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Abstract—This paper describes a systematic procedure
using power flow graphs for generating all possible
double-input single-output (DISO) DC/DC converters. To
maximize the generality of applications, the input ports can
possibly be connected with voltage source(s) or current
source(s), and the output port can be connected with a
voltage load or current load. The control methods are
described in this paper. A double-input single-output
converter with two voltage sources and one voltage load is
taken as an example to analyze a few key properties of
practical relevance, including input voltage range,
efficiency, power distribution, and switching stress. A
popular application of DISO converters involves the use of
a battery as storage element, and for this specific case,
possible choices for the converters, control method and
the attainable efficiency are discussed. Finally,
experimental results are presented to verify the analytical
results.

Index Terms—Double-input
converters, Power flow graph,
Switching stress, Power distribution

single-output  (DISO)
Efficiency analysis,

. INTRODUCTION

OTIVATED by the increasing use of alternative

energy sources, €.g., wind energy, solar energy, fuel cells,

etc., multiple-input single-output (MISO) converters have
gained popularity in power electronics applications as they are
able to capture power from mutually complementary sources
and deliver the power to the load [1]-[7]. The conventional
approach to converting power from multiple sources is to
connect two or more dc voltage sources to independent dc-dc
power converters to produce a stable output voltage for the load
with an appropriate control arrangement [8]-[10].
Multiple-input converters have been proposed to provide
well-regulated output voltage from several input voltage
sources connected in parallel [11]-[14]. The simplest form of
such converters is the double-input single-output converter
(DISO).  Pulsating  voltage  sources along  with
parallel-connected diodes and pulsating current sources along
with series-connected diodes are employed to achieve
double-input converters [15], where the input sources are also
connected in parallel. In general, for DISO converters, the two
input ports can be connected to voltage source(s) or current
source(s), and the output port can be connected to a voltage

load or current load. Moreover, it is possible that two
independent input sources can be connected in series or parallel.
Consequently, a number of possible DISO converters should be
available to cater for various types of input sources and load
terminations. For a double-input converter, the input sources
transfer the power to the load through basic switching
converters having different efficiencies. The overall efficiency
of a DISO converter can thus be optimized by controlling the
power flow distribution. Up till now, there has not been
systematic synthesis and analysis methods reported for DISO
converters that permit convenient and informed choice of
circuit configurations and parameters for any given specific
application. Furthermore, input ports are normally defined as
unidirectional entry ports where power flows into the DISO.
However, if one of the input ports is connected to a battery
allowing bidirectional power flow, e.g., in a fuel-cell hybrid
power system [16], hybrid wind-solar power generation system
[17], photovoltaic hybrid generation system [18], etc., the
possible choices of converters and control methods will have
significant effects on performance and efficiency of the DISO
converter.

The objective of this paper is to propose a systematic method to
synthesize all possible DISO converters. The control methods
of DISO converters with any given type of input sources and
loads are discussed. The performance of various DISO
converters are compared in terms of the overall efficiency,
power flow distribution and switching stress, the aim being to
shed light on the characteristics of various configurations
thereby providing essential information for designing and
constructing DISO converters. A popular example of the DISO
converter involves the use of a battery as storage element, and
for this case, possible choices for converters, control method
and efficiency analysis will be discussed in detail. Finally,
experimental results are presented to verify the analytical
results.

Il. POWER FLOW GRAPHS

Power flow graphs were introduced in 2001 for the synthesis
of power-factor-correction converters [19], [20]. The concept
of power flow is fundamental in power conversion. Despite
being a powerful and versatile tool that can yield fruitful and
highly effective methods for synthesis and analysis of power
converters, power flow graphs are still rarely used by
researchers and practitioners. In this paper, we deal with the
transfer of power from two input ports to an output port

© 2015 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media,
including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to
servers or lists, or reuse of any copyrighted component of this work in other works.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

separately or simultaneously, the use of power flow graphs
proves to be useful and convenient in describing the way in
which power is being transferred among the three ports.For the
case of DISO converters with two unidirectional input ports, it
should be clear that only two types of power flow sub-graphs,
as shown in Fig. 1, are relevant, i.e.,

Type I: Power is transferred from one port to another port, as
shown in Fig.1(a).

Type II: Power is transferred from two ports to one port, as

shown in Fig.1(b).
BN i

(a) (b)
Fig. 1. Power flow sub-graphs of DISO converters with both input ports
supplying power unidirectionally. (a) Type I; (b) Type II.

