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Review article 

Recent developments of multiport DC/DC converter topologies, control 
strategies, and applications: A comparative review and analysis 
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Department of Energy, Aalborg University, Denmark   
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A B S T R A C T   

Recent developments in renewable energy-based power systems and smart grids have brought challenges to 
designing new power conversion systems. On account of the intermittent nature of the renewable sources and 
unpredictability of the load demand, a combination of two or more energy sources and auxiliary storage systems 
is usually mandatory to meet the load demand, improve dynamic and steady-state characteristics, and reliability 
and availability of the system. Conventionally, SISO (single-input-single-output) DC/DC converters are arranged 
in parallel at a common DC bus to exchange power. In this scheme, separate conversion stages are employed for 
respective renewable energy sources (RES) and energy storage systems (ESS), and the converters would be 
controlled independently. However, the multistage configuration generally leads to a large size due to the large 
number of conversion stages, relatively high cost, and low efficiency and power density. Also, the independent 
control of several converters and communication among the sources make the system complex. In order to 
overcome these disadvantages, multi-port DC/DC converters (MPDC) have been proposed. MPDCs are preferred 
against several independent converters in terms of efficiency, component count, size, cost, and performance point 
of view. In addition to RES, MPDCs can be utilized in other applications such as electric/hybrid vehicles, tele
communication and satellites, and UPSs. This paper aims to consider the recent advances in MPDC from a to
pology and control point of view and provide a helpful framework and point of reference for future converter 
design and applications.   

1. Introduction 

Recent advancements in RESs, electric/hybrid vehicles, telecom
munication, and satellite applications have presented new challenges to 
designing DC/DC-power conversion systems. For instance, despite de
velopments in the context of RES, they are not reliable enough for 
electric energy generation on their own. The major challenge with these 
resources is that they depend on weather and environmental conditions, 
and their generated energy is variable, making them uncertain. There
fore, a RES alone does not provide the characteristics of an efficient, 
stable, and reliable energy resource to supply the required demand 
(Zhang et al., 2016). To overcome this problem, the RESs and ESSs are 
combined as HRSs (Affam et al., 2021). Two major structures for power 

converters have been proposed in earlier works; In the typical structure 
to convert the power of each input source, a conventional SISO DC/DC 
converter is typically utilized. To provide the required load energy, the 
output of each of these individual converters is additionally coupled by a 
common DC-link. Each of the SISO DC/DC converters is regulated 
individually. Usually, a telecommunication bus is employed to exchange 
data between several input sources (Rehman et al., 2015). Using 
numerous different power converters and telecommunication equip
ment is inefficient, bulky, and raises the cost of this structure. Further
more, the requirement to synchronize separate converters that are 
regulated individually adds to the complexity of such structures (Zhang 
et al., 2016; Affam et al., 2021). To avoid such issues, an integrated 
multi-port system has been suggested (Rehman et al., 2015; Khosrogorji 
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et al., 2016). In integrated multi-port systems, the entire structure is 
regarded as a single converter capable of combining the energy of 
various input sources with varying specifications. The central unit 
controller is also in charge of adjusting the converter’s output power. 
This type of MPDC is recommended for usage in applications such as 
hybrid power systems, electric/hybrid vehicles, satellites and telecom
munication, and UPSs due to its simple structure, higher availability and 
reliability, higher power density, and lower cost (Affam et al., 2021; 
Bairabathina and Balamurugan, 2020). 

