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A B S T R A C T   

In this paper, the contemporary development in multiple input dc-dc converters are identified and examined. The 
quest to mitigate the difficulties associated with employing renewables in distribution systems and electric ve
hicles (EVs) has yielded many new converter topologies. These new topologies have easier control, lower parts 
count, are cheaper and are worthy alternatives to the typical series or parallel connection of converters. The 
converters are identified by three divisions that bother on the isolation between the respective ports. The 
electrically connected converters do not have isolation between the ports, and thus, a dc link connects the ports. 
Electromagnetically connected converters use a dc-link to connect input ports, but the input ports and output 
port are isolated. In magnetically connected converters, input ports are separated by multiple winding trans
former, just as the output port is isolated from the input ports by the winding. The formation, structure, char
acteristics, operation, merits and demerits of the converters will be presented. Thereafter, comparisons will be 
done based on the distinct features of the converters. This review identifies that converter properties depend on 
the specific application requirement and thus, no converter fulfills all demands in the industry. Prospective future 
research trends are suggested. This work aims to update on research done during the time gap since the last 
comprehensive reviews.   

1. Introduction 

Recent developments have seen an unprecedented increase in efforts 
targeted at promoting, developing and managing renewable energy (RE) 
sources. Reasons for these are not far-fetched. Conventional energy 
sources (fossil fuels) have been classified as agents of environmental 
pollution and degradation, global warming, and greenhouse effect. 
These are mainly caused by gases emitted by the burning of these fossil 
fuels. This gas emission has aggravated the demand by environmental
ists for definite action to mitigate the effects of fossil fuels on the envi
ronment. This intent to reduce emissions has led to the inevitable 
employment of RE sources for power generation. 

In the transportation sector, conventional motor vehicles also pose 
challenges of environmental pollution and global warming. Ecological 
data sources in the United States reveal that transport-related machinery 
accounts for more than a quarter of the global warming emission gases 
[1]. The advent of the hybrid electric vehicle (HEV) has come to the fore, 
aiming to ameliorate transportation induced gas emissions. In HEVs, the 
use of multiple energy sources has been targeted to reduce operation 
cost and increase vehicle efficiency. RE sources have been identified as 

free, clean, and having low long-term maintenance costs. Despite the 
advantages offered by RE sources over fossil fuels, the former face 
challenges that continue to limit their application. Three scenarios 
highlight the importance of multi-input converters. Firstly, most RE 
sources typically have been found to possess low output voltage. This 
peculiarity hinders their application in hybrid systems where there is 
need for high voltage at the inverter level. Secondly, the stochastic na
ture of some variable RE sources implies unpredictability and incon
sistency in quantity, reliability, and availability in the process of power 
generation. Thirdly, there are limits to the slew rate of some sources and 
storage devices like the fuel cell, batteries, and supercapacitor. 

A panacea to these challenges is the combination of two or more RE 
sources and has given birth to the multi-input DC-DC converter. The 
general structure of a multiple input converter has been illustrated in 
Fig. 1. In the structure, instead of individual energy sources having their 
specific DC-DC converter, the routing is such that, all the input sources 
are directed to a common converter. In this condition, control of the 
input and output variables is central thereby reducing cost. 

Structurally, converters can be identified by their isolation type. 
They could be either be isolated converters or non-isolated converters 
[2]. Isolation employs a transformer winding to transfer energy to the 
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output stage from the input stage. The increased number of inputs result 
in a multi-winding transformer, which uses phase angle and inductance 
by dispersion to control the respective inputs. The voltage induced in the 
secondary winding is an aggregate of fluxes produced by individual 
primary windings. The application of multi-winding transformers pro
vides galvanic isolation that reduces the probability of shock. There are 
also advantages of high voltage gain, voltage matching, reduced ratings 
for semiconductors’ current/voltage, and good noise filtering. Unfor
tunately, the inclusion of transformer windings causes the converter 
designs to become difficult, bulky and more expensive. Besides, there 
are challenges associated with complex control requirements and high 
semiconductor count [3]. 

In non-isolated converters, the input stage and the output stage do 
not have isolation between them. Hence, they do not require a trans
former winding. There is a common ground shared by the power ports. 
Some advantages of non-isolated multi-input converters are high power 
density, low cost, relatively easier control and smaller size [2]. 

This review paper aims to present the state-of-the-art for multi-input 
DC-DC converters in which RE sources are applied. Multi-input con
verters have been reviewed in several publications. Earlier reviews 

done, focused on the multi-input converters as applied in HEVs [1] and 
grid integration [2,4]. The review done in Ref. [5] covered the signifi
cant topologies at the time it was published (2015). However, the au
thors did not exhaustively scrutinise recently developed topologies. The 
review in Ref. [3] had covered up until 2016. There is a considerable 
time gap during which new topologies have been proposed. Thus, an up 
to date review is necessary to provide invaluable information to pro
spective researchers and designers. This paper builds majorly on the 
work done in Refs. [3,5]. In this work, the authors aim to present and 
analyse the current techniques for developing RE source based 
multi-input converters. The study focus is on converters capable of 
serving in HEV drive train and/or power generation for standalone or 
DC microgrids. Analyses of the converters are based on isolation, source 
utilisation, bidirectional operation, voltage gain and output port char
acteristics. The synthesis and utilisation of the multi-input converters as 
presented in this study, will advance power electronic designers and 
researchers’ efforts to achieve optimally operating multi-input con
verters in HEVs and RE systems. 

List of abbreviations 

AC Alternating Current 
DC Direct Current 
EV Electric Vehicle 
FC Fuel Cell 
FCBB Forward-conducting bidirectional-blocking 
HB Half Bridge 
HEV Hybrid Electric Vehicle 
kW Kilowatt 
LC Inductor-capacitor 
LLC Inductor-inductor-capacitor 
MIMO Multi-input-multi-output 
OFC Output filter cell 
PCSC Pulsating current-source cells 

PSC Pulsating source cell 
PV Photovoltaic 
PVSC Pulsating voltage-source cell 
PWM Pulse Width Modulation 
RE Renewable Energy 
SC Switched Capacitor 
SISO Single-input-single-output 
SPTT Single-pole-triple-throw 
UC Ultracapacitor 
VM Voltage Multiplier 
Vout Output Voltage 
VTR Voltage Transfer Ratio 
ZCS Zero Current Switching 
ZVS Zero Voltage Switching 
ZVT Zero Voltage Transition  

Fig. 1. A representation of unidirectional operation of multi-input DC-DC converter supplying a microgrid using RE sources.  
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2. Magnetically connected multi-input converters 

The inadequacy of conventional isolated converter like the flyback 
and forward converters is stemmed in the fact that they are only suitable 
in low power requirements. In applications like RE generation and HEV, 
converters like these, cannot satisfy the medium or high voltage and 
power density requirements. 

2.1. Multi-input converter with buck-boost configuration 

Some of the earliest isolated multi-input converters [6] takes the 
form of a converter having a buck-boost configuration. The two func
tions of the isolating transformer are to act as an inductor for the con
verter and to produce aggregate fluxes for the respective input sources. 
This converter has three operating states. In the first state, switch, S1 
turns on, S2 is off, and V1 charges the inductor, L. The inverse occurs for 
the switches in the second state as S2 is on, S1 is off, and V2 charges the 
inductor. During the first two modes, the load is serviced by the output 
capacitor as there is no transfer of power to the output stage from the 
input stage. In the third operating state, both switches are turned off, 
and neither V1 nor V2 charges the inductor. Thus, power is delivered by 
the inductor to the load. For this converter, the output voltage, Vout is 
given as: 

Vout =
D1

N1(1 − D1 − D2)
V1 +

D2

N2(1 − D1 − D2)
V2 (1)  

where N1 and N2 are the number of turns for the transformer input 
windings, D1 and D2 are the respective duty ratios of S1 and S2, and V1 
and V2 represent the voltage of the respective input sources. 

The initial converter used two DC sources as input. A significant 
weakness of this converter is the absence of optimal source utilisation. 
Simultaneous power delivery to the load by the two sources is not 
feasible. The forward conduction of the diodes limited this converter to 
unidirectional operation. However, the simple control technique implies 
that soft switching is absent. At very high frequency, hard switching 
result in device stress, electromagnetic interference and energy losses in 
stray inductor and capacitor. These losses impact negatively on the ef
ficiency of the converter. Implementation of soft switching reduces the 
switching losses thereby improving the efficiency of the converter. With 
regards to control complexity, hard switching operation do not involve 
any extra control circuitry or auxiliary circuit. Soft switching involves 
auxiliary switching circuitry. Hence, the control of soft switched con
verters is more complex. In Ref. [7], the authors investigated the control 
and boundaries of stability for the converter. Proposed modifications in 
Ref. [8] combined a photovoltaic (PV) panel input and a commercial 
alternating current (AC) line. The ac line meant that a power factor 
corrector was included. The proposed topology in Ref. [9] added the 
battery recharge capacity and three input sources. 

2.2. Multi-input full-bridge and half-bridge converter 

The principle of flux additivity has been applied in Ref. [10] where 
dual current fed converters serve at the input, and a different full-bridge 
diode rectifier served at the output stage. The structure is shown in Fig. 2 
and can accommodate numerous input sources. The converter operation 
is such that control is achieved by phase-shifted pulse width modulation 
(PWM) with the duty ratio of the switches at 0.5. The driving signals of 
complementary switches on each half bridge (HB) leg are phase shifted 

Fig. 2. Flux additivity based multi-input full bridge converter [10].  

A. Affam et al.                                                                                                                                                                                                                                  



Renewable and Sustainable Energy Reviews 135 (2021) 110186

4

by 180◦. At duty ratio other than 0.5, a current change will arise in the 
input inductor, thereby causing clamped zero-voltages in the windings. 
This will impede energy transfer from the primary winding to the sec
ondary winding. The output voltage VO is: 

VO =
N3

N1
V1 +

N2

N1
V2 (2) 

N1, N2, and N3 represent the number of turns for the transformer 
input windings, V1 and V2 are the voltages of the respective input 
sources. 

Despite the presence of soft switching as an advantage, the absence 
of a bidirectional port poses a drawback in the event of grid applications 
when batteries or HEVs serve as input sources. The presence of soft 
switching is evident in the zero voltage switching (ZVS) and zero current 
switching (ZCS) operations of the converter. There is zero-loss transition 
when the switches turn on or off. Excess energy in the grid (output) 
cannot be channelled to other use (input). Modifications in Ref. [11] 
achieved bidirectional functionality by including a full bridge with an 
inductor in the output port. In this way, battery can be charged by a fuel 
cell (FC) or the output port voltage. In this work, the insertion of ca
pacitors as connected to the high voltage side, reduces the fluctuation of 
the secondary winding voltage. A four-input converter was proposed 
based on the addition of windings and full-bridge rectifiers [12]. Four 
separate H-bridge input windings are applied to a high-frequency 
transformer in Ref. [13]. Suetomi et al., [14], attempted to better the 
soft-switching performance of the converter, by equipping the second
ary side of the input converters with series resonance tank. This con
verter was also used to validate the theory that the increment of number 
of input sources improves efficiency of the converter. The operation of 
the two input circuits in the converter resulted in higher efficiency at 
lower duty ratio. In Ref. [15], optimised two input full bridge converters 
are presented. Yang et al. [16], proposed the double phase shift control 
strategy for the two-input isolated full bridge converter. A critical 
drawback of full-bridge converters is complex control system associated 
with steep numerical values of devices and driving technology [17]. 