Here, the branches in a power flow graph denote the paths of
power transmission, and the arrows on the branches indicate the
direction of power flow. Based on the power flow sub-graphs
shown in Fig. 1, we can construct the complete power flow
graphs for all DISO converters. For the sake of maintaining
simple nomenclature, as shown in Fig. 2, the complete power
flow graph is referred to as Type I-I graph if it involves two
Type | sub-graphs. Also, a Type I-11 graph involves one Type |
sub-graph and one Type Il sub-graph, which has two variants,
namely, Types I-11A and I-11B. Likewise, we have Type Il-11
power flow graph. It is worth noting that Types I-11A and I-11B

are identical due to the spatial symmetry between inputs | and II.

Since a converter is needed to transfer controlled power from
an input port to an output port, two converters will be placed in
appropriate paths of the power flow graphs to complete the
derivation of DISO converters. For instance, for the Type Il
converter, there are three possible ways of placing converters.
Hence, a total of thirteen configurations of DISO converters in
terms of power flow graphs can be obtained, as shown in Fig. 3,
where the solid square boxes denote simple converters. For
simplicity, we refer to them as configurations I-1, I-11A, 1-11B,
I-11C, II-1IA, 1I-11B, 1I-11C, and so on.
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Fig. 2. Power flow graphs for DISO converters with both input ports

supplying power unidirectionally. (a) Type I-I; (b) Type I-lIA; (c) Type
I-11B; (d) Type II-II.

From Fig. 3, it can be easily seen that configuration 11-11A is
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equivalent to configuration Il-1I1H, configuration 1I-1IB is
equivalent to configuration I1-11G, and configuration 11-11C is
equivalent to configuration 1I-1ID, configuration II-1IE and
configuration 1I-111, due to spatial symmetry. Consequently,
only eight unique configurations exist for DISO converters,
namely, configurations I-1, I-1IA, I-1IB, I-IIC, II-1IA, 11-1IB,
[1-11C, and II-1IF.

Input ports are normally defined as unidirectional entry ports
where power flows into the DISO. However, if one of the input
ports is connected to a battery allowing bidirectional power
flow, the resulting power flow graphs will be different. For the
purpose of illustration, we consider an input port being
connected to a voltage source and the load is a voltage load. For
the case of a DISO converter containing a battery, three types of
power flow sub-graphs are relevant, as shown in Fig. 4. To
avoid confusion, the ports are named input port, battery port
and output port, as shown in Fig. 5. The three types of power
flow sub-graphs are:

Type I: Power is transferred from one port to another port, as
shown in Fig. 4(a).

Type II: Power is transferred from two ports to one port, as
shown in Fig. 4(b).

Type I11: Power is transferred from one port to two ports, as
shown in Fig. 4(c).

Then, we can construct the complete power flow graphs for
all DISO converters with a battery connected to an input port,
namely Types I-1, I-1l, I-11I and II-111, as shown in Fig. 5. For
this type of DISO converters, a converter is needed to transfer
controlled power from the input port to the battery port or
output port, and a bi-directional converter is required to store or
transfer power from the input port to the output port. Due to
spatial symmetry, only four specific configurations permit
simple interconnections, namely, configurations I-11A, I-11B,
I-111A and I-111B, as shown in Fig. 6.

I1l. COMPARISON OF DISO CONVERTERS WITH TWO
UNIDIRECTIONAL INPUT PORTS

From the afore-described analysis of DISO converters with
both input ports supplying power unidirectionally (without
battery), we see that the types of sources and loads play crucial
roles in determining the control methods and the ultimate
characteristics. In the following, we illustrate a case where the
input ports are voltage sources and the output port provides a
regulated voltage. Other cases can be studied in a likewise
manner, and detailed are therefore omitted here.

A. Possible Choices

In Section |1, eight (unique) possible configurations of DISO
converters have been presented, each of which is composed of
two basic switching converters. Each of the two basic switching
converters can be either buck, boost or buck-boost converter
[21], [22]. Itis noteworthy that SEPIC, Cuk and Zeta converters,
though are not basic converters, can also be used, provided
voltage polarity and current direction are dually taken into
consideration. For the purpose of maintaining a minimum
configuration, we focus on the basic buck, boost and
buck-boost converters here. However, not all eight
configurations can be readily implemented in practical forms.
Upon close inspection of these configurations, only six specific
configurations permit simple interconnections, namely,
configurations I-1, I-1I1A, I-1IB, 1I-11B, 1I-IIF and H-1IG (Figs.
3(a), (b), (c), (), (j) and (k)). Since configurations I1-11B and
I1-11G are spatially symmetrical due to the symmetric positions
of the two input sources, the possible choices of converters 1
and 2 reduce to only five configurations, as summarized in
Table I. Moreover, both converters 1 and 2 can also employ
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Fig. 3. Thirteen configurations of DISO converters in terms of power flow graphs
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Fig. 4. Power flow sub-graphs of DISO converters with a battery
connected to an input port. (a) Type |; (b) Type II; (c) Type IlI.
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Fig. 5. Power flow graphs for DISO converters with a battery connected
to an input port. (a) Type I-I; (b) Type I-Il; (c) Type I-llI; (d) Type lI-lII.
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Fig. 6. Four configurations of DISO converters with a battery connected
to an input port in terms of power flow graphs. (a) I-I1A; (b) I-IB; (c) I-lIA;

(d) I-1IB.

some

transformer

isolated converters or

bridge-based

converters to cater for high voltage and high power
applications.

