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Characteristics of the Multiple-Input
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Abstract—In the zero-emission electric power generation
system, a multiple-input dc–dc converter is useful to obtain
the regulated output voltage from several input power sources
such as a solar array, wind generator, fuel cell, and so forth. A
new multiple-input dc–dc converter is proposed and analyzed.
As a result, the static and dynamic characteristics are clarified
theoretically, and the results are confirmed by experiment.

Index Terms—Boundaries of stability, clean energy, dc–dc con-
verter, multiple input, solar array.

I. INTRODUCTION

RECENTLY, the zero-emission electric power generation
system has been developed aggressively to exploit clean

energy resources such as the solar array, wind generator, fuel
cell, and so forth. In this case, the multiple-input dc–dc con-
verter [1], [2] is useful to combine several input power sources
whose voltage levels and/or power capacity are different and to
get regulated output voltage for the load from them, as shown in
Fig. 1. For example, in the solar array power supply system with
a commercial ac line, the maximum power point of a solar array
can be easily tracked while simultaneously the output voltage
can be easily regulated by receiving adequate power from the
commercial ac line, even if the load is changed.

The purpose of this paper is to propose a new multiple-input
dc–dc converter for realizing the zero-emission electric power
generation system. In particular, the two-input buck–boost-type
converter is analyzed, and the static and dynamic characteristics
are clarified theoretically and confirmed by experiment.

II. CIRCUIT CONFIGURATION AND OPERATION PRINCIPLE

Fig. 2(a) and (b) shows the basic configuration of multiple-
input dc–dc converters. Fig. 2(a) is fundamentally composed of
the buck–boost-type dc–dc converter, in which multiple input
windings have magnetic coupling through the energy-storage
reactor L. Using the magnetic coupling of the isolation trans-
former T, the forward type multiple-input dc–dc converter is ob-
tained as shown in Fig. 2(b).
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Fig. 1. Zero-emission electric power generation system using multiple-input
dc–dc converter.

In this paper, the buck–boost-type two-input dc–dc converter
using the coupling of reactor L, as shown in Fig. 3(a), is exam-
ined because a general discussion of multiple-input converter is
too complicated and the buck–boost-type dc–dc converter has a
simpler circuit configuration. In this figure, the two inputs
and are the input voltages from two power sources, while

and are the turns ratios of two input windings of the re-
actor. The number of turns of the output winding of the reactor
is normalized and is equal to unity. and are the switches,

, , and are the diodes, is the output smoothing capac-
itance, is the load, and is the output voltage.

If the solar array and the commercial ac line are used as input
power resources, then the circuit configuration is as shown in
Fig. 3(b). The solar cell , used for monitoring, and the cur-
rent sensor is employed to track the maximum power point
of the solar array [3] which is the output current value to obtain
the maximum output power from the solar array when the light
intensity is varied. In this case, the commercial ac line is em-
ployed to regulate the output voltage.

Assuming that the switches and diodes have ideal character-
istics, then the circuit shown in Fig. 3(a) can be divided into four
states according to the combination of the on and off condition
of the switches and , and the diode , as shown in Table I.
The operation of the converter is determined by combining these
four states, thereby being divided into three major modes as
shown in Table II. Each major mode consists of a two-state se-
quence which is distinguished between the continuous and dis-
continuous reactor current modes (see Appendix I). Fig. 4 shows
the waveforms of a driving signal, where is the switching pe-
riod, and and are the on times of the switches and

, respectively. As shown in Fig. 4(b), .

0278-0046/04$20.00 © 2004 IEEE



626 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 51, NO. 3, JUNE 2004

Fig. 2. Multiple-input dc–dc converter. (a) Buck–boost type using the mag-
netic coupling of reactor L. (b) Forward type using the magnetic coupling of
transformer T.

Mode I appears under a relatively light load condition, in
which the generated power of the solar array is larger than the
load power and the maximum power point of the solar array is
not tracked. As a matter of course, if a battery system is used to
store the excess energy of the solar array, its maximum power
point may be tracked. In Mode II, is used to perform the op-
timum power point control of and is used to regulate the
output voltage . Mode III appears when the solar array does
not generate the output power, or because the light in-
tensity for the solar array is too weak in Fig. 3(b).

In Modes I and III, the proposed two-input buck–boost-type
dc–dc converter operates as a conventional single-input con-
verter since the input power source is or . Therefore, we

Fig. 3. (a) Buck–boost-type two-input dc–dc converter. (b) Two-input dc–dc
converter using a solar array and a commercial ac line.

discuss mainly Mode II shown in Fig. 4(b), in which two inputs
must be considered.

III. ANALYSIS OF STATIC AND DYNAMIC CHARACTERISTICS

A. Equivalent Circuit Models

Before discussing the characteristics of the two-input dc–dc
converter, as shown in Fig. 3(a), the following assumptions will
be made.