Half-bridge topology principles have been extended to multi-input 
converters. The half-bridge converter can be termed symmetric or 
asymmetric depending on how identical their switch driving signals are 
designed [17]. The advantage of bidirectional functionality is added in 
these proposed converters. 

2.3. Bidirectional multiport converter 

Isolated multiport converters with bidirectional functionality have 
been proposed and investigated. The classification as multiport implies 
that all sources can equally function as a load. The authors in Ref. [18], 
developed a group of bidirectional multiport converters by combining 
the magnetic coupling and DC-link functionalities. These converters 
boast of being low cost and simple. Another topology proposed [19] 
consisted of three half-bridges coupled by a transformer having high 
frequency and matching windings. 

The energy transfer is attained through inductors L1, L2 and L3. The 
inclusion of the boost HB implies that low input voltage sources can be 
used. The current-fed HB structure in port 3 of this converter is dis
similar to the voltage fed HB structure of the previous topology [18]. 
This connote that low current ripple can be accomplished in port 3 as the 
capacitor currents are reduced. The presence of soft switching is an 
advantage as the converter operated at high frequency thereby reducing 
switching losses. 

The output voltage is given as: 

V0 =
n3

n1
V1 +

n2

n1
V2 (3) 

Similar works are proposed in Ref. [20] with the authors imple
menting soft switching by use of snubber capacitors and transformer 
leakage inductance. In Ref. [21], emphasis is placed on the converter 

application for lamp ballasts. The half-bridge configuration has been 
modified to consist of three full bridges in Ref. [22]. 

Jakka et al. [23], investigated the extension of the dual-active bridge 
to an asymmetrical triple active bridge. A three-leg converter is added 
on the secondary side with full bridges attached to separate transformer 
windings on the primary side. An advantage of this structure is the 
absence of direct leakage impedance and consequently, less leakage 
power. Direct leakage impedance is the combination of the resistance 
and leakage reactance, that exist in the primary and secondary windings 
of the transformer. The drawbacks are a high number of semiconductor 
switches and complex control. 

The challenge associated with dual active bridge multi-port con
verters to achieve soft switching within wide power ranges is investi
gated in Ref. [24]. This topology introduces the application of a 
three-port inductor-inductor-capacitor (LLC) resonant converter. In this 
converter, each port has H-bridges with a resonant tank. The resonant 
tank consists of series resonant capacitor and inductor. 

In [25], the three port converter has bidirectional capability, and 
employed a series resonant configuration. Half-bridge configuration is 
used with a split DC bus for switching to minimise the number of 
switches. ZVS and ZCS conditions are achieved by means of an LLC 
resonant tank configured on each port. The topology is illustrated in 
Fig. 3. 

There are two modes of operation in each half-cycle. In mode 1, 
switches, S1 & S2 on the transformer primary side are turned on while 
switches S3–S6 on the secondary side are turned off. The freewheeling 
diodes of switches, S3–S6 stay on to ensure rectification. Under this 
condition, power is delivered from port 1 to ports 2 and 3. In the second 
operation mode, the switching sequence is reversed as switches S1, and 
S2 on port one are turned off, and switches, S3, S4, S5 and S6 are turned 
on. As in the first operation mode, there is rectification by the free
wheeling diodes on port 1 thus ensuring that power transfer occurs from 
port two and port three to port one. This topology has the advantage of 
simple control as switching at every instant involves only ports 
providing power. 

In [26], analysis was conducted on the power sharing operation. The 
model and rules have been established. In Ref. [27], the solid state 
transformer in the converter was modelled. 

Additional buck-boost stages to port one and port three have been 
implemented in Ref. [28], by adding more switching cells. In Ref. [29], 
the converter has been designed for medium voltage DC grids. 

In [30], the multi-element resonant tanks are configured in a 
series-parallel mode. In this converter, Cr and Lr are connected in series 
to a parallel pair of Cp and Lp. The converter achieved high efficiency. 
The drawback is the leakage inductor which causes adverse losses. In 
Ref. [31], the converter power coupling analyses was conducted. 

2.4. Double input full-bridge boost converter with multi-winding 
transformer 

In [32], the converter is a double input structure. Each input port has 
a current source formed by a boost inductor, prior to a full-bridge 
inverter. There are four transformer windings. They have equal turns 
number and ratio on the primary side. Another four-winding trans
former is sandwiched between two full-bridge rectifiers at the secondary 
part. The converter operation is in three modes. In the first operation 
mode, every switch in the input port is turned on. Boost inductors, L1 
and L2 are energized by the input sources. The diodes on the secondary 
are turned off, and the output capacitors serve the load. In the second 
mode, when switches S1 and S4 in input port 1, are turned on, the 
alternate pair of switches, S2 and S3, are turned off. The inductor, L1 
connects to the transformer windings through the conducting switches 
and diodes, D1, D4, D5, D8 conduct to serve the load. The third mode is 
same as the second mode except that components related to input port 
two are involved. In the second and third operating modes, simultaneous 
power delivery to the load is not feasible. In Ref. [33], the authors 
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performed more detailed analysis of the converter regarding common 
mode current attenuation, ground loop, magnetic integration and the 
mechanism for adding input sources. 

The output voltage equation for the respective input voltages is given 
as: 

Vo =V1
n

2(1 − D1)
(4)  

Vo =V2
n

2(1 − D2)
(5) 

In (4) and (5), n represents the transformer turns ratio, D1 is the duty 
ratio of switches in input port one and D2 is the duty ratio of switches in 
input port 2. Equations (4) and (5) also show that the there is no rela
tionship between V1 and V2 because input sources can only deliver 

power alternately. 
Other shortcomings of this converter include lower efficiency due to 

the large number of semiconductors and complexity of transformer 
design. 

Table 1 shows a summary of the properties of magnetically con
nected multi-input converters that have been reviewed. 

3. Electromagnetically connected multi-input converters 

3.1. Direct charge double input converter 

Several authors have investigated electromagnetic multi-input con
verters. The topology proposed in Ref. [34] can be termed as a direct 
charge converter due to the presence of the battery storage port on the 

Fig. 3. Multiport resonant DC-DC converter [25].  

Table 1 
Summary of magnetically connected multi-input converters.  

Converter Output Voltage S D L C Drawbacks 

Multi-input converter with buck-boost configuration [6] Vout =
D1

N1(1 − D1 − D2)
V1 +

D2

N2(1 − D1 − D2)
V2  

2 3 – 1 Simultaneous power delivery lacking 

Double input full-bridge converter [10] VO =
N3

N1
V1 +

N2

N1
V2  

8 12 2 1 Complexity of control 

Bidirectional multiport converter [18] V0 =
n3

n1
V1 +

n2

n1
V2  

6 – 2 7 No control for battery charging 

Bidirectional dual active transformer-based [23] 
Vo =

NRl

2fs

[
V1D13(1 − D13)

Lf1
+

V2D23(1 − D23)

Lf2

]
14 14 2 1 Large number of semiconductors 

Bidirectional LLC resonant converter [24] – 12 12 3 6 Large number of switches and diodes 
Multiport resonant converter [25] – 6 6 3 9 Power sharing challenges 
Three port bidirectional converter [22] – 12 12 – 1 Large number of switches and diodes 
Full bridge with multi-winding transformer [33] Vo = V1

n
2(1 − D1)

Vo = V2
n

2(1 − D2)

8 8 2 2 Low efficiency, high parts count 

S = switch, D = diode, L = inductor, C = capacitor 
RL = Resistance 

N1 = n1 = Number of turns for port 1 
N2 = n2 = Number of turns for port 2 
N3 = n3 = Number of turns for secondary winding 
D23 = Duty ratio of switches, S2 & S3 
Lf2 = Equivalent inductance 

D1 = Duty ratio of switch, S1 

D2 = Duty ratio of switch, S2 

D13 = Duty ratio of switches, S1 & S3  
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DC link. There are respective half bridges on both the primary and 
secondary windings. The converter can operate in double input and 
double output mode. In the double output mode, the PV input charges 
the battery while delivering power to the load. The converter has three 
modes of operation. Initially, switches S3 and S4 are conducting whereas 
S1 and S2 are non-conducting. In the first mode, S3 remains on, and S1 
turns on. S2 remains off, and S4 turns off. There is a positive voltage 
across the transformer. Second, S2, S4 are turned on and S1, S3 are turned 
off. The transformer has negative voltage applied. Third, S3, S4 are on, 
S1, S2 are off. There is zero voltage across the transformer. The output 
voltage is related to the input voltages as given: 

V2 =V1
d1

d1 + d2
(6)  

Vo = 2nd1V2 (7) 

In (6) and (7), n is the transformer ratio, d1 represents the duty ratio 
of switches S1 and S4, d2 represents the duty ratio of S2 and S3. VO is the 
output voltage, V1, V2 are the input voltages. 

This converter has an advantage of a low number of switches. V2 can 
be charged if replaced with a battery. It is impossible to charge source, 
V1 as a battery due to the presence of the diode. In Ref. [35], the con
verter is further extended to a family of converters that exhibit primary 
freewheeling, post regulation and synchronous regulation individually. 

3.2. DC link with magnetically coupled converter 

The DC-link with magnetic-coupling combination approach is 
further applied in Ref. [36]. While [18] presented and discussed the 
general principles for developing this family of converters, the converter 
in Ref. [36], investigated a topology applicable for FC and super
capacitor inputs. There are three HBs; two on the primary side (HB1 & 
HB2) and the third on the secondary side (HB3). HB2 and HB3 are 
configured to form a boost dual half-bridge. HB1 is bidirectional and 
connects the supercapacitor. There is an advantage of a smaller number 
of switches. The drawback is absence of soft switching in S1 and S2. 
Modifications in Ref. [37] proposed a mid-tapped transformer and 
expunged the capacitors C1 and C2. 

The secondary side half-bridge in Ref. [35] was moved to the pri
mary side in Ref. [38] to derive a boost-integrated full-bridge converter. 
Due to potential short circuit of battery, only alternate turn-on sequence 

is permitted for switches on the same leg. All switches have the same 
duty cycle. In Ref. [39], the authors investigated the ZVS properties of 
the combined boost and phase shift controlled full bridge converter. 

In [40], voltage multiplier (VM) cells are combined with interleaved 
inductors on each power port on the primary, as shown in Fig. 4. The 
secondary side used diode rectifier. Although high voltage conversion 
ratio is present, the large number of switches is a disadvantage. 

3.3. Tri-modal half-bridge converter 

The converter proposed in Ref. [41] can be classified as tri-modal 
half-bridge converters. There is a half-bridge source and an 
active-clamp forward source. There are three switches S1, S2 and S3. The 
topology is obtained by the inclusion of a free-wheeling diode and 
switch branch across the transformer. The switches have different duty 
cycles. The mode of operation is as follows. S1, S2 and S3 are turned on in 
mode one, mode two and mode three respectively. During mode 1, the 
primary side of the transformer receives a positive voltage. In mode 2, 
the voltage is reversed, and charge or discharge operation of secondary 
source can happen. In mode 3, the transformer receives zero voltage. 
This topology has advantages of soft-switching, marginally reduced 
switch stress, and battery charging possibility. The drawback is that 
control of the battery charge and discharge functionality is not present. 

Modifications in Ref. [42] replaced the connection point of capacitor 
C1 from the battery terminal to ground. This gives greater control of 
battery charge or discharge. The authors focused on the control, voltage 
and current regulation of the input, output and battery. In Ref. [43], the 
converter has been extended to include solar, wind turbine, and battery 
inputs respectively. 