Now, we can construct possible DISO converters, as shown
in Fig. 7. For illustration, buck converters have been used here
for implementation of converters 1 and 2, corresponding to
configurations I-1, I-11A, I-11B, 11-11B, II-1IF. Here, the isolated
DISO converter can also be constructed by replacing the buck
converter with the forward converter.

Realization of configuration I-1: For this configuration,
converters 1 and 2 can be any converter. Suppose buck
converters are used for both converters 1 and 2, as shown in Fig.

7(a). It is clear that the input sources Vin1 and Vvinz Will transfer
power to the load R independently, and both input voltage
ranges of vini and vin, are larger than the output voltage Vo
according to Kirchhoff’s voltage law (KVL).

Realization of configuration I-11A: For this configuration,
converters 1 and 2 can employ a buck or boost converter.
Similar to the configuration I-1 case, we employ buck
converters for converters 1 and 2, as shown in Fig. 7(b) shows
configuration I-11A. Here, converters 1 and 2 share the power
provided by the input source vin1. The range of vins is higher than
output voltage Vo, while the range of vin, must be lower than

output voltage V, according to KVL.
TABLE |
POssIBLE CHOICES OF BASIC CONVERTERS FOR DISO CONVERTERS WITH
BOTH INPUT PORTS SUPPLYING POWER UNIDIRECTIONALLY

Configuration Converter 1 Converter 2
I-1 any any
I-11A Buck or Boost Buck or Boost
1-11B Buck or Boost Buck or Boost
1-11B Buck or Boost Buck- Boost
11-11B Buck or Boost Buck or Boost
11-11B Buck- Boost Buck- Boost
1-1IF Buck or Boost Buck or Boost
1-11F Buck- Boost Buck- Boost
S, L, S, L, Vin2
Vnz{ Dz% D,
S Ly S; Ly
V.H1W\ C = R||vo le.|. »\q[% C = R||Vo
@11 (b) I-NA
S, L, S; L,
Vinz Dz% D.x
S; Ly | | Sy Ly
Ving D% CcER[|v Vo “;'I:i:: D, ciLrllve
() I-11B ) n-n (&) II-IIF

Fig. 7. Possible implementations for DISO converters with two input
ports supplying power unidirectionally.

Realization of configuration I-11B: Two implementation
cases are possible. In the first case, converters 1 ad 2 may
employ a buck or boost converter. In the second case,
converters 1 and 2 are both a buck-boost converter. Suppose
converters 1 and 2 are buck converters. In a likewise manner,
we obtain a new DISO converter, as shown in Fig. 7(c), where
converters 1 and 2 share the power provided by the input source
Vin1. Both input sources vin1 and vinz provide power to converter
2. From KVL, the range of vin1 is higher than output voltage V,
and the range of vin, is larger than zero.
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Realization of configuration I11-11B: The implementation
possibilities of this configuration are same as configuration
I-11B. A specific example is given in Fig. 7(d), where both
input sources Vin1 and vinz provide power to converters 1 and 2.
Similar to the case of configuration I-11A, the range of vin is
higher than output voltage V,, and the range of vin, must be
smaller than output voltage Vo.

Realization of configuration Il1-11F: The implementation
possibilities of this configuration are same as configurations
I-11B and II-11B. As mentioned before, we can employ buck
converters for converters 1 and 2, as shown in Fig. 7(e), where
input sources Vin1 and vinz are connected in series. Consequently,
the sum of input sources vin1 and vinz must be higher than output
voltage Vo.

B. Control Methods

For a DISO converter with out battery, the distribution of the
input power from the two sources to the output load is a key
design issue, and the type of the load is considered as a crucial
control specification. For voltage-type loads, a voltage loop is
designed to control/regulate the output voltage, whereas for
current-type loads, a current loop is set up to program the
output current. Thus, the usual control objectives of a DISO
converter are to regulate the output voltage or current, and to
achieve a specific power flow distribution from the two input
sources. The control methods of DISO converters can be
developed in the light of these two objectives, as detailed in the
following subsections.