1) The switches and have internal resistance and
and diodes , , and have internal resistance

, and , respectively.
2) The respective switching time of , and are suf-

ficiently shorter than the on-time interval , and
the off-time interval , so that they can be neglected.

3) Energy-storage reactor has ideal magnetic characteris-
tics and, hence, no leakage flux exists among the wind-
ings of .

4) The inductance of energy-storage reactor is large
enough to make the magnetomotive force (MMF) of the
reactor continuous, i.e., the converter operates in the
continuous reactor current mode shown in Table II.
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TABLE I
STATES OF BEHAVIOR

TABLE II
OPERATION MODES AND STATE SEQUENCES

Fig. 4. Waveforms of driving signal in each mode, corresponding to Tables I
and II. (a) Mode I. (b) Mode II. (c) Mode III.

Given the above assumptions, equivalent circuit models [3] of
three states, except State 4 in Table I, are shown in Fig. 5. In
this figure, the ideal transformer is used to represent the two-
input dc–dc converter by the equivalent circuits with the same
circuit topology. In Fig. 5, the input voltages and are
normalized by the number of turns of the two primary windings

and of the reactor L. As a result, they are represented
by and . The on-state and off-state of the and

are represented by turns ratios of 1:1 and 1:0 in the ideal
transformer, respectively. Similarly, the on-state and off-state
of are represented by turns ratios of 1:1 and 0:1 in the ideal

Fig. 5. Equivalent circuits with ideal transformer, corresponding to Table I.
(a) State 1. (b) State 2. (c) State 3.

transformer, respectively. As shown in Table I, in State 1, is
on, is off, and is off. In this state, the current flows
from to the primary winding of the reactor shown
in Fig. 5(a). In State 2, is off, is on, and is off, and then

flowsfrom to theprimarywinding of shownin
Fig. 5(b). In State 3, is off, is off, and is on, and therefore

flowsfromthe secondary windingof to the load connected
with the output capacitor C in parallel. , , and are given by

(1)

(2)

(3)

where and are the internal resistances of and ,
the series current-sensing resistance, and , , and

the internal resistance of the two input windings and an output
winding of the reactor , respectively.

Using the equivalent circuit models in Fig. 5, the continuous
equivalent circuit models [4] averaged over a single switching
period are derived as shown in Fig. 6 [see Appendix II],
where represents the equivalent internal loss resistance and
is given by

(4)

B. Steady-State Characteristics

Removing the ideal transformers in the continuous equivalent
circuit model in Fig. 6 and considering its steady state, the con-
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Fig. 6. Continuous equivalent circuit model averaged over a single switching
period T .

Fig. 7. (a) Continuous dc averaged model. (b) Continuous ac averaged model.

tinuous dc averaged model of the two-input dc–dc converter in
Fig. 3(a) is derived and represented by Fig. 7(a). From Fig. 7(a),
the steady-state characteristics are given by

(5)

(6)

(7)

where is the load current, while and are the input
currents normalized by the turns ratio.

C. Dynamic Characteristics

In the multiple-input dc–dc converter, the circuit operation
may become unstable since this converter is fundamentally com-
posed of buck–boost-type circuits. Therefore, we will analyze
here the boundaries of stability. Removing the ideal transformers

Fig. 8. Transfer function representation.

in Fig. 6 and considering the small ac variation from its equilib-
rium operating point, the ac averaged model of the two-input
dc–dc converter can be derived and is shown in Fig. 7(b). In this
figure, , , , , , and are the small ac
variations of the on time , , the input voltage , , the
output voltage , and the load resistance , respectively. From
Fig. 7(b), the transfer function representation of the two-input
dc–dc converter can be derived as shown in Fig. 8. In this figure,

and are the dc current gain of the controller #1 and
the dc voltage gain of the controller #2 in Fig. 3(b).

. , , and are the small
ac variations of the input current , reference input cur-
rent , and reference output voltage , respectively.

and
. Applying the Routh–Hurwitz crite-

rion, the following relation is obtained as the stable condition:

(8)

In (8), is given by

(9)

where is given by

(10)

represents the normalized input voltage ratio of and
. The relation (8) as the stable condition coincides with that

of the conventional buck–boost-type dc–dc converter with an
single input source if might be its equivalent internal loss
resistance.
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Fig. 9. Regulation characteristics (E =N = 10 V, G = 1, L = 0:4 mH,
C = 4000 �F, r = r =N = r =N = r = 0:2 
, H = 30 A ,
H = 0:117 V ). (a) Output voltage E for the change of the load current
I . (b) Input currents N I and N I for the change of I .