3.4. Multiport converter with simultaneous power management 

The converter introduced in Ref. [44] is able to boost the input 
voltages and incorporate MPPT converter capabilities. The converter, as 
illustrated in Fig. 5 assimilates different RE sources like wind turbines, 
solar cells, and fuel cells. The converter has three operation modes along 
with boost converter capability. In operation mode one, the transformer 
primary winding adopts the voltage of C1 due to the turning-on of all 
switches and subsequent charging of all source inductors. Power transfer 
from one source to the output occurs in operation mode two when a 

Fig. 4. Electromagnetic high gain converter [40].  
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single switch is turned on with all others turned off. In operation mode 3, 
all sources can transfer power to the output when all switches are turned 
off. 

3.5. Three-level multi-input converter 

In [45], pulsating current-source cells (PCSC) are inserted at the 
respective inputs and integrated in a three-stage structure on the pri
mary side of the transformer. At the transformer secondary, the full 
bridge converter suffices. A half-bridge may be used in the secondary 
side also. The switching sequence is such that, S2 is turned off after S3 is 
turned on. After that, S4 is turned on, and S1 is turned off. When S1 and S2 
are turned on, the boost inductors, L1 and L2 begin charging and the 
output capacitor, Co feeds the load. When S1 and S2 are turned off, the 
inductor delivers stored energy to the load. 

While the converter has control over the output power of the input 
sources, in addition to existence of isolation between input and output 
ports, there is no control over battery charging. 

3.6. Multiport boost converter with isolated and non-isolated ports 

A converter that incorporated isolated DC port and non-isolated DC 
port was proposed in Ref. [46]. This was done by combining a modified 
half-bridge from Ref. [41] with a boost topology. The structure is 
depicted in Fig. 6. There are six operation intervals for this converter. In 
the first interval, M1 is turned on, D3 is forward biased and inductor L1 
charges. The input supplies the load. In interval 2, M1 is turned off, the 
body diode of M2 enables freewheeling of primary current. D3 conducts 
and L1 continues charging. PV unit and output capacitor deliver power 
to the load. In interval 3, freewheeling of primary current stops. D3 is 
reverse biased. The capacitor, Cbus serves the load. At interval 4, M2 is 
turned on. D1, D2 are forward biased. The battery is charged from C2 and 
PV input. L1 and C3 discharge to C1, C2. Output capacitor, Cbus serves the 
load. For interval 5, M2 turns off, body diode of M1 allow freewheeling of 

primary current, L1 discharges. Battery, C1, C2 are charged by PV input. 
Load is served by Cbus. In interval 6, D1, D2 are reverse biased after 
current freewheeling ends. Cbus serves the load. This topology has ad
vantages of ZCS operation on switches, and continuous input current. 

The converter in Ref. [47] had three parallel legs to add an AC output 
port to the existing isolated and non-isolated ports. This converter has 
three switching states. In switching state A, when switches S1 and S2 are 
turned on and S3 is turned off, capacitors C1 and C2 are charged. Inductor 
L1 discharges. In switching state B, S1 and S3 conduct, and S2 is turned 
off. The inductor continues discharging. C3 charges whereas C1 dis
charges. In switching state C, S2 and S3 are turned on, S1 is turned off. L1 
and C1 charge while C2 is discharged. 

3.7. Multiport converter with ZCS 

Nareshkumar et al. [48], proposed a converter that is current fed and 
attains ZCS by use of a resonant tank formed by the high-frequency 
transformer leakage inductance with a parallel resonant capacitor. 
There are five operating modes. First, S2 is turned on in addition to 
already conducting S1. D1, D2 are on, D3, D4 are off. Energy in Llk is 
delivered to load. Second, status of switches remains the same but S1 
current declines whereas S2 current appreciates towards resonance. 
Third, S1 achieves ZCS as its body diode allows reverse current con
duction. Fourth, D3, D4 turn on with S2 already on. Resonant capacitor, 
Cp, charges from inductor L1. Fifth, conducting elements are S2, D3, D4. 
V1 delivers energy to the load. 

Further modification by the same authors [49], included a series 
resonant capacitor and a 5-level inverter. The positive attribute of this 
converter is the low switch count. The downside is the complexity of 
control due to a combination of frequency modulation and duty ratio 
variations. 

Lin et al., [50], excluded the resonant tanks. However, the topology 
is extended to accommodate a four-port converter. The topology had 
two PCSC input sources followed by full-bridge configurations on the 

Fig. 5. Multiport converter with simultaneous power management [44].  

Fig. 6. Multiport boost converter with isolated and non-isolated ports [46].  
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respective low voltage winding and high voltage windings of the 
transformer. There is a large voltage transfer ratio (VTR) and soft 
switching. 

The advantage of a wide input voltage range is highlighted in 
Ref. [51]. The authors proposed a full-bridge three port converter. The 
absence of soft switching is a major drawback of this topology. 

3.8. Bidirectional converter with multiple combined battery storage input 
sources 

Karthikeyan & Gupta [52], investigated a combination of series 
connected battery storage as multiple inputs. The converter is bidirec
tional. The series battery storage is followed by a bridge stage on both 
windings of the transformer. For a three-input converter, the switching 
for charging and discharge of the battery storage inputs are further 
explained. The converter can operate in single input mode or combined 
input mode. For battery input 1 to operate in single input mode, S1, S5 
and S6 are turned on. Battery charging occurs when S5, S6 are turned on, 
and D1 is forward biased. When D5, D6 are forward biased, and S1 is 
turned on, the battery is discharged to the load. In the combined input 
state, the switching sequence causes the series connection of the inputs, 
thereby doubling the voltage in the primary side and resulting in higher 
transfer of power to the load. In order to operate a battery input in 
combination with another, the switch and anti-parallel diode in series 
with the desired battery input is turned on. To deliver power from all 
three sources, V1, V2, V3, switches S1, S2, S3 and diodes D1, D2, D3 are 
turned on. When S4 and D4 are turned off, V1 is excluded from the bat
tery combination. Thus, turning off the parallel switch and diode con
nected to each input source will prevent it from receiving or delivering 
power. The modification of the dual active bridge configuration attained 
reduced circulation power, peak stress and improved efficiency. The 
drawback is the increased semiconductor count as number of battery 
inputs increase. Sophisticated control is also a weakness. 

Table 2 shows a summary of the properties of electromagnetically 
connected multi-input converters that have been examined. 

4. Electrically connected multi-input converters 

4.1. Synthesis of electrically connected multiple input DC-DC converters 

Kwansinski [53], examined the possibility of transforming several 
traditional single input converters to multiple input converters. This was 
done by establishing four rules that could assist the designer in the 
realisation of the desired converter. Following these rules stringently, 
only buck and buck-boost converters can be transformed. Extension of 
other converter types becomes possible when the rules are modified. For 
example, the Cuk and single-ended primary inductance converter 
(SEPIC) were realized by applying time-multiplexing control. 

Liu & Chen [54], introduced a construct for the pulsating 
voltage-source cell (PVSC) and the PCSC. Generally referred to as pul
sating source cells (PSC), their addition to the basic PWM converters 
resulted in multiport converters. The converters had source utility; 
hence the different sources can serve the load both singularly and 
collectively. More illumination on the use of PSCs in synthesising 
multi-input converters was provided in Ref. [55]. 

Li et al. [56], identified PSCs and an output filter cell (OFC) as the 
basic components of multi-input converters. Also, different types of 
OFCs, PVSC, and PCSCs were identified. Different combinations of the 
identified PSCs and OFCs produce two variants of multi-input converters 
from the basic non-isolated PWM converters. The concept was extended 
to magnetically connected and electromagnetically connected 
multi-input converters. Chen et al. [57] restricted their investigation to 
integrating single-input double-output and double-input single-output 
models for the basic converters. 

4.2. DC-DC converters in series or parallel 

Series or parallel connection of converters was the first attempt at 
developing multiple inputs in non-isolated converters. The foremost 
topology was introduced by Solero et al., [58], where the electrical se
ries connection of two boost converters is used for battery charging. The 
topology is illustrated in Fig. 7. This converter makes use of solar array 
and wind generator as the input sources. The output voltage, Vo is given 
as: 

Table 2 
Summary of electromagnetically connected converters.  

Converter Output Voltage S D L C Drawbacks 

Direct charge 
double input 
converter [34] 

Vo = n[D1(V1 −

V2)+ D2V2 =

2nD1V2  

4 – 2 3 Uncontrolled 
battery charge 
and discharge 

Combined DC link 
and transformer 
[36] 

Vload = nVdc  6 – 2 5 No soft 
switching 

Boost-integrated 
full-bridge 
converter with 
phase-shift for 
three port 
interface [38] 

V0 = 2.Φeff .n.V1  4 4 2 3 Voltage limit 

Tri-modal bridge 
converter [41] 

Vo =

2d1d2

d1 + d2
nV1  

3 3 1 3 Uncontrolled 
battery charge 
and discharge 

Converter with 
wide input 
voltage range 
using full bridge 
[51] 

Vo = 2nd3V2  4 4 1 1 No soft 
switching 

Multiport 
simultaneous 
power 
management 
converter [44] 

– 3 7 4 2 High number of 
magnetic 
elements 

Multi-input three- 
level converter 
[45] 

– 4 8 3 3 Uncontrolled 
battery charge 
and discharge 

Three-port 
converter for PV- 
battery [46] 

Vo = V1 +
N4

N3
V2  

3 4 3 6  

Converter with DC 
and AC output 
[47] 

Vdcout =

Vdcin
1

1 − d 

Van =

Vdcin
mai.d

√3(1 − d)

9 5 1 2 Complex control 

ZCS boost 
converter [48] 

– 2 4 3 2 Complex 
control, 
modulation 
challenges 

Four-port 
bidirectional full- 
bridge converter 
[50] 

– 10 12 3 3 High parts count 

High gain multi- 
input converter 
[40] 

– 8 18 1 1 High switch and 
diode count 

Bidirectional 
converter with 
multiple 
combinational 
battery storage 
inputs [52] 
S = switch, D =
diode, L =
inductor, C =
capacitor 

Vout =
∑m

i=1Vin  14 14 1 1 Sophisticated 
control, high 
switch and 
diode count         
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Vo =
V1

1 − D1
+

V2

1 − D2
(8)  

V1 and V2 are the respective input voltages, D1 is the duty cycle of switch 
S1, and D2 is the duty cycle of switch S2. 

Two parallel coupled buck converters are introduced in Imes & 
Rodriguez [59]. Further work in Ref. [60] examined the stability and 
dynamic behaviour of the converter. The parallel bidirectional coupling 
of three converters is proposed in Ref. [61]. Each module has two 
switches and an inductor with buck and boost configuration. If condi
tions require power transfer to the load, the boost function is imple
mented by switch Q2 and diode D1. Battery charging occurs with the 
buck function by the operation of switch Q1 and diode D2. This topology 
is advantageous for the ease of harnessing differing voltage sources 
unlike in Refs. [59,60]. The shortcoming is the absence of soft switching. 

The output voltage is given by: 

Vo =
V1

1 − D2
=

V2

1 − D4
=

V3

1 − D6
(9) 

V1, V2 and V3 are the input voltages, while D2, D4 and D6 are the duty 
cycles of switches Q2, Q4, and Q6 respectively. 

The modified converter investigated in Ref. [62], created specific 
buck or boost operation modes for each FC, ultracapacitor (UC) and 
battery unit. The converter also used a common output filter, thus the 
number of capacitors reduced. The topology is presented in Fig. 8. 