For voltage loads (i.e., loads requiring regulated voltage), a
voltage loop is first required to regulate the output voltage
under possible fluctuations of the input sources. Then, another
current loop or voltage loop is needed to achieve the required
power flow distribution, the specific design being dependent
upon the type of the input sources. Specifically, a current
(voltage) loop is needed to control the input power from one of
the input sources if it is a voltage (current) source. This is
because the input power of a voltage (current) source can only
be controlled by regulating the input current (voltage). Once the
input power from one input source is determined, the input
power from the other source is automatically defined since the
total output power has already been determined by the first
control loop that regulates the output voltage or current.

For current loads (i.e., loads requiring regulated current), a
current loop is first required to regulate the output current. Then,
another current loop or voltage loop is needed for defining the
power flow distribution, depending upon the type of the input
sources, as discussed above.

It should be noted that this control strategy including two
independent control loops is generic. Since one simple power
converter is theoretically capable of performing only one
specific control function via adjusting its power flow (with duty
cycle as the control variable). Thus, results based on the use of
this control method are expected to be generally applicable. For
specific applications requiring the use of more advanced
control [23], double-loop or multiple-loop control can be
designed to achieve more complex control objectives [8].

From the afore-described analysis of DISO converters, we
see that the types of sources and loads play crucial roles in
determining the control methods and the ultimate
characteristics. In the following, we illustrate a case where the

input ports are voltage sources and the output port provides a
regulated voltage. Other cases can be studied in a likewise
manner, and detailed are therefore omitted here.

C. Efficiency Analysis

Let #1 and . be the efficiencies of converters 1 and 2,
respectively. Suppose the ratio of the input power coming from
the two input sources is k :1 —k. Also, the input power from
converterl is split at a ratio of r to 1 —r before being further
processed; likewise the input power from the converter 2 is split
at a ratio of fto 1 —f. The efficiencies of the five configurations
can be obtained, as tabulated in Table 11. We will show that an
appropriate distribution of the power of converters 1 and 2 is
crucial to optimizing the overall efficiency of the DISO
converter. Also, a higher efficiency can be achieved at the
expense of degraded control functions as the converters would
only be partially controlled if the amount of power being

processed is dictated by the efficiency optimization.
TABLE Il
EFFICIENCY OF DISO CONVERTERS

Configuration Efficiency

I-1 k1771+(1_k1)’72

I-NA ko[, + Q= 1)m, ]+ A-k,)n,
I-11B k3[r2771+(1—r2)772]+(1— k3)772
-8 K, [nm +A-r)n, ]+ A-k)[fm + Q- f)n,]
-1IF ks[r4771 + (1_ I'4)772] + (1_ ks)[ f2’71 + (1_ fz)nz]

For configuration I-I, from Fig. 7(a), denoting the average
currents of Ly and L as 1.1 and Ipo, respectively, the average
output current I, equals the sum of 15 and 1.2. Then, the ratio
parameter ki can be obtained as

I, -1
k1: o L2 (1)
IO
For configurations I-1lA, from Fig. 7(b), denoting the
average currents in switches S; and S; as lsi and sy,
respectively, the ratio parameters ko and r; are given by
k :VtJIo_VinZILZ = sy :VO(IO_ILZ)
’ o Volo_vinZILZ

2
Volo ISl+ISZ ( )
For configuration I-11B, from Fig. 7(c), the ratio parameters
ks and r, are given by
Vin2|L2 r :(Io _ILZ)(Vinl +Vin2)
Io (Vinl +Vinz) 2 (Vinl +Vin2) Io'vin2 | L2
From (1), (2), (3) and Table I1, we can see that configurations
I-11A and I-11B have a higher efficiency than configuration I-1
only if 72> n1.
For configuration I1-11B, from Fig. 7(d), the ratio parameters
ks, r3 and f, are obtained as
-V, V-V, )(1,-l -
k4:Vo|o V|n2|o , r3 =( 0 |n2)( o) L2): Io ILZ :fl (4)
Volo Volo-vinzlo Io
For configuration II-11F, from Fig. 7(e), the ratio parameters
ks, rs and f, are given by
V. I I
ks= o , 1=f,= S =t ®)
Vinl +Vin2 |51+ISZ Io
Thus, from (1), (4), (5) and Table I, if 71> 5, and k<, or if
m< n2 and k > r, configurations I1-11B and I1-1IF have a higher

k,=1- (3)
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efficiency than configuration I-1. Thus, the overall efficiency
can be optimized by ensuring an appropriate distribution of the
power of converters 1 and 2. Moreover, we should stress that
efficiency and control performance are conflicting
requirements, and a higher efficiency is achieved at the expense
of degraded control functions, as explained previously.