MPDCs can be divided into three main categories: isolated, non- 
isolated, and partially insolated (Wang et al., 2020; Yi et al., 2022). 
Isolated converters provide high voltage gain and sustain good 
soft-switching conditions and are typically used in applications where 
galvanic isolation between high and low voltages is required. Electrical 
isolation is achieved using high-frequency transformers. However, the 
design of a high-frequency transformer for high-voltage applications is 
complex, costly, and makes the converter bulky. On the other hand, 
non-isolated converters are more straightforward in design, power 
density is high, the number of semiconductors is few, and are utilized in 
applications where the galvanic electrical separation between the source 
and the load is not required. However, soft switching cannot be realized 
easily, and voltage gain is relatively low. High-voltage gains can be 
obtained by utilizing coupled inductors in either isolated or non-isolated 
converters, although the complexity of the converter will rise. In ap
plications where high voltage gain is required, but isolation between all 
ports is not essential, partially isolated converters can be opted (Zhang 
et al., 2016; Rehman et al., 2015; Bairabathina and Balamurugan, 2020; 
Wang et al., 2020; Bhattacharjee et al., 2019). In terms of modeling and 
control design, MPDCs have presented several challenges since to con
trol the power flow of an n-port converter independently, (n-1) control 
variables are required and the cross-coupling between these control 
variables makes control system design complicated (Alhatlani and 
Batarseh, 2019; Zhao et al., 2008). Moreover, in conventional modeling 
and control approaches, non-linearities and uncertainties of converters, 
as well as disturbances in input sources, have not been taken into ac
count (Damasceno et al., 2021; Bandyopadhyay et al., 2021; Rios et al., 
2021). 

Several review reports on MPDCs have recently been published 
(Zhang et al., 2016; Affam et al., 2021; Rehman et al., 2015; Khosrogorji 
et al., 2016). Nevertheless, many recently developed topologies, mod
ulation and control strategies, and emerging applications are not 
reviewed in the aforementioned references, which is the aim of the 
present review paper. The rest of the article is organized as follows: 
Section 2 comprehensively discusses non-isolated MPDCs. In Section 3, 
partially isolated topologies will be analyzed, and in Section 4, isolated 
converters will be covered. Finally, Section 5 discusses the direction of 
future research and conclusion remarks. The comparison tables are 
shown in appendices A, B, C, and D. 

2. Non-isolated MPDCs 

2.1. Non-isolated MISO converter 

Authors of (Dobbs and Chapman, 2003) have described a topology 
for buck-boost converters that can combine the energy of multiple input 
sources with varying voltage-current characteristics and use it to supply 
the load. The power flow is unidirectional, and the output always equals 
the inverse value of the input sources. A separate converter between 
output and input sources is required to provide bidirectional power 
transfer capabilities, which increases the number of components, size, 
and weight of the converter. Only one input source can send energy to 
the load at any moment. Another flaw of this structure is the high ripple 
and discontinuous character of the input source current. The 
time-sharing switching technique for (Dobbs and Chapman, 2003) is 
discussed in (Onwuchekwa and Kwasinski, 2012). The topology is 
shown in Fig. 1. A DISO PWM converter for high/low voltage 

application has been presented in (Chen et al., 2006), and further 
investigated in (Gavris et al., 2011a; Veerachary, 2008). The suggested 
converter, shown in Fig. 2, comprises buck and buck-boost converters 
that share a common inductor and capacitor as filters. As a result, this 
structure can work in step-down or step-down/up modes. Using a 
common inductor and capacitor as a filter reduced the number of 
components, size, and cost of the converter. However, the energy from 
input sources cannot be transferred to the load and inductor simulta
neously. As a result, many operation modes are generated, and the time 
interval between the converter’s operation modes reduces. This causes 
an increase in the ripple and discontinuity of the input source current, 
output voltage drops, and a reduction in the power delivered to the load. 
The topology of (Chen et al., 2006) has been studied for PV-wind-water 
pump hybrid system in (Ferreira et al., 2020), and for the controller’s 
design, the linear quadratic gaussian (LQG) with loop transfer recover 
(LTR) regulator and the loop shaping approach were applied. 