The multiport bidirectional converter in Ref. [63] also used a parallel 
connection of buck/boost cells but eliminated the DC-link capacitor 
thereby increasing efficiency. Control of the topology as applicable to 
interfacing multiple microgrids is examined in Ref. [64]. 

More series or parallel connections of diverse converter configura
tions are investigated in Ref. [65]. The parallel connection of a buck/
boost converter and a forward converter in Ref. [66] yielded a double 
input converter for battery charging. 

Other authors have investigated different topologies in series or 
parallel. The switched diode-capacitor converter in Ref. [67] targeted 
voltage summation. In Ref. [68], The converter performance was 
investigated. Summation of the input voltages achieved high step-up 
capacity. 

4.3. Double input DC-DC converter 

Traditional buck-boost and buck converters were modified to include 
two voltage sources in Ref. [69]. The topology is presented in Fig. 9. 
There are high voltage and low voltage input sources denoted by VH and 
VL, respectively. The output voltage, Vo can neither be more than VH nor 
less than VL. This challenge was solved in Ref. [70] by including the 
inductor in the PVSC structure. During turn-on state for either of 
switches SH, SL or both, power transfer from the source (s) to the output 
takes place. At turn of state, the diodes DH and DL complete the circuit 
thereby releasing energy stored by the inductor. 

The output voltage is defined by; 

VO =
dH

1 − dL
VH +

dL

1 − dL
VL (10)  

where VO is the output voltage, VH is the high voltage input, VL is the low 
voltage input, dH is the duty ratio of the high voltage switch, SH and dL is 
the duty ratio of the low voltage switch, SL. 

The presence of soft switching and the ability to harness different 
voltage levels without the use of transformers suffice as advantages of 
the converter. Absence of battery charging, and maximum output 
voltage limited to VH are drawbacks. 

Fig. 7. Series connected DC-DC converters [58].  

Fig. 8. Parallel connected converters [62].  

Fig. 9. Double input DC-DC converter [69].  
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Kanhav & Chaudhari [71], added the bidirectional feature by 
replacing the upper diode with a third switch. The converter also lacks 
battery charging feature. 

In [72], the authors introduced two-input integrated buck-buck 
converter. The buck-buck converter applied two PVSC cells for the 
input sources. Looping the ground to the inductor output achieved a 
buck-buckboost converter. 

In [73], Gummi et al. investigated using a single-pole-triple-throw 
(SPTT) switch to develop double input converters. Another investiga
tion to use H-bridges to build the double input converter has been done 
in Ref. [74]. 

A double input buck-boost/buck-boost converter was proposed in 
Ref. [75]. Here, the output voltage depends on the charging time of the 
inductor. Battery charging is made possible in this structure. 

The converter in Ref. [76], is a buck-boost/buck topology. It was 
applied in electric vehicles’ storage systems. 

In [77], the coupled inductor topology is applied for improvement of 
the FC and UC dynamic response. The converter is bidirectional. 

In [78], the sources can feed the output only, or serve the load while 
charging a selected input in either mode. An additional input source can 
be created by attaching an inductor-switch-diode branch to the existing 
inductor. This converter is suitable for a PV-battery system. 

Sun et al. [79], proposed a bootstrap circuit formed by charging 
switch and a series connection of double input buck/buck converter. 
Fault tolerance when short-circuit of one input occurs is an added 
advantage. 

In [80], simultaneous power transfer is made possible by two power 
switches. The structure accepts a wide input voltage range. Individual 
power delivery depends on an auxiliary diode. The need for a threshold 
voltage before the secondary input source can transfer power to the load 
is a weakness of this structure. 

In [81], a similar double input buck/buck converter is introduced. 
The soft switching is achieved using inductive and capacitive circuits 
interfaced with the respective input ports. In Ref. [82], the position of 
the inductor and capacitor branches have been interchanged. The au
thors examined the performance of the converter in boundary conduc
tion mode [83]. By combination of the hybrid inductor and capacitor 
buck cells, a dual buck inductor-capacitor (LC) converter was developed 
in Ref. [84]. The performance of the LC buck converter with PV and 
wind turbine as input sources in a standalone generation system have 
been investigated in Ref. [85]. Further, in Ref. [86], the LC converter has 
been integrated with a grid system. 

In [87], the double input converter is a parallel connection of a buck 
converter and a SEPIC converter. This integration has the benefit of 
decreased component count. Further steady-state analyses of the con
verter have been conducted in Ref. [88]. 

In [89], secondary battery storage is connected in parallel to the 
voltage inputs. The power switches are operated in a way that the bat
tery can be charged by the input voltage when necessary and deliver 
power to the load through a traditional boost converter. The converter 
has low number of components. 

Additional double input structures for a mixture of the traditional 
converters were introduced. In Ref. [90], a buck/buck converter having 
a soft-switching feature was introduced. Similarly, there is a SEPIC/
SEPIC structure in Ref. [91]. The converter is a double input SEPIC 
converter. A control strategy based on decentralised controller is pro
posed in Ref. [92]. In Ref. [93], isolation between input ports and the 
output was achieved. 

In [94], battery “charge and discharge” function was added to the 
multiple input sources of the SEPIC converter. 

In [95], the multiple input Cuk structure is equipped with 
edge-resonant soft switching. This improved the efficiency of the con
verter. Another multi-input Cuk converter in Ref. [96], had a resonant 
switch with resonant components at the respective inputs. The authors 
identified and applied principles to synthesise double input Cuk/SEPIC 
structure in Ref. [54]. The converter in Ref. [97], has a high step-up 

using boost structure. 

4.4. Multi-input buck-boost converter 

In [98], the input sources are connected in parallel after their 
respective power control switches. A conventional buck-boost configu
ration is used. Hence the operation is similar except for the control of the 
input voltages. Minimal components and simple control are advantages. 
Some weaknesses are the inability of simultaneous power transfer by the 
input sources, negative reference output voltage and absence of bidi
rectional operation. The negative output voltage can be reversed using a 
transformer. 

Khaligh et al. [99], introduced two additional switches to the to
pology. These switches take care of bidirectional operation and the 
negative output voltage. The circuit is shown in Fig. 10. It can operate as 
buck, boost and buck-boost. Although all sources can deliver power in 
the buck mode, the problem persists in the boost mode of operation. 

For a buck mode operating two-input converter, output voltage is 
given as: 

Vout =D1V1 + (D2 − D1)V2 (11) 

In (11), D1 is the duty ratio of Q1, V1 is the voltage of the first input 
source, D2 is the duty ratio of Q2 and V2 is the voltage of the second input 
source. 

4.5. Multi-input DC-DC converter based on switched-capacitor/diode 
capacitor/switched inductor 

Cheng & Yuan-mao [100], eliminated the use of magnetic elements 
in the design of two input converter based on switched capacitors (SC). 
The structure has three switches operating at 50% duty cycle. There are 
four operating modes. The two main power switches, S1 and S2 are 
turned on at the same time. In the first mode, at the turn-on of S3, S1 and 
S2 remain turned off. V2 charges L1 and C1, V3 charges L2 and C2, while 
the circuit operates at resonant frequency. In the second operation 
mode, resonance operation is cut short as all switches are turned off. In 
the third operation mode, a series connection of V2 with L1, C1, L2 and C2 
is developed by turning on S3, S2 and diode, D3. Thus, energy is trans
ferred to the load by the discharging inductors and capacitors. During 
the fourth operation mode, diode D3 is turned off while S1 and S2 remain 
turned on. The output capacitor supplies the load. The output voltage is 
the total of the respective input voltages. 

Vout =V1 + V2 + V3 (12) 

This converter is termed a multi-input voltage summation converter. 
The converter suffers from high output ripple and output leakage 
voltage. 

The elements have been rearranged in Ref. [101] to achieve a 
multi-input voltage subtracting converter. 

In [102], the SC cells are arranged in a multilevel structure. The 
circuit is shown in Fig. 11. The current fed input is used to keep input 
ripple low. The converter operates in two modes. In the first mode, the 
two inputs deliver power to the load. In the second mode, one input 
charges the second input. For the transfer of power to the load by the two 
inputs, the load is fed by capacitors, C1, C3, C5 when switches, S1 and S2 
are turned on, and S3 is turned off. Energy from V1 is delivered to the 
load and output capacitors when only S1 is turned on. 

The voltage gain for a three-level SC structure is given as: 

Vo

V1,2
=

3
1 − D1,2 − D3

(13) 

In (13), Vo represents the output voltage, V1,2 represents the average 
of the input voltages, D1,2 are the duty ratios of switches, S1 and S2 and 
D3 is the duty ratio of S3. 

An advantage of this converter is that the application of the SC cells 
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resulted in a high voltage gain for the converter. A drawback is the large 
number of passive elements. 

A similar converter in Ref. [103], had lower voltage gain than [102] 
by making use of only one SC stage. 

In [67], series and parallel connections of double input 
switched-diode capacitor converters in voltage accumulator mode were 
investigated. There is not much difference in structure and voltage gain 
when compared to the SC voltage summation converter. The converter 
has the advantage of low voltage stress and current stress for the com
ponents. In Ref. [68], series-parallel variations have been investigated. 

Mahmoodieh & Deihimi [104], applied switched inductors to attain 
high voltage gain. The primary input is a battery storage that can be 
charged by other input sources when depleted. The converter can 
operate in three modes, like in Ref. [105]. In this converter, both the 
battery charge and discharge capability is not limited to duty ratios of 
the input sources. Hence, a unified system exists. The converter also has 

high efficiency. The drawback is large number of magnetic elements. 

4.6. Buck/boost-boost based multi-input converter 

Banaei et al. [106], proposed a combination of the buck/boost and 
boost topologies. The modularity of this converter implies that it is 
robust and can control the input sources independently. For this 
two-input model, the VTR is given as: 

Vo =
V2

1 − D2
+

D1D2

( 1 − D1)(1 − D2)
V1 (14) 

In (14) Vo represents the output voltage, V1 and V2 are the input 
voltages, D1, D2 are the duty ratios of switches, S1 and S2. 

The converter has advantages of low current stress and flexible 
control. The drawback is that as the number of input sources increases, 
the number of magnetic elements and switches increase just as the 

Fig. 10. Multi-input bidirectional buck-boost converter [99].  

Fig. 11. Two input converter with three level switched-capacitor cells [102].  
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voltage and current ratings of the switches. 

4.7. Three switches leg based multiple input converter 

Azizi et al. [107], investigated current fed input attached to three 
switch inverter structure. The foremost leg is formed by V1, L1, S1, S2 and 
S3. The number of inputs increase with additional legs and accompa
nying elements. The four uppermost switches in the structure form an 
inverter. In the boost operation mode, when S3, the lowest switch on a 
leg is turned on, L1 charges. When S3 is turned off, the anti-parallel di
odes of the middle and upper switches (S1 & S2) serve as the conduit for 
the capacitor to charge on the leg. The converter can output both AC and 
DC. The converter can function in the step-up mode and step-down 
mode. The advantage of low count for passive elements exists for this 
converter. The shortcomings are the absence of soft-switching and the 
modulation index limitation. 

4.8. Multi-input converter with ZVS 

In [108], the authors implemented ZVS for the switches by the use of 
an auxiliary circuit. Current source type inputs are operated in single 
input and dual input states. Table 3 shows the switch configurations and 
charging states for the operation time intervals. In the dual state, con
duction losses are reduced. There is also high efficiency. However, the 
voltage stress of switches and diodes is high. In Ref. [109], the auxiliary 
circuit consist of two parallel diodes, inductor, an auxiliary switch and 
capacitor. The ZVS operation helped to achieve high efficiency. 