D. Power Flow Distribution

As mentioned before, the power flow distribution of a DISO
converter is crucial for efficiency and control optimization. For

ease of description, we take the five converters presented in Fig.

7 as examples. For configuration I-1, we have
Viilst +Vils, =V 1, (6)
In the steady state, we have

VO
ls; = Donalis Dong = V_ (7
! inl
where Dona is the duty ratio of S; Then, from (6) and (7), the
input powers (P1 and P2 ) of converters 1 and 2 can be obtained
as follows:

Plz\/in1|51=Vu(|o_|L2)' P, =Vipls =V, 1, (8)

Likewise, we can obtain the power equations of other four

configurations, as given in Table II.
TABLE lIl
POWER EQUATIONS OF DISO CONVERTERS

Tables IV and V show the current stresses for CCM and DCM
operation, where lp; and Ipz are the current stresses of S; and Sy,
respectively. The voltage stresses are summarized in Table VI,
where Vs and Vs, are the voltage stresses of S; and Sy,

respectively.
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Fig. 8. Simulation results of input power versus l,. (@) P; of
configurations I-1, I-1IB, 1I-1IF; (b) P, of configurations I-1, I-1IB, lI-1IF; (c)
P, of configurations I-1IA and II-11B; (d) P, of configurations I-1IA and
1I-11B.
2

Configuration Py P2
-l P=V,(,-1,) P,=V,1,
-lIA P =V, (lg +1s) P, =Viule
I-IIB R =Viu(s +1g) P, =Viels
I-11B P =V, (lg +1s) P, =Viul,
1-1IF P1:Vin1(|51+|32) P, :Vin2(|51+|s2)

The plots of power versus I, are shown in Fig. 8 using the
following set of circuit parameters: Vinn =48V, V=30V, I, =1
A. It is noteworthy that Vin, = 24Vfor configurations I-11A and
I1-11B because of the restriction of Vi, and for configurations
I-1, I-11B and I1-11F, we choose Vin, = 36V for the simulation.

As shown in Figs. 8(a) and (b), configuration I-1 has the
largest input power ranges of P; and P, among the three
configurations. Configuration I-11B has smaller power range
than configuration I-1 (17.1-30 W and 0-12.9 W, respectively),
and input powers Py and P, of configuration Il-1IF are kept
constant (17.1 W and 12.9W, respectively). Hence, for
configuration Il-11F, the distribution of input powers P1and P,
cannot be controlled because the two input ports are in series
transferring power to the output port. Compared with
configuration I1-11B shown in Figs. 8(c) and (d), configuration
I-1lA has a larger input power range, and the distribution of
input powers of P; and P, cannot be controlled for
configuration 11-11B because the two input ports transfer power
to the output port through both converters 1 and 2.

E. Switching Stress

Switching stresses include current stress and voltage stress.
Since the current stress is different when the converter works in
different operating modes, namely, continuous conduction
mode (CCM) and discontinuous conduction mode (DCM), we
will present the current stress of the switch in CCM and DCM.
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Fig. 9. Simulation results of current stresses lp; and lp; versus ;. () lps
of configurations I-1, I-11B and II-1IF in CCM; (b) lp; of configurations I-I,
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TABLE IV
CURRENT STRESS OF S; AND S;IN CCM