IV. EXPERIMENT AND DISCUSSION

Fig. 9(a) shows the regulation characteristics of the output
voltage for the change of the load current . In this figure,
the solid line and symbol indicate the theoretical and experi-
mental results, respectively. Fig. 9(b) shows the input currents

and for the change in . In this figure, the symbols
and indicate the experimental values of and ,

respectively, and the solid lines indicate the theoretical ones.
Mode I and Mode II are in the left and right regions of the broken
line, respectively. Under the boundary condition between Mode
I and Mode II, is equal to zero and, thus, is equal to

. Taking account of (5), (6), (7), and ,
the load current under the boundary condition between Mode
I and Mode II is derived as follows:

(11)

Fig. 10. Boundaries of stability (L = 0:4mH,C = 4000�F, r = r =N =

r =N = r = 0:2 
, E =N = 10 V, N I = 0:5 A). (a) With respect to
the dc voltage gain H (H = 30 A , E = 10 V). (b) With respect to
the dc current gain H (H = 0, T =T = 0:5).

Under the light-load condition, the two-input converter
works in Mode I and the output current is supplied as
shown in Fig. 9(b) from the solar array in Fig. 3. In Mode I,

is proportional to as shown in Fig. 9(b). When
is larger than , this converter works in Mode II. In Mode
II, employing the maximum power tracker of the solar array,
the input current can be restricted to track the optimum
power point of the solar array , and the shortage of the
load power is supplied as the input current from .
As shown in Fig. 9, the calculated values agree well with
the measured ones, and the output voltage is sufficiently
regulated in Mode I and Mode II.

Fig. 10(a) shows the boundaries of stability concerning the dc
voltage gain of the controller #2 in Fig. 3(b). In Fig. 10, the
solid lines indicate the theoretical boundaries of stability calcu-
lated by (8)–(10), taking the normalized input voltage ratio .
In Fig. 10(a), , , , and indicate the measured points in the
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stable region in the case of 0.5, 0.9, 1.0 and 1.5, respec-
tively. , , , and indicate the measured points in unstable
region in the case of 0.5, 0.9, 1.0 and 1.5, respectively.
The theoretical values agree well with the experimental ones.

can be enlarged with an increase in . In this figure, the
dc current gain of the controller #1 in Fig. 3(b) is equal to
30 A . In particular, when is equal to zero, the bound-
aries of stability concerning are shown in Fig. 10(b). In
this figure, and indicate the measured points in the stable
region in the case of 0.75 and 0.5. It is important to note
that the operation of the two-input dc–dc converter becomes un-
stable when is less than unity and the output voltage is not fed
back, and that the stable region is enlarged with an increase in

. When is larger than unity, the circuit operation is always
stable.

V. CONCLUSION

The new multiple-input dc–dc converter has been proposed to
combine and exploit several clean energy sources. Furthermore,
the two-input dc–dc converter using magnetic coupling of the
reactor was analyzed theoretically and experimentally. As a re-
sult, the following points are clarified.

1) In the two-input dc–dc converter system, where a solar
array and a commercial ac line are used as two-input
power sources, the output voltage can be regulated by re-
ceiving adequate power from the commercial ac line, even
if the load is changed.

2) The dynamic characteristics, in particular, those of the
boundaries of stability, are clarified. If circuit parameters
are designed adequately the proposed converter is suffi-
ciently stable and useful.

We will extend this analysis from the two-input to the
multiple-input and also the forward-type converter in the near
future.

APPENDIX I
STATES OF BEHAVIOR AND OPERATION MODES

There exist eight states according to the combination of the on
and off conditions of the switches , and diode . However,
considering the electrical circuit theory, four states are invalid
except for four states shown in Table I. In State 1, is on,
is off, and is off. In this state, the current flows from
to the winding of the reactor through , and , and
then the magnetic energy is stored in in Fig. 3(b). In State
2, is off, is on, and is off. In this state, the current
flows from to the winding of through and , and
the energy is stored in . In State 3, is off, is off, and is
on. In this state, the current flows from the secondary winding
of to the load connected with the output capacitor in
parallel through and the stored energy in State 1 and/or State
2 are transferred to . In State 4, is off, is off, and is
off. In this state, , , and the secondary winding current do
not flow at all, and the discharged current flows from to .
There exist six operation modes by combining these four states.
Considering the electric energy flows from and to the

load, the operation of the converter is divided into three major
modes. The electric energy flows from only or to the
load in Mode I or Mode III, respectively. In Mode II, the energy
flows from both of and to the load.

APPENDIX II
DERIVATION OF THE CONTINUOUS EQUIVALENT CIRCUIT

MODEL AVERAGED OVER A SINGLE SWITCHING

PERIOD SHOWN IN FIG. 6

First, as to the ideal transformer in Fig. 5, let us transform
turns ratios of 1:1, 1:0, and 0:1 in State 1, 1:0, 1:1, and 0:1 in
State 2, and 1:0, 1:0, and 1:1 in State 3 into those of ,

, and in State 1, , , and
in State 2, and , , and in

State 3, respectively, because the time intervals of State1, State
2, and State 3 are , , and , respectively. Next, su-
perimposing transformed three equivalent circuits with the same
topology corresponding to State 1, State 2, and State 3 in Fig. 5,
the continuous equivalent circuit model averaged over a single
switching period is derived.
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