In [110], an active clamp and quasi-resonant buck-boost configura
tion has been added to the existing structure. High voltage gain was 
achieved in addition to ZVS. However, the parts count remains high 
because of the auxiliary circuits. 

4.9. Three-input boost converter for RE sources and energy storage 
applications 

In [111], each of two input sources connected separately to a boost 
converter. V1 and V2 are PV cell and fuel cell respectively. The third 
source, V3 is a battery attached to a full-bridge configuration. Switches 
S1 and S3 control power flow from input source V1 just as switches S2 and 
S4 control that of source V2. When the respective control switches are 
turned on, the input voltage charge the inductor. In turn off state, power 
from the voltage input is transferred to the load. 

The battery input, V3, is controlled by the following combination of 
switches. For charging purposes, switches, S2 and S3 are conducting but 
S1 and S4 are turned off. Battery discharging occurs when switches S1 
and S4 are conducting. The output voltage is given as; 

Vo =
V1 + d4V3

1 − d1 − d4
(15)  

Vo =
V2 + d3V3

1 − d2 − d3
(16) 

Equation (15) describes the output voltage for the combination of PV 
input source, V1 and battery, V3. Equation (16) describe output voltage 
for fuel cell input source, V2 and battery, V3. Vo is the output voltage, d1, 

d2, d3, d4 are the duty ratios of S1, S2, S3, S4. 
Some drawbacks of this structure are that the load cannot charge the 

battery and there is arbitrary battery charge and discharge, which can 
reduce battery life. 

In [112], the full-bridge converter was excluded and the battery 
input connected to charge or discharge in series with the PV cell source. 
This modification had two boost converters in use. A model and control 
strategy for three input PV/FC/battery converters was investigated in 
Ref. [113]. The converter functions in three modes. In the first mode, 
battery state of charge is optimal, and PV cell and fuel cell service the 
load. In the second mode, there is insufficient power from the PV and FC. 
Thus, the battery discharges to the load alongside the power sources. 
The third mode is when the power sources charge the battery and supply 
the load simultaneously. Power control of input sources, V1 and V2 is 
achieved by switches S1 and S2 respectively. The battery is charged by V1 
and V2 with S1, S2 turned on and S3, S4 turned off. Battery discharge to 
load occurs when all switches are turned on. When S1 and S2 are turned 
off, V1 and V2 supply the load. The relationship between the input 
voltage and the output voltage for the different operation modes are: 

Mode 1: 

Vo =
V1

1 − d1 − d4
=

V2

1 − d2 − d4
(17) 

Mode 2: 

Vo =
V1

1 − d1 − d3
=

V2

1 − d2 − d3
(18) 

Mode 3 

Vo =
V1

1 − d1 − d3
=

V2

1 − d2 − d3
(19) 

In [114], a bidirectional load is served with the aid of a low fre
quency switch. This converter has the same voltage gain with the 
traditional boost converter. 

In [115], three input ports have been added. The structure is similar 
to Ref. [116], albeit with only one output port. 

Kardan et al. [105], used a boost configuration for the fuel cell, and 
buck/boost configuration for the PV cell and battery. Arbitrary battery 
charge and discharge is eliminated using four independent switch duty 
ratios in three different operation modes. The operation modes are the 
same as in Ref. [112]. The switch configuration for the respective modes 
is presented in Table 4. 

The voltage gain of the converter is given by: 

Table 3 
Operation modes of multi-input ZVS converter [108].  

Interval S1 S3 Operation 

1 1 0 L1 charges, iL3 is zero 
2 0 0 C1 and C3 charging 
3 0 0 D3 conducts 
4 0 1 S3 in ZVS 
5 0 0 S3 turned off, C1 and C3 charging 
6 0 0 D1 conducts 
7 1 0 S1 in ZVS  

Table 4 
Operation modes of new three input boost converter with high voltage gain 
[105].  

Mode 1: Battery bypassed, V1, V2 supply load 

State S1 S2 S3 S4 L1 L1 C Co 

1 1 0 0 1 C D C D          

2 1 1 0 1 D C D D          

3 1 0 0 1 C D C D 
4 0 0 0 0 D D C C 
Mode 2: V1, V2 and battery supplying load 
State S1 S2 S3 S4 L1 L1 C Co 

1 1 1 1 1 C C D D 
2 1 1 0 1 D C D D 
3 1 0 0 1 C D C D 
4 0 0 0 0 D D C C 
Mode 3: V1 and V2 supply battery and load 
State S1 S2 S3 S4 L1 L1 C Co 

1 1 1 1 0 C C D D 
2 1 1 0 1 D D D D 
3 1 0 0 1 D D C D 
4 0 0 0 0 D D C C 
Key- C: Charging D: Discharging  
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Vo

V1,2
=

1 + D2 − D
(1 − D)

2 (20) 

In (20), Vo is the output voltage of the converter, V1,2 is the sum
mation of the input voltages at any instant, Dis the duty ratio of the 
switches. 

This configuration has a high step-up capability compared to con
ventional converters. The high number of passive elements and 
increased dissipation loss are drawbacks of this configuration. 

4.10. Bridge type dual input converter 

In [117], the bridge structure allows both input sources to supply 
power both singularly and collectively to the load. The converter is 
bidirectional. There are four switches. Switches, S1, S2, and S3, deter
mine the individual and simultaneous power delivery. Switch S4 and 
diode D3 control bidirectional operation. A combination of S4, D1 and D2 
influence buck, boost or buck-boost operation mode as necessary for the 
converter. There are four operation modes for the source to load power 
flow. 

Mode 1: 
Switch S1 is turned on. All other switches and diodes do not conduct. 

The single input voltage, VS1 charges the inductor. The load is supplied 
by the capacitor, C. 

Mode 2: 
The dual input function is exhibited in this mode. S3 is turned on. All 

other switches and diodes are turned off. VS1 and VS2 charge the 
inductor. Output capacitor continues to supply the load. 

Mode 3: 
S2 only is turned on. This is a single input operation. VS2 charges the 

inductor. The capacitor, C serves the load. 
Mode 4: 
Diode D4 conducts after S1, S2 and S3 are turned off. Neither VS1 nor 

VS2 can charge the inductor. Thus, the inductor discharges to the 
capacitor and the load. 

For the load to source power flow, there are two additional modes. 
Mode 5: 
S4 only is turned on. Load, Vo charges the inductor. This is applicable 

in EVs regenerative braking. 
Mode 6: 
S4 is turned off. D3 conducts. Stored inductor energy flows towards 

VS1 and VS2. 
Further performance analysis of the modified bridge type converter 

was conducted in Ref. [118] indicated efficient energy utilisation by the 
converter. This converter is unidirectional. Replacing the output diode 
with a bidirectional switch allow will permit reverse power flow. The 
output voltage of this converter is given as: 

Buck mode; 

Vo =V1d1 + V2d2 + (V1 +V2)d3 (21) 

Buck-boost mode; 

Vo =
V1d1 + V2d2 + (V1 + V2)d3

(1 − d1 − d2 − d3)
(22) 

Boost mode; 

Vo =
V1(d1 + d3) + V2(1 − d1)

(1 − d1 − d3)
(23) 

Some advantages of this family of converters are simple structure, 
easy control, bidirectional operation and low component count. How
ever, the problems associated with traditional converters, like high input 
current and output voltage ripple, switch voltage stress, persist. 

Table 5 shows the working modes, conducting elements and the di
rection of power flow for the boost unidirectional dual input bridge type 
converter [118]. In Ref. [119], three relay switches are positioned in 
other to achieve bidirectional operation. 

4.11. High VTR converter with voltage multiplier 

In [120], the converter has a high VTR of 20. Two current fed inputs 
are followed by four stages of diode-capacitor VM cells. The switches 
control power transfer to the load by the voltage sources. The VM stages 
in addition to the continuous input current contribute to the high 
voltage gain. There are three operation modes in this converter. In the 
first operation mode, switches, S1 and S2 are turned on and sources, V1 
and V2 charge the inductors. The output capacitor, Co supplies the load 
since the diodes in the VM stages are reverse biased. In the second 
operation mode, S1 is turned off whereas S2 is turned on. Since there is 
an even number of VM stages, diode Do is forward biased, and power 
flows from inductor, L1 to the load. In the third operation mode, S1 is 
turned on while S2 is turned off. The output capacitor, Co supplies the 
load. 

The output voltage is given as: 

Vo = 3
V1

(1 − d1)
+ 2

V2

(1 − d2)
(24) 

This converter has the advantage of high VTR and simple control. 
The design lacks bidirectional capability. There is high dissipation loss 
as a result of large number of passive elements. There is also lower ef
ficiency as power requirements increase. 

In [121], the number of inputs and VM stages are increased. This was 
further modified to a multi-input multi-output (MIMO) configuration in 
Ref. [122]. 

In [123], an auxiliary zero voltage transition (ZVT) circuit was added 
after the VM stages in order to reduce switching losses. The voltage 
stress on the diodes is less although there is a large number of diodes. 

4.12. Modular high VTR multi-input converter 

In [124], the additional input sources are stacked on the primary 
input source. The topology is shown in Fig. 12. The primary unit has a 
source, V1, two switches, S0 and S1, two inductors, two capacitors and an 
output diode, Do. Each additional input voltage source is complemented 
by an inductor, a switch, a capacitor and a diode. S0 and S1 have the 
same duty ratio. There are four modes. In mode 1, all the switches are 
turned on. All diodes do not conduct, and the inductors are charged. The 
output capacitor, Co supplies the load. In mode 2, S3 is turned off, S0, S1, 
S2 are turned on. D3 is forward biased. V1 and V2 charge inductors L1 and 
L2. Capacitor, Co supplies the load. In mode 3, S0, S1, S3 and D2 are 
turned on while D3 is turned off. In mode 4, S2 and S3 are turned on while 
S0 and S1 are turned off. Do and D1 are forward biased. V1 delivers energy 
to the load. 

The output voltage is given by: 

Vo =
V1

(1 − d1)
2 +

V2

1 − d2
+

V3

1 − d3
(25) 

Modular structure and high VTR are the main advantages of this 
converter. There is also low voltage stress on switches. The drawback is 
the large parts count as the number of input increase. 

Another modular high VTR converter, proposed by the same author 
in Ref. [125], made use of non-coupled inductors for each voltage 
source. The circuit is depicted in Fig. 13. The form is such that 
non-coupled inductor based single-input single-output (SISO) converters 

Table 5 
Boost operation modes of dual input bridge type converter [118].  

Mode Sources 
supplying 

Conducting 
elements 

Power 
flow 

L C 

1 V1  S1, Sm Forward Charging Discharging 
2 V1 + V2  S3, Sm Forward Charging Discharging 
3 V2  S2, D2 Forward Discharging Charging  
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Fig. 12. Modular high VTR multi-input converter [124].  

Fig. 13. Bidirectional modular high VTR multi-input converter [126].  

Fig. 14. High VTR multi-input converter with low average of normalised peak inverse voltage [127].  
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share a common filter and bidirectional switch. Each SISO module 
consists of three switches, two capacitors and two non-coupled in
ductors. The output voltage is given as: 

Vo =V1
(2 − d1)

(1 − d1)
2 + V2

1
(1 − d2)

2 (26) 

In addition to the high gain of 25, the converter has low normalised 
voltage stress on the switches and bidirectional capability. There are less 
shared components implying that complexity of driving the SISO con
verters. There is high number of semiconductor devices as number of 
input sources increase. In Ref. [126], the current stress on the bidirec
tional switch for battery charging is quite high. 