Current stress

Configuration

Converterl Converter2
-1 1. = 2Vin1L1|L1 +Vo (Vinl _Vo)T 1. = 2Vinz Lzle +Vo (Vinz _Vo)T
- P1 P2
zvinlLi 2Vin2|‘2
I-11A |, = Ninlylyy +Vo (Vinl _VO)T | — Vbl + (Vo 'Vinz)(vinl"'vinz _Vo)T
- P1 P2
zvinlLi 2Vin1L2
1-11B | = 2Viﬂll‘llLl Vo (\/inl _Vo)T | — 2(\/in1+vin2)L2|L2 Ve (\/in1+vin2 -V )T
- p1 P2
zvinlLi 2(Vin1+Vin2> L2
” ”B 1., = ZvinlLllLl + (Vo -Vinz)(vin1+vin2 _Vu )T 1. = 2Vin1L2|Lz + (VD -Vinz)(\/in1+Vin2 —VD)T
- P1 P2
2Vinll‘i 2Vin1L2
N-11E .. = 2(\/in1+vin2)L1|L1 +Ve (Vin1+vin2 _Vo)T | — 2(Vin1+Vin2)L2|L2 Ve (Vin1+vin2 -V )T
- P1 P2
2(\/in1+vin2)|‘l 2(\/in1+vin2)|‘2
TABLE V
CURRENT STRESS OF S; AND S,;IN DCM
Configuration Current stress
9 Converterl Converter2
1-1 Ip1 _ 2(Vin1 _Vo)voTlLl IP2 — 2(Vin2 _Vo)VoTILZ
Vi d Vi
I-11A |Pl = M |Pz = ’2(\/in1+vin2 7Vo)(Vo-Vin2)TIL2
Vin1L1 \] Vin1L2
I-IIB 1y = [PV Vool - [20V, Vs ~VV,TI,
Viuby Vo MtV L
1-11B 1= [0V Vi Vo) Vo -Vino ) Thy = [20Vi+Vir ~Vo) Vo Vi) T
& VinlLl " \] Vin1|‘2
H-IF = |2(Vins HVins =V VT, I, = IZ(VM‘FVM2 -V VTl
Pl p:
\I (Vinl +Vin2)L1 V (Vinl +Vinz) LZ
I-IIB and II-IIF in CCM; (c) le, of Configurations I-1, I-11B and II-IIF in DCM; - exploited, and it also has the lowest switching stress among the
(d) sz of configurations I-l, I-IIB and II-lIF in DCM; (e) lpy of

configurations I-11A and II-11B in CCM,; (f) Ip, of configurations I-IlA and
11-1IB in CCM; (g) lp:1 of configurations I-IlA and II-IIB in DCM; (h) Ip, of
configurations I-Il1A and II-1IB in DCM.

Current stresses of a DISO converter operating in CCM and
DCM can be found for given sets of circuit parameters: (1) Vin
=48V, Vinp =36V, V, =30V, I, =1A, T=20 s, L1 =L, =300
pH for CCM, L1 = L, = 100 pH for DCM; (2) Vint = 48V, Vinz =
24V, V=30V, I, =1A, T =20 5, L1 = L, = 300 pH for CCM,
L1 =L, =100 pH for DCM.

Parameter set (1) is used for configurations I-I, I-11B and
I1-11F, and parameter set (2) is used for configurations I-11A and
[1-11B. Fig. 9 shows the current stresses of S; and S, of DISO
converters operating in CCM and DCM.

From Figs. 9(a), (b), (c), (d) and Table VI, comparing with
configurations I-11B and 11-11F, configuration 1-1 has the lowest
current stress for both DCM and CCM, as well as the lowest

voltage stress. Compared with configuration I-1IA,
configuration I1-11B has lower current stress in S; for both
DCM and CCM.

F. Note on Applications

From the foregoing simulation and analytical results, we may
summarize the general application areas of the five
configurations. In short, configurations I-1, I-11A and I-11B can
be used in applications where multiple input sources or wide
ranges of input power are needed, such as in hybrid systems of
distributed generation and delivery via power grid [24]-[26].
Furthermore, configuration I-1 has the highest power efficiency
if the difference in efficiencies in the two converters is properly

three configurations. Thus, configuration I-I is the optimal
choice in application areas where wide ranges of input power,
high efficiency or low switching stress are needed. Also, since
configurations 11-11B and I1-11F have constant input power, they
can be used for applications where control of power distribution
is less critical such as in interleaved paralleled converters for
reducing the input current ripple [27].

TABLE VI
VOLTAGE STRESS OF S; AND S;
Confiauration Current stress |
9 Converterl | Converter2
I-1 Vo =Viu Vs =Viny
I-11A Vo =Viu Vs =Viu
1-11B Vs1 :le Vsz :V|n1+Vin2
1-11B Vs =Viny Vso =Vin
1-11F Va1 =Vir Vi Vs =Vin tVin

IV. COMPARISON OF DISO CONVERTERS WITH ONE INPUT
PORT CONNECTED TO A BATTERY

A. Possible Choices

In Fig. 6, four possible configurations of DISO converters
with a battery connected to an input port are presented. Each
configuration is composed of two basic switching converters.
Converter 1 can be either buck or boost converter, and
converter 2 should be a bidirectional converter. Due to the
bidirectional characteristic of converter 2, configurations I-11A
and I-11IB are equivalent. Hence, only three configurations
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exist for DISO converters with a battery connected to an input
port. The possible choices of converters 1 and 2 are
summarized in Table VII. Moreover, both converters 1 and 2
can also employ some transformer isolated converters or
bridge-based converters to cater for high voltage and high
power applications. Then, we can also construct DISO
converters with a battery connected to an input port, as shown
in Fig. 10. For illustration, the buck converter has been used
here for implementation of converter 1, and a bidirectional
buck-boost converter has been used for implementation of
converter 2.

