

analysis:
sent to the phase-shift drivers. By adjusting the phase-shift per-l)y input dc voltageVs; = 80 V, Ves = 50 V;
centage with proper current control signals, the regulation of the 2) output dc voltageV, = 100 V:
output voltagd’, can be achieved and the balanced power flow 3) input currentls, = 2 A:;
from different input-stage circuits to the load can be obtained. 4) output currently, = 2 A;
If a constant output voltage with constant output power is de- 5) switching frequencyf, = 50 kHz;
manded by the load, which could be a resistor, then only one of6) power MOSFETSM, ~Ms): IRF634;
the two current reference signals shown in Fig. 6 can exist and7) reverse-blocking diodesD; ~Ds): 8ETHO3;
the other should be disconnected. The input-stage circuit With8) transformer turn ration, : mo s ng =4 : 4 : 3.
reference current signal will provide a constant power to the IoadComputer simulations of the prototype by using PSpice

and the other input-stage circuit without the reference curretis a1so included for comparisons. Fig. 7(a) and (b) shows

signal will automatically deliver the remaining portion ofthe deg o cimulated and measured waveforms of the gate signal

manded output power to balance the power flow. If each POWEr " drain—source voltagerps, and drain currentipg of

source for the inqu-stage_circuit has to quply sp_ecified POWRIOSFET M, respectively. It can be seen that the MOSFET
e.g., solar arrays with maximum power pointtracking, then bolfy 5 yherated with ZCS at turn-off transition. In fact, all

of the reference current signals should be used to transfer er MOSFETSs in each input-stage circuit of the proposed
demanded input power. Meanwhile, the load, such as a battgfy, erter are operated with ZCS at turn-off transition with
bank, has to be able to accept a changeable output powerin o flilar drain—source voltage and drain current waveforms.

to meet the balanced power transformation. In addition, voIta@ﬁ] the other hand. the simulated and measured waveforms of

values of the two input dc sources for the proposed multi-inp%& vps, andips of Mg with ZVS at turn-on transition are

converter can pe differentsince the input-stage circuits are CUfiown in Fig. 8(a) and (b), respectively. Actually, all lower
rent-fed full-bridge inverters. MOSFETSs in each input-stage circuit of the proposed converter
are operated with ZVS at turn-on transition. Noises appearing
in voltage and current waveforms are caused by the parasitic
elements of the switching devices and the transformer.

In this section, a prototype of the proposed two-input cur- Fig. 9 shows the simulated waveforms of the transformer
rent-fed phase-shifted full-bridge dc/dc converter with the folnput current’y; andi’,, and the transformer output currefy,

I1l. SIMULATION AND EXPERIMENT RESULTS
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TABLE |
DIFFERENT OPERATING CONDITIONS OF THE PROPOSEDMULTI-INPUT
DC/DC CONVERTER

Case 1 V51= 80 V, V52= 50 V, [Sg= 2 A, V0= 100 V
Case 2 Vs1= 80 V, V52= 50 V, 152= 1 A, V0= 100V
Case 3 Vs1= 50 V, ng= 80 V, Is2= 1 A, V0= 100V
Case 4 VS]= 50 V, V52= 80 V, [52= 1.2 A, V0= 100 V

- ot b o
., - R 95
i’grr 2 A/div, i'sp: 2 A/div, 5 us/div =
H S
(a) 9; 90 | —>*—Case 1
] 2 g5 A | —4*—Case2
§ —&8—Case 3
Qo
E 80 —%—Case 4
75
70 )

60 80 100 120 140 160 180 200
Output Power P, (W)

L@Mf W,q Fig. 11 Curvgs of z_afﬁciency versus output powe?,, for different operating
| - conditions as listed in Table I.

(i"0: 2 A/div, 5 ps/div) the soft-switching technology is accessible; and 4) the electric

(b) isolation is naturally achieved. The development of the pro-

Fig. 10. (a) Measured waveforms of the transformer input cuitgrandi’, . posed _mUIt"_'np_Ut dc/dc converter was presented in detail. The
(b) Measured waveforms of the transformer output curignt operation principle of the proposed converter based on the flux

additivity was introduced. Different operating stages and their

e%uivalent circuits were explained. Mathematical equations of

Wh”.e the measured ones are shown in Fig. 10. From F|gs. 9 ahe output voltage and current were derived. The phase-shifted
10, it can be shown that the transformer output curigris the PWM control strategy was illustrated. A prototype of the

combination of the transformer input curréft andé,, which :
. 20 roposed converter has been successfully implemented. The
results from the concept of the magnetic flux additivity. It als . L
. . easibility and the performance of the proposed multi-input
illustrates that power can be delivered from these two voltage o X :
S i ¢/dc converter were verified by computer simulation results
sources to the load individually and simultaneously. In order tQ .
. ﬁ\nd hardware experimental measurements.
demonstrate the efficiency performance of the proposed multi-
input converter, curves of efficieneyversus output poweF,
for different operating conditions as listed in Table | are plotted
in Fig. 11. It can be seen that the proposed multi-input converter
has the minimum efficiency of 84% for various operating con-
ditions. These experimental results verify the performance of[1] L. Solero, F. Caricchi, F. Crescimbini, O. Honorati, and F. Mezzetti,
the proposed multi-input dc/dc converter with the phase-shifted ~ “Performance of a 10 kW power electronic interface for combined
PWM control wind/PV isolated generating systems,”Rnoc. IEEE PESC’961996,
' pp. 1027-1032.
[2] F. Caricchi, F. Crescimbini, A. D. Napoli, O. Honorati, and E. Santini,
“Testing of a new D.C.—D.C. converter topology for integrated wind-
photovoltaic generating systems,”Rmoc. European Conf. Power Elec-
tronics and Applications1993, pp. 83-88.
[3] H. Matsuo, T. Shigemizu, F. Kurokawa, and N. Watanabe, “Character-
IV. CONCLUSION istics of the multiple-input DC—-DC converter,” Proc. IEEE PESC'93
1993, pp. 115-120.
.. . [4] H. Matsuo, K. Kobayashi, Y. Sekine, M. Asano, and L. Wenzhong,
A multi-input _currgnt-fed full-bridge dc/dc Co_n_\’ert?r has “Novel solar cell power supply system using the multiple-input DC-DC
been proposed in this paper. Instead of combining input dc  converter,” inProc. INTELEC'98 1998, pp. 797-802.

sources in the electric form, the proposed converter combined5] R. Redl, L. Balogh, and D. W. Edwards, "Optimum ZVS full-bridge
dc/dc converter with PWM phase-shift control: Analysis, design con-

inpUt dc sources in magnetic form by adding up the prOduced siderations, and experimentation,” froc. IEEE APEC’'94 1994, pp.

magnetic flux together in the magnetic core of the coupled  159-165.

transformer. The proposed converter has the following advand{6 5 Andreycak, ;Ph?]se shifted zero voltage ”alfl‘smon deSigg con-
. . . . . siderations and the UC3875 PWM controller,” itnitrode

tages: 1) magnitudes of dc input voltages can be different; 2) dc  \jandnook Merrimack, NH: Unitrode Corp., 1995-1996, pp.

sources can deliver power individually and simultaneously; 3)  10-334-10-347.
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