In [127], a voltage gain of 27.43 was achieved in a modular struc
ture. In the converter, the duty ratio of the switches for individual units 
is independently assigned. Thus, with low duty ratio, voltage stresses are 
less. The topology is shown in Fig. 14. Each module has a modified 
switched inductor input. The converter has three operation modes as 
described hereafter. 

Mode 1: 
Switches S1 and S2 are turned on, diodes D1, D3 conduct. Capacitors 

C1, C2 are charged by the inductors, L1a and L2a. The output capacitor, 
Cout serves the load. 

Mode 2: 
Switch S1 is turned off, S3 is turned on an addition to already con

ducting S2. Diodes, D2 and Dout are conducting. V2 and C2 charge L2a and 
L2b respectively. L1b, C1 and C3 serve the load. 

Mode 3: 
Switch, S1 is turned on. S2 and S3 are turned off. Diodes, D1, D4, D5 

and D6 conduct. V1 charges L1a and C1 charges L1b. C2 and L2b charge C3. 
Cout supplies the load. 

For the two-input converter model, the output voltage is given as: 

Vo =V1
1

(1 − d1)
2 + V2

1
(1 − d2)

2 (27) 

In addition to the modular form, high voltage gain, and lower 
semiconductor device voltage stress, this converter has a lower average 
normalised peak inverse voltage. The high number of components is a 
shortcoming. Also, the duty ratio for power switches is high. 

4.13. Multiple input and multiple output (MIMO) converter 

In [128], the conventional resonant converter can be converted to 
multiple ports by attaching the desired port to a resonator connected to a 
forward-conducting bidirectional-blocking (FCBB) switch. This FCBB 
switch also helps to prevent short-circuiting of the ports. The topology is 
shown in Fig. 15. The topology adopted a switched-resonator converter 
architecture Each input and output port consist of a switch, a diode and 
resonant inductor. When S1 is turned on, Cr is charged to twice the value 

of Vs1. Power delivery from Cr to V01 is possible when S3 is turned on. It 
has the advantage of ZCS operation and power routing from point to 
point. Also, the addition of bidirectional ports can be conveniently done. 
A constraint of the converter is the increase count of magnetic elements 
and semiconductor devices as the number of input and output ports 
increases. 

In [116], the converter is optimised for loads with different voltage 
requirements in EVs. Splitting of the outputs is achieved by using par
allel switches in series with diodes. The value of V1 must be higher than 
V2 in the converter. V1 is a fuel cell, whereas V2 is a battery storage. The 
converter has two operating modes which are battery charging and 
battery discharging. 

In [129], the authors used the conventional parallel connection of 
multiple inputs. For the multiple outputs, boost converter and SC are 
used. 

In [130], the converter applied a mesh of buck-boost configuration 
and a matrix outlay. The power switches are crosswise, whereas the 
outputs are vertical thereby appearing like a matrix. All the outputs have 
an attached buck-boost converter formed with the attached output 
capacitor Although there is unlimited number of inputs, the outputs are 
not simultaneously powered by them. There is a high number of semi
conductor devices in this converter. 

The converter in Ref. [131] used the interleaved technique at the 
inputs and simple voltage divider outputs. This converter has a high 
component count. 

In [132], the double inputs are a PV source and a battery storage. A 
conventional boost converter is attached for voltage gain. The converter 
has double outputs and bidirectional feature. 

In [133], separate switching units, each with their output are 
cascaded. The presence of separate magnetic elements for the respective 
units implies that the output voltages are independent. 

In [134], the SISO bidirectional buck-boost converter can be adapted 
for MIMO operation. To increment the input, a module consisting of an 
inductor in parallel with a half-bridge is placed on the boost side of the 
DC link capacitor. This modular structure implies that the output will 
increment when the module is positioned on the buck side of the DC-link 
capacitor. The converter is functional in the vehicle-to-grid interface. 

Table 6 shows a summary of the properties of the electrically con
nected multi-input converters that have been critiqued. 

5. Discussion, challenges and future research 

5.1. Comparison and discussion 

The respective categories of multi-input converters based on sum
maries in Table 1, Tables 2 and 6 are compared. It is observed that some 
converters possess two or more output voltage. This has to do with the 
respective operating condition, the value of input voltages or battery 

Fig. 15. Resonant multiple input and multiple output ZCS converter [128].  
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Table 6 
Summary of electrically connected multi-input converters.  

Multi-input converter Output voltage S D L C Drawbacks 

Series or parallel connected converter [58] Series: Vo =
V1

1 − d1
+

V2

1 − d2  

4 – 2 2 Difficult voltage regulation 

[60] Parallel: Vo =
V1

1 − D2
=

V2

1 − D4
=

V3

1 − D6      

Poor switch economy, no soft switching 

Buck/buck-boost converter with double input 
[69] 

Vo = V1
d1

1 − d2
+ V2

d2

1 − d2  

2 2 1 1 Limited output voltage, no battery charging 

[67] Series SC: V0 = V1 + 2V2 

Parallel SC: Vo =
3

1 − D
V1  

2 3 – 4 No battery charging        

[71] Vo =
V1d1

1 − d1 − d2
−

V2d2

1 − d1 − d2  

2 2 1 1 No energy storage device        

[76] Vo = V1
ds1

1 − dTo
= V2

ds2

1 − dTo  

4 6 2 1  

[79] Vo = D1V1 + D2V2  3 6 1 2         

[80] Vo =
d1V1 + d2V2

1 − d1  

2 3 1 – Voltage limit 

[82] d1>d2: Vo =
2d1 − d2

(2 − d1)(2 − d2)
V1 +

d2

2 − d2
V2 

d1≤d2: Vo =
d1

(2 − d1)(2 − d2)
V1 +

d2

2 − d2
V2  

2 8 3 3 Efficiency not clarified 

Double input SEPIC [87] Vo = V1d1+
V2d2

1 − d2  

2 4 2 1 No battery charging 

[89] Vo =
Vb1d1 + Vb2d2

(1 − d3)

4 4 1 1 High switch voltage stress 

Multi-input buck-boost converter [98] D1>D2: Vo =
2D1

1 − d1
V1 

D2>D1: Vo =
D1V1 + (D2 − D1)V2

1 − D2  

2 1 1 1 Negative output voltage, no simultaneous power delivery 

[99] 
Vo =

D1V1 + (D2 − D1)V2

1 − D2  

5 3 1 1 Limited power delivery 

Switched capacitor based converter [100] Vo = V1 + V2 + V3  3 5 – 3 High output ripple and output leakage voltage 
[101] Vo = V0 − V1 − V2       

Three-level switched-capacitor based converter 
[102] 

Vo =
3V1,2

1 − D1,2 − D3  

4 9 2 5 High parts count 

Converter based on switched inductor [104] 
Vo =

∑n
j=1

1 + mdj

1 − dj

(
Ej + ∝Ebat  

4 14 4 3 High number of components 

Buck/boost-boost based multi-input converter 
[106] 

V0 =
V2

1 − D2
+

D1D2

(1 − D1)(1 − D2)

2 2 2 2 High switch voltage and current ratings 

Three switches leg based multiple input converter 
[107] 

– 6 6 2 1 No soft switching, modulation index limitation 

ZVS dual input converter [108] 
V0 =

(1 − d1)

1 − ddcm − d1
.

1
1 − d1

V1  
3 1 3 1 High semiconductor voltage stress 

Three input boost converter for RE sources and 
battery [112] 

PV and Battery: Vo =
V1 + d4V3

1 − d2 − d4 

PV, FC and Battery: Vo =
V2 + d3V3

1 − d2 − d3  

4 4 4 1 Uncontrolled battery charge and discharge 

[105] Vo

V1,2
=

1 + D2 − D
(1 − D)2  

4 8 2 2 Increased loss due to number of passive elements 

Bridge type dual input converter [118] Buck: Vo = V1d1 + V2d2 + (V1 + V2)d3 

Buck-boost:Vo =

V1d1 + V2d2 + (V1 + V2)d3

1 − d1 − d2 − d3 

Boost:Vo =
V1(d1 + d3) + V2(1 − d1)

1 − d1 − d3  

4 2 1 1 High switch stress and ripples 

High VTR converter with VM [120] two-input 
structure 

Vo = 3
V1

(1 − d1)
+ 2

V2

(1 − d2)

2 7 2 5 Low efficiency, no energy storage device 

[122] three-input structure Vo =
1

1 − d1
V1 +

2
1 − d2

V2 +
2

1 − d3
V3       

[123] n-input 
Vo =

n + 1
2

(
V2

1 − D2
+

V2

1 − D1

)
2 8 2 5 No energy storage device 

Modular high VTR multi-input converter [125] Vo =
V1

(1 − d1)
2 +

V2

1 − d2
+

V3

1 − d3  

4 4 4 4 Incremental component count as inputs increase, no energy 
storage device 

[125] 
Vo = V1

(2 − d1)

(1 − d1)
2 + V2

1
(1 − d2)

2  
7 1 4 4  

[127]  3 7 4 4 High duty ratio for power switches 
Multiple input and multiple output converter 

[130] Vo =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.5.T.Rl

L

√
∑n

i=1ViDi  
9 3 3 3 Outputs are not simultaneously powered 

[116] – 4 4 1 2  
[129] – 3 8 1 5  

(continued on next page) 
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charge/discharge mode. Careful evaluation reveals that the voltage gain 
of electrically connected multi-input converters is dependent on the 
duty ratio of the switches. For magnetically connected multi-input 
converters, the properties of the transformer winding like the number 
of turns determine the voltage transfer ratio. In electromagnetically 
connected converters, the transformer specifications play a significant 
role in the output voltage however, duty ratio of switches also influences 
the output voltage depending on the design. Thus, the electromagneti
cally connected converters have added advantage of higher voltage gain 
when contrasted with the other converter types. 

The number of switches, diodes and passive elements used in the 
converters depends on the properties of the converter. For electrically 
connected multi-input converters, the less sophisticated converters have 
marginally lower semiconductor and passive element count. For 
example, the dual bridge-type converter has lower device count 
compared to the modular high step-up non-isolated converter. The 
semiconductor and passive elements count in magnetically connected 
multi-input converters is highest when correlated to the other types. 
This implies that the converter cost for the magnetically connected 
category is highest. By having the lowest number of semiconductors and 
passive elements, the electrically connected category has the lowest 
converter cost. 

Table 7 presents the properties of multi-input converters classified 

for easy identification. In the table, the six characteristics are;  

• degree of isolation.  
• simultaneous power delivery.  
• battery charging.  
• soft switching.  
• ability to deliver both DC and AC output.  
• high voltage gain. 

Isolated multi-input converters have been categorised as either 
magnetically connected multi-input converters or electromagnetically 
connected multi-input converters. The magnetically connected multi- 
input converters have all the input ports on the primary side isolated 
from one another in addition to the basic isolation between the load and 
the source. Apart from the primary advantage of separation between the 
input and output, the input ports can load different voltage values. 
Hence, including isolation during design should not be compulsory. It 
should depend on the peculiarities of the desired converter. The elec
tromagnetically connected multi-input converters possess the basic 
isolation between input and output but do not possess isolation between 
all input ports. Recent research has succeeded in incorporating isolated 
and non-isolated output ports. This suggests more expensive converters 
with increased size. 