B. Control Methods

From Fig. 5, we can see that input port is the main power
source, and the battery serves as the back up power source.
Hence, for this DISO converter, there are two key design issues.
First, the output port is needed to supply regulated voltage or
current. Second, the battery should be charged or discharged
appropriately. A voltage loop is first required to regulate the
output voltage under possible fluctuations of the input sources.
Then, according to the input power and output power, the
bidirectional converter is used to charge the battery or to power
the load. If the battery is supplying power to the load, the
control method is the same as described in the previous section.
However, if the battery is drawing power (being charged),
constant output current is designed when the battery is not in
full state, and constant output voltage is designed when the
battery is fully charged. It is worth noting that if the input port is
connected to a solar power source, maximum power point

tracking (MPPT) should be incorporated in the control system.
TABLE VII
POSSIBLE CHOICES OF BASIC CONVERTERS FOR DISO CONVERTERS WITH
A BATTERY CONNECTED TO AN INPUT PORT

Configuration Converter 1 Converter 2

I-11A Buck or Boost Bidirectional Buck-Boost Converter
I-11B Buck or Boost Bidirectional Buck-Boost Converter
I-111A Buck or Boost Bidirectional Buck-Boost Converter

C. Efficiency Analysis

From Fig. 6, there are three power transmission loops. First,
the input port transfers power to the output port. Second, the
battery port stores (draws) power from the input port. Third, the
battery port discharges power to the output port. For
configuration 1-11B, both converters 1 and 2 (two converter
stages) are needed to discharge power from the battery port to
the output port. For configuration I-111A, both converters 1 and
2 (two converter stages) are also needed to transfer power from
the input port to the battery port. However, for configurations

I-11A, only one converter (converter 1 or converter 2) is needed
to transfer or store power among the three ports. As discussed
previously, it is easy to see that the efficiency of configuration
I-11A is higher than that of configurations I-11B and I-111A.
Efficiency analysis can be further discussed as follows.

Let #3 and 54 be the efficiency of converters 1 and 2,
respectively. Suppose the ratio of the input power splitting to
the battery and to the load is a: 1-a. Also, the ratio of the input
power coming from the input port and the battery is g: 1-5.
Likewise, the ratio of the charging time to the discharging time
for the battery is y: 1-y. The efficiencies of the three
configurations can be obtained, as tabulated in Table VIII.

TABLE VI

EFFICIENCY OF DISO CONVERTERS WITH A BATTERY CONNECTED TO AN
INPUT PORT

Configuration Efficiency

1-1IA on, +1-a)n,1+ A=) Bn, + 1= P)n,]
1-11B rlon, +A-a)n,1+ A= )Bn, + (L= Bnan,]
I-1IA ran, + A=), ]+ Q- 1) [Bn; + (1- Bn,]

From Table VIII, the difference in the efficiency between
configurations I-11A and I-11B can be obtained as
AR, =(1-y)A-A)QA-n)n, (9)
and the difference in efficiency between configurations I-11A
and I-111A is obtained as
AP, = y(1-a)d-m;)n, (10)

From (9) and (10), we can see that configuration I-11A has
the highest efficiency than configurations I-11B and I-111A, and
the larger the value of £ and y, the closer the efficiency between
configurations I-11A and I-1IB. This means the efficiency of
configuration I-11B is expected be much higher with less
discharging time and discharging energy. Moreover, the larger
the value of o or the smaller the value of y, the closer the
efficiency between configurations I-11A and I-1l1A. Thus, we
see that the efficiency of configuration I-111A becomes much
higher with less charging time and charging energy.

From the foregoing analytical results, we may conclude that
configuration I-11A is the optimal choice in application areas
where high efficiency is needed, such as in hybrid distributed
power systems [28], [29].

V. EXPERIMENTAL VERIFICATION

To verify the analysis and simulation results given above,
experimental measurements of a DISO converter with both
input ports supplying power unidirectionally are performed
with the same circuit parameters as listed in Section I1l. We
choose the circuit of Fig. 7(a) for the purpose of illustration. Fig.

81 Ly S1 Sl Ly
Vin = Dl% C:+R lIIVD Vin == D, Ci+ R||Vo Vin == Dl% C:+R lIlV0
S4 55
L, S L, Ss
Veat LC,L SZ%| VBat == Veat ==CoL S;
@ I-1A (b) 1-11B © I-1IA

Fig. 10. Possible implementations for DISO converters with a battery connected to an input port
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11 shows the schematic of the circuit. The control loops consist
of a voltage loop which uses a amplifier LT1357 and a
comparator LM319 for regulating the output voltage, and a
current loop that employs two amplifiers LT1357 and a
comparator LM319 for distributing the output power. Also, the
output of amplifier LT1357 and sawtooth voltage Vsw are
applied at the input of the comparator LM319 to generate
control pulses for switches S; and S. It is should be noted that
the two sawtooth voltages Vsaw 0f the voltage and current loops
are provided from the same source to keep the synchronization
of the control pulses. Furthermore, IR2125 is the driver IC.

IRF540 300pH Rs
1¥1 —
R: R3
Vino= 7N MBR320
R, ? R4
|E2115
<
LM310 LT1357
IRF540 300uH
11
] Rs
Vi == /N MBR320 150uF = 309
Re
IRZE

LM319 LT1357

Fig. 11. Schematic of experimental DISO converter [Fig. 7(a)]

Fig. 12 shows the waveforms of inductor current, output
voltage and sawtooth voltage Vsaw with the reference currents
set at 0.5 A and 0.3 A. From Fig. 12, we see that the inductor
currents are effectively regulated to achieve the required power
distribution, and the output voltage is stable.

L]

”""\.,MMW"WW

Vo

L
| Veaw

10us/div t/us
(@

Sy/diV 20V/div 500mA/div 500mA/div

5V/div 20V/div 500mA/div 500mA/div

10us/div tlus
(b)

Fig. 12. Experimental results of DISO converter. (a) I,z is 0.5A; (b) I, is
0.3A

Fig. 13(a) shows the variation of k against I ... Here, we see
that k decreases with the increase of I, for configurations I-1,
I-11A and I-11B, and Kk is kept constant for configurations I1-11B
and II-1IF. Figs. 13(b) to (f) compare the efficiency of the
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Fig. 13. Possible implementations for DISO converters with a battery connected to an input port
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various configurations versus .2, with I 2 varying from 0 to 1 A,
where 7rer in Figs. 13(c) to (f) is the efficiency of configuration
I-1 shown earlier in Table I1.

From Fig. 13(b), we can see that when 1., increases (i.e., k
decreases), the efficiency is determined by the relationship
between 1 and #2. Thus, if 1 and 7, are higher, the overall
efficiency is higher, and vice versa. When I, is 0.5 A, the
efficiency reaches a maximum because of the maximum
weighted average of #; and #.. From Figs. 13(c) and (d), we
observe that only if 72 > 1, the overall efficiency is higher than
nrer. Also, from Fig. 13(e), we see that the overall efficiency is
higher than #er only if 72< 1 and Iz increasesto 0.7 A (i.e., k
< r). Also, from Fig. 13(f), we see that when 7, > 51 and I,
increases to 0.5 A (i.e., k > r), the overall efficiency is higher
than nrer. In conclusion, the efficiency analysis results agree
with the analytical results presented in Section I11.

For the DISO converter with a battery connected to an input
port, we illustrate a case where converter 1 is a buck converter
and converter 2 is a bidirectional buck-boost converter using
the following set of circuit parameters: Vin =150V, Vex =48 V,
Vo=100V, I, = 2A.

Figs. 14(a) to (c) show the variation of y against the
efficiencies of the three configurations. Here, we see that
configuration I-11A has a higher efficiency than configurations
I-11B and I-111A. Figs. 14 (d) to (f) compare the efficiencies of
the various configurations versus g and «. Here, it can be seen
that when p increases, the efficiency of configuration I-11B is
close to that of configuration I-11A, and when « increases, the
efficiency of configuration I-I1IA is close to that of
configuration I-1lA. In conclusion, the efficiency analysis
results are consistent with the analytical results presented in
Section 1V.

VI. CONCLUSION

A systematic procedure based on power flow graphs has
been derived for generating double-input single-output
converters. Control methods are discussed, considering that the
two input ports can be connected to a voltage source or current
source and the output port can be connected to a load requiring
regulated voltage or current. Taking the DISO converter with
two voltage sources and one voltage load as an example,
efficiency analysis, power distribution, and switching stress are
discussed. We have demonstrated that power distribution and
efficiency can be optimized for specific applications. In
particular, the overall efficiency of DISO converter can be
improved by controlling the power flow distribution. In
practice, by biasing a higher power flow to an efficient
converter, the overall efficiency of a DISO converter can be
enhanced. In addition, for the special case a battery that exists
in DISO converter, possible for converter, control method and
efficiency are also been investigated, the analysis results shows
configurations I-11A is a optimal choice in application areas
where high efficiency are needed, such as in hybrid distributed
power systems. Our study here provides a comprehensive
guideline for synthesizing circuits and designing the power
stages to achieve optimized overall efficiency.
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