Table 6 (continued ) 

Multi-input converter Output voltage S D L C Drawbacks 

[128] – 4 8 5 –  
[131] 

S = switch, D = diode, L = inductor, C =
capacitor 

– 6 9 2 3   

Table 7 
Characteristics of multi-input DC-DC converters.  

Converter Isolation Simultaneous power 
delivery 

Battery 
charging 

Soft 
switching 

DC & AC 
output 

High voltage 
gain 

Multi-input converter with buck-boost configuration [6] ✓      
Double input full-bridge converter [10] ✓ ✓  ✓   
Bidirectional multiport converter [18] ✓ ✓     
Bidirectional multiport resonant converter [25] ✓ ✓  ✓   
Full bridge based on distributed transformer [33] ✓      
Three port half-bridge converter [34] ✓ ✓ ✓    
Combined DC link and transformer [36] ✓ ✓ ✓ ✓   
Boost-integrated full-bridge converter with phase-shift for three 

port interface [38] 
✓ ✓ ✓ ✓   

Tri-modal bridge converter [41] ✓  ✓    
Converter with wide input voltage range using full bridge [51] ✓  ✓    
Multiport simultaneous power management converter [44] ✓ ✓     
Multi-input three-level converter [45] ✓ ✓     
Three-port converter for PV-battery [46] ✓ ✓ ✓ ✓   
Converter with DC and AC output [47] ✓ ✓   ✓  
ZCS boost converter [48] ✓ ✓  ✓   
High gain multi-input converter [40] ✓ ✓    ✓ 
Bidirectional converter with multiple combinational battery 

storage inputs [52] 
✓ ✓ ✓    

Series or parallel connected converter [58]  ✓     
Buck/buck-boost converter with double input [69]  ✓  ✓   
SEPIC/Cuk based double input converter [71]  ✓     
Battery coupled double input buck-boost converter [76]  ✓ ✓    
Multi-input buck-boost converter [98]  Buck mode only     
Switched capacitor based converter [100]    ✓   
Series or parallel switched-diode-capacitor boost converter [67]  ✓     
Multi-level switched-capacitor based converter [102]  ✓     
Converter based on switched inductor [104]  ✓ ✓   ✓ 
Buck/boost-boost based multi-input converter [106]  ✓     
Three switches leg based multiple input converter [107]  ✓   ✓  
ZVS dual input converter [108]  ✓  ✓  ✓ 
Three input boost converter for RE sources and battery [112]  ✓ ✓    
Bridge type dual input converter [117]  ✓     
High VTR multi-input converter [125]  ✓    ✓ 
Multi-input multi-output converter [130]  ✓ ✓     
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The input voltage sources of a multi-input converter should be able 
to serve the load individually and simultaneously. Increasing the num
ber of input ports in the magnetically connected converter involves 
adding multi-winding transformers. Control in this converter is much 
more complicated. Electromagnetically connected converters majorly 
employ a common DC link on the primary side of the transformer. In 
electrically connected multi-input converters, several solutions have 
been proposed for the primary challenge of individual and simultaneous 
power delivery. Some solutions are by inserting PSCs with the proper 
network, series or parallel connection of converters, and cascading. 

There is much emphasis on including optimal battery charge/ 
discharge capability as evident in the three-input converter for PV/FC/ 
battery applications and the battery integrated high step-up converter. 
The presence of battery charging in a grid system is imperative as the 
periods of bumper availability of irregular RE sources must be harnessed 
with the aid of battery storage. Also, this feature is a necessity in HEVs to 
supply the bidirectional port. 

Soft-switching techniques are employed majorly in isolated con
verters. It is aimed at operating the converter at high frequency and 
reducing size/switching loss of the converter. 

Current research trend focused on producing high voltage gain in 
electrically connected multi-input converters. Due to the unstable 
behaviour of converters when the duty ratio approaches unity, it is a 
target that high gain converters have low duty ratios, high efficiency and 
power density. Combination or tweaking of several established tech
niques like cascading converters and the use of VMs in electrically 
connected converters show promising results. A new feature of a 
standalone non-isolated converter that can deliver both AC and DC 
outputs without the need for an external inverter is also a prospect for 
the future. This requires more efforts aimed at better modulation and 
reducing switching losses. 

An examination of the state-of-the-art in this work depicts the 
progress from series or parallel connection of converters to PVSC inputs 
and cascaded/modular multi-input converters in electrically connected 
converters. In such modular converters, an extra input is executed by 
adding a module. Major investigations focused on adding or improving 
desirable converter properties. Techniques like VM, SC, switched/ 
coupled inductors, aimed at achieving high voltage gain in the con
verters have been implemented to assist the low output voltage of RE 
sources. Due to size and control complexity, magnetically connected 
multi-input converters rarely find application except where isolation is 
overly necessary. 

From the literature, multi-input DC-DC converter topologies are 
linked to HEVs and RE systems in different ways. Generally, voltage 
levels of available energy sources are insufficient for proper operation of 
HEVs and RE systems. Consequently, all proposed topologies are 
designed to achieve step up and/or step-down operation. HEVs utilise 
two or more RE sources in order to achieve propulsion. The challenges 
faced by RE sources as highlighted in the introduction, imply that RE 
systems also require more than one energy source for optimal power 
generation. Hence, in the HEVs and RE systems, the multi-input DC-DC 
converter serves as a common denominator to reduce the potential high 
cost and complex operation if the respective energy sources are con
nected to separate SISO converters. 

Bi-directional multi-input converters function in both HEVs and RE 
power generation systems. An input port with energy storage capability 
is used to achieve different objectives in such set-up. For HEVs, decel
eration and regenerative braking produced energy that can be stored in 
the battery or UC. In addition, some systems enable energy transfer from 
vehicles to the electric grid and back. In situations where surplus energy 
is generated in standalone RE systems, the multi-input topologies ensure 
the bidirectional battery port can store such excess energy. In grid- 
connected scenario, surplus energy from the grid can be routed to the 
storage input port. 

An examination of the energy sources recommended for each con
verter in Table 8 confirm solar energy, wind turbines and FC are the 

Table 8 
Typical industry application of selected multi-input DC-DC converters.  

Converter/Author Recommended 
Energy source (s) 

Typical Industry 
Application 

Power 
Range 

Multi-input 
converter with 
buck-boost 
configuration [6] 

PV, commercial 
AC line. 

RE power generation >100 kW 

Double input full- 
bridge converter 
[10] 

PV, wind, and FC RE power generation and 
uninterrupted power 
supply  

Current fed three- 
port bidirectional 
converter [11] 

FC and battery To provide power to 
telecommunication 
stations  

Quad-active bridge 
converter [12] 

PV and battery Used to integrate 
distributed generators 
and storage into high 
voltage AC distribution 
line 

>100 kW 

High frequency 
transformer 
based converter 
[13] 

FC and battery Electric vehicles  

Full bridge 
converter with 
high power 
efficiency [14] 

PV Standalone power 
generation  

Bidirectional 
multiport 
converter [18] 

Fuel cell, PV, 
battery storage 

RE power generation  

ZVS bidirectional 
converter [20] 

Battery and UC Integration into DC 
distribution line 

6–9 kW 

Liu et al. [21], PV and battery Standalone PV lighting 
system 

1 kW 

Phattanasak et al. 
[22], 

FC and 
supercapacitor 

Can provide power for 
small EVs 

35 kW 

Jakka et al. [23], PV, FC, wind and 
battery 

DC microgrid 15 kW 

Tomas-Manez et al. 
[24], 

PV and battery For integration of 
distributed generators to 
grid-tied inverters 

1–4 kW 

Bidirectional 
multiport 
resonant 
converter [25] 

PV, battery, 
ultracapacitor 

DC grids, HEV 7–44 kW 

Wang et al. [31], Battery, UC and 
supercapacitor 

Grid connected RE 
power generation 

1–10 kW 

Full bridge based on 
distributed 
transformer [33] 

PV, wind, fuel 
cell 

Hybrid RE system >100 kW 

Three port half- 
bridge converter 
[34] 

PV and battery Standalone RE power 
generation  

Combined DC link 
and transformer 
[36] 

Fuel cell and 
super capacitor 

HEV power train, 
bidirectional power 
generation for microgrid 

35 kW 

Interleaved half 
bridge three port 
converter [37] 

PV and battery RE power generation 
system 

1–5 kW 

Boost-integrated 
full-bridge 
converter with 
phase-shift for 
three port 
interface [38] 

PV and battery Power source for satellite 
system 

1.5–5 kW 

Al-Atrash et al. 
[39], 

Battery, UC and 
Supercapacitor 

Can be used to integrate 
backup to microgrid 

1–5 kW 

Tri-modal bridge 
converter [41] 

PV and battery Power for satellite 
applications 

2 kW 

Qian et al. [43], PV, wind and 
battery 

Low power RE 
harvesting 

500 W 

Converter with 
wide input 
voltage range 
using full bridge 
[51] 

PV and battery Communication systems 
traffic lights  

PV and wind  

(continued on next page) 
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Table 8 (continued ) 

Converter/Author Recommended 
Energy source (s) 

Typical Industry 
Application 

Power 
Range 

Multiport 
simultaneous 
power 
management 
converter [44] 

Hybrid power generation 
system 

Multi-input three- 
level converter 
[45] 

PV, wind, fuel 
cell 

Low power generation 
for domestic use  

Three-port 
converter for PV- 
battery [46] 

PV and battery Satellite power supply 1–2 kW 

Converter with DC 
and AC output 
[47] 

Fuel cell or PV Residential RE power 
supply. Converter has 
dedicated AC and DC 
output ports. 

1 kW 

ZCS boost converter 
[48] 

PV and wind Hybrid standalone 
power system  

Reddi et al. [49], PV and wind Produces AC voltage at 
the output. Can be used 
for direct integration of 
RE sources to power 
local AC loads. 

3 kW 

Lin et al. [50], PV and battery Standalone power 
generation for domestic 
use 

1 kW 

High gain multi- 
input converter 
[40] 

PV DC microgrid  

Converter with 
combinational 
battery storage 
inputs [52] 

Battery RE fed DC distribution 
grid  

Non-isolated Series- 
connected 
converter [58] 

Wind and PV RE power generating 
system 

10 kW 

Imes and Rodriguez 
[59] 

PV and battery Low power management 
in spacecrafts and 
satellites 

150–400 
W 

Non-isolated 
Parallel 
connected 
converter [61,62] 

FC, UC and 
battery 

HEV power generation 
and storage 

60 kW 

Zhang et al. [63], PV and battery Can be used to interface 
multiple distributed DC 
sub-systems 

1–2 kW 

Chen et al. [66], PV and wind Battery charging 1.5 kW 
Buck/buck-boost 

converter with 
double input [69] 

PV and wind RE power generation for 
domestic use 

1 kW 

SEPIC/Cuk based 
double input 
converter [70] 

PV and battery Standalone low power 
generation and storage 
for domestic use 

500 W 

Battery coupled 
double input 
buck-boost 
converter [76] 

FC, UC, PV and 
battery 

HEVs and DC microgrids  

Sun et al. [79], FC and battery RE power system with 
high fault tolerance 
requirement 

1–3 kW 

Park and Kim [80] PV To power traffic lights 300 W 
Muntean et al. [86], PV, wind and 

battery 
Can be applied in both 
standalone and grid 
connected RE systems 

1–3 kW 

Moury et al. [90], PV and wind Wind-solar energy 
system 

1 kW 

Haghighian et al. 
[94], 

PV, wind and 
battery 

Street lighting 2 kW 

Wai and Hong [97] PV, micro-hydro, 
geothermal and 
battery 

Standalone power 
generation from low RE 
sources 

1.5–3 kW 

Khaligh and Cao 
[99] 

PV, wind and 
battery 

Provide/store power to/ 
from DC microgrid 

3 kW 

Multi-input buck- 
boost converter 
[98] 

FC, UC and 
battery 

HEVs 35 kW  

Table 8 (continued ) 

Converter/Author Recommended 
Energy source (s) 

Typical Industry 
Application 

Power 
Range 

Switched capacitor 
based converter 
[100] 

PV Traffic light, low power 
electronics 

500 W 

Series or parallel 
switched-diode- 
capacitor boost 
converter [67] 

PV and FC Uninterrupted power 
supply, domestic power 
generation  

Multi-level 
switched- 
capacitor based 
converter [102] 

FC, PV and 
battery 

DC microgrid  

Converter based on 
switched inductor 
[104] 

PV, FC, wind and 
battery 

Smart grid connected 
with distributed 
generators  

Buck/boost-boost 
based multi-input 
converter [106] 

PV Standalone power 
generation  

Three switches leg 
based multiple 
input converter 
[107] 

PV, FC, wind and 
battery 

Converter can function 
as an inverter, grid- 
connected application  

ZVS dual input 
converter [108] 

FC and battery Provision of constant DC 
source for motor drives. 
Can serve scooters and 
electric bikes 

800 W 

Wai et al. [109], FC and battery Deliver power to 
microgrid 

5–10 kW 

Mohammadi and 
Moghani [110] 

Battery and 
supercapacitor 

Two-way power delivery 
in DC microgrid 

6 kW 

Three input boost 
converter for RES 
and battery [112] 

PV, FC and 
battery 

Standalone power 
generation  

Ghavidel et al. 
[114], 

PV, FC and 
battery 

RE microgrid 8 kW 

Balaji et al. [115], PV, FC and 
battery 

Power drive train of EVs 60 kW 

Nahavandi et al. 
[116], 

FC and battery Can be used to provide 
different voltage levels 
to electric motor and 
cabin ventilation units. 
Converter possesses 
multiple output ports 

60 kW 

Bridge type dual 
input converter 
[117] 

Supercapacitor 
and battery 

Electric vehicle, 
uninterrupted power 
supplies 

60 kW 

High gain converter 
based on VM cells 
[120] 

PV, FC and 
geothermal 
source 

Can be used to draw 
continuous current in RE 
system like solar farm 

400 V DC 
bus, 1–10 
kW 

Mohseni et al. 
[122], 

PV and FC Can be used to deliver 
more than one high 
voltage output as needed 

5–10 kW 

Zhu et al. [123], PV Low cost solar power 
generation 

2 kW 

High VTR multi- 
input converter 
[125] 

PV, FC, and 
battery 

Grid connected 
microgrids  

Mohammadi et al. 
[127], 

PV and wind Standalone RE power 
generation 

1.5 kW 

Babaei and Abbasi 
[129] 

PV and FC Multiple DC voltage 
levels for telecom base 
stations. 

5 kW 

Multi-input multi- 
output converter 
[130] 

FC, PV, and wind Can be used to integrate 
RE sources or charge a 
battery 

1 kW 

Gorji et al. [131], PV and battery Provide two different 
voltage levels for 
satellite communication 
systems 

1.5 kW 

Saeed et al. [132], PV and battery HEV charging and 
discharging  

Khan et al. [133],  Used to interface with 
DC microgrid  

Khan et al. [134], FC, SC, and 
battery 

Can be used for vehicle 
charging and 
bidirectional vehicle to 
grid energy transfer 

9–60 kW  
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most sought after RE sources for application in the industry. Due to size 
and dependence on wind speed/air density of location, wind turbines 
find utility principally in power generation for standalone RE system or 
microgrid. PV cells, in addition to providing power for microgrids, can 
be adapted for satellite power, communication equipment and speci
alised HEV/ships. Portability is one advantage for FC in HEVs and 
spacecrafts. Geothermal RE sources do not have the advantage of 
portability, thus restricting them to providing electricity for standalone 
and grid usage. 

Although unidirectional multi-input converter topologies majorly 
find application in standalone RE power generation systems, some HEV 
and spacecraft utilise such converter to power secondary system like 
ventilation. In such RE power generation system where a storage device 
is non-existent, each energy source can be connected to a PVSC input 
before a common step up/step down segment and filter to the output 
port. For energy storage devices to exist in a multi-input converter, the 
converter must have at least one bidirectional port. In such bidirectional 
converters, the most used storage devices are batteries, UC and the 
supercapacitor. HEVs operate better with UC or supercapacitor as stor
age device during regenerative braking or acceleration due to fast 
charge and discharge property. Battery banks frequently serve in 
conjunction with PV, wind turbine and/or geothermal plant. 

In the industry, real life applications of multi-input converters as 
identified in Table 8 show that this area of study has matured from se
ries/parallel connection of several converters in the early days to so
phisticated multi-input converters that are have the capability to 
provide different types of output voltage. Worthy of note is the multi- 
input converter that can simultaneously deliver DC and AC voltage 
output. Such converter is invaluable to the operation of battery EVs, 
plug-in HEVs and fast charging stations that require high power rating. 

It is vital to clarify the bidirectional operation of a multi-input con
verter with respect to industry application. In a two-input converter for 
HEV operation, the bidirectional converter must allow backward power 
flow from the high voltage port to one or both low voltage port. The 
same operation is imperative for a grid-connected two input converter. 
Surplus energy from the grid can thus be channelled to a battery bank. In 
the cases, power rating for the multi-input converters is in the range of 
60 kW for HEV and over 100 kW for grid-connected system. The multi- 
input converter has a bidirectional port but cannot allow backward flow 
from high voltage port to low voltage ports. The operation is such that 
surplus energy from the other RE sources is channelled to the bidirec
tional port with attached energy storage device. Such converter should 
deliver high power density. To draw continuous high current from the 
RE sources, the current-fed topology should be considered. The con
verter can serve in standalone power generation, DC microgrids, tele
communication sub-stations and satellite system. 

The choice of a multi-input converter should take into consideration 
the specific purpose. For example, multi-input converter dedicated to 
battery charging will have no need for a bidirectional port. Similarly, 
multi-input converters for traffic light and signalling installations do not 
need high power rating. A converter for DC microgrid can be designed to 
exhibit a high level of fault tolerance in order to mitigate short circuits. 
Converter designers may decide to combine topologies as deemed fit to 
achieve desired objectives but should attempt to limit the effects of the 
drawbacks of chosen topologies. 

5.2. Challenges and future research 

This review of the literature identified the constraints faced by multi- 
input converters. These constraints should influence the design choices 
as regards the suitability of a converter for an application. There is the 
problem of converters having low efficiency. Such converter experience 
high losses that may arise from switches, conduction material or copper 
losses in the isolating transformer. Soft switching at high frequency can 
aid improvement of the efficiency in addition to size reduction. 
Although two input ports are present, the converter cannot draw power 

simultaneously from the input ports. This absence of source utility im
plies that only one input source can service the output port at a deter
mined time. The cost of the converter increased when large number of 
components in the converter especially with transformer winding, 
magnetic element semiconductor devices. Complex control problems 
mostly in isolated converter can result in zero voltage clamp. Some 
converters have voltage limitations, problematic voltage regulation and 
poor power sharing by input sources and load. These constraints 
described are dependent on the topology of the converter. 

The function of an inverter positioned after the DC link in HEV or the 
DC bus in grid connected RE power generation is to convert the DC to AC 
in order to drive the power train in HEV or power AC mains in RE power 
generation. The topology proposed to eliminate this inverter from the 
setup experience low modulation index associated with the discontin
uous conduction mode operation of the DC-DC component of the con
verter. The modulation index controls the AC output voltage hence at 
low modulation index, the corresponding AC output voltage will be low. 

As researchers continue to investigate new topologies, another 
challenge that continue to arise is optimal control issue for both input 
voltages and output voltages. In industry applications that require 
several output voltages from the multi-input converter, usage of voltage 
divider output induces losses in the passive element. Parallel connection 
of a switch with a dedicated filtering capacitor implies that the duty 
cycle will control the output voltage. In this situation, switch stress will 
be high. As such, it is difficult to achieve the desired output parameters. 

Consequently, future research focus should be on proposing new 
multi-input topologies that can efficiently deliver both DC and AC 
output voltages. Such converter will aid the reduction of installation cost 
and size by eliminating the original output inverter. In addition, 
increased efforts are required in the control of multiple output. Although 
several converters allow for wide input voltage ranges, there is room for 
improvement especially with respect to multi-input converters devoted 
to draw energy from very low RE sources. Future research on multi input 
converters may focus on simplification of the circuitry, reduction of the 
number of components, improvements of voltage gain and power scal
ability. Circuit simplification and reduction of components will result in 
lower costs of converters. Improvement of voltage gain will impact 
positively on converter output. 

Finally, while fossil fuels still dominate the energy market, efforts to 
achieve one hundred percent renewable energy penetration will end in 
nullity if research on the power electronics is inadequate. It is therefore 
critical that research on issues like reliability, efficiency and power 
losses in multi-input converters be conducted. 

6. Conclusion 

The fundamental objective of the authors in this review, is to furnish 
readers with an updated status on research into the application of multi- 
input DC-DC converters in HEVs and RE systems. The multi-input con
verters play similar role in HEVs and RE systems. Primarily, the variable 
and irregular nature of RE sources encouraged interest in multi-input 
converters. These converters can reduce cost and handle control issues 
that may arise from connecting several converters to a common DC bus. 
The work done identified three classifications of multi-input converters. 
Based on isolation between the input ports and the output ports, the 
classes are; magnetically connected multi-input converters, electro
magnetically connected multi-input converters and electrically con
nected multi-input converters. In magnetically connected converters, 
input ports are created by adding an extra winding on the low voltage 
side of the transformer. Some desired features in this type of converter 
are isolation, battery charging, high power rating and soft switching. 
The electromagnetically connected converters use a DC-link to add input 
ports before the transformer winding between the output and the inputs. 
Some advantages are bidirectional operation and lower cost than the 
magnetically connected converter. In electrically connected multi-input 
converters, there are no transformer windings, Thus, both input and 
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output have a common ground via electrical means. Synthesis of elec
trically connected multi-input converters developed from series and 
parallel connection of converters to inclusion of PVSC units tied to en
ergy sources. Example of several proposed topologies are cascaded in
puts, three level inputs and current-fed inputs. Some desired features in 
these converters are high voltage gain, low losses, and multiple output 
voltage. 

The operation of multi-input converters in industry ranges from 
HEVs and RE systems to battery chargers, uninterrupted power supplies, 
street lighting, traffic lights, telecommunication base stations, space
crafts, satellite systems and microgrids. The converters for each appli
cation differ in power range as well as directional operation. For HEVs, 
bidirectional electrically connected multi-input converters with fuel cell 
and supercapacitor inputs are recommended. For microgrid power 
generation, three input bidirectional high gain electrically connected 
converters with PV, wind turbine and battery bank are recommended. 

Finally, the constraints and challenges facing the respective con
verters have been identified. Although all converters exhibit some 
drawbacks, they can be used based on the conditions to be satisfied. 
Future research will aim to propose multi-input converters that have 
reduced cost, size and both AC and DC output with optimal control, 
while looking to better manage RE sources with improved efficiency. 
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