Authors of (Zhu et al., 2020a) have proposed an expandable bidi
rectional MISO topology for ESS in DC microgrid application. Despite 
component count, voltage gain is not high; in DISO structure, it is twice 
the boost topology. A modular boost topology is discussed in (Colalongo 
et al., 2017) for low-voltage applications. Two DISO configurations have 
been proposed in (Yalamanchili et al., 2006) for automotive applica
tions. The first topology comprises two buck converters with a common 
inductor and capacitor. The power of the input sources can be trans
ferred to load simultaneously or individually. The number of current 
sensors is reduced using the same inductor for both input sources. The 
power flow in the given converter is unidirectional; however, the kind of 
switches can be changed to enable bidirectional power flow. This 
structure suffers from low voltage gain, high ripple, and discontinuous 

Fig. 1. MISO buck-boost converter (Onwuchekwa and Kwasinski, 2012).  

Fig. 2. DISO buck/buck-boost converter (Chen et al., 2006).  
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input current. The second structure is a DISO structure made up of a 
combination of two buck-boost converters. Using the same inductor for 
both input sources reduces the number of converter current sensors. 
Furthermore, the proposed structure can function as a step-down or 
step-up. The shortcomings of the suggested converter are the inability to 
simultaneously transfer the energy of input sources, the inability to 
bidirectional power flow, low voltage gain, the large current ripple of 
sources, and the discontinuous nature of input sources’ current. A 
similar topology with two switches, two diodes, and two inductors is 
presented in (Veerachary et al., 2013). The robust control design of 
(Veerachary et al., 2013) is discussed in (Reddy and Veerachary, 2016; 
Mummadi and Bhimavarapu, 2020). To reduce inductor current ripple, 
(Li et al., 2008) proposed interleaved dual-edge modulation for a DISO 
buck converter. The general structure for MISO converters is provided in 
(Khaligh et al., 2009; Khaligh, 2008; Onar et al., 2010). While using a 
small number of switches and diodes, this structure can perform any of 
the buck/boost actions. It can either have a unidirectional or bidirec
tional power flow. Because all inputs share a single inductor and power 
is transferred by only one input source at a time, a current sensor may be 
used to monitor the command signals of the switches, and the current of 
each input source at all times. The inability of this structure to simul
taneously transmit the energy of the input sources to the load, as well as 
the large current ripple, the discontinuous character of the input current, 
and low efficiency are the converter’s most significant flaws. 

Another MISO converter for hybrid energy systems is provided in 
(Kumar and Jain, 2013a, 2013b). The proposed MPDC, which is shown 
in Fig. 3, has several advantages, including a simple and compact 
structure, buck, boost, or buck-boost operation mode, unidirectional and 
bidirectional power flow, the possibility of simultaneous or independent 
transmission of energy of input sources, using only one inductor and 
thus only one current sensor. However, the discontinuous and high 
ripple character of the input sources, low voltage gain, as well as a large 
number of active elements in the conduction path are the main short
comings of the suggested structure, which increase losses and hence 
affect the converter’s efficiency. Furthermore, in bidirectional power 
flow, all input cell diodes (excluding the energy storage diode) must be 
replaced with a switch, which increases the number of power switches, 
the number of driver circuits, and the size, cost, and complexity. The 
same authors discuss the power management strategy for the proposed 
converter in (Agrawal et al., 2016). For the same topology, the authors 
of (Hema Rani et al., 2019) suggested a fuzzy logic supervisory 
controller for power management. 

A MISO converter has been provided in (Di Napoli et al., n.d.), where 
each input source is connected to a DC-link by a bidirectional buck/
boost converter. When power flows from each input source to the 
DC-link, the cell operates as a step-up converter, whereas the return of 
energy from the output to each input source provides a step-down 
operation. Bidirectionality, low ripple, and continuous nature of the 
input current are advantages of this MPDC. However, the requirement to 
utilize an individual inductor for each input source increases the 

converter’s cost, weight, and volume. As input sources for hybrid/
electric vehicles, (Thounthong et al., 2010) provides a DISO converter 
with FC and supercapacitor. Because of the FC’s sluggish nature, it is 
utilized to keep the supercapacitor charge at the desired level, while the 
supercapacitor regulates the DC link energy. Two boost converters 
connect each source to a common link. The output current ripple of the 
FC can be decreased to a great extent by introducing an interleaving 
switching technique. Also, flatness control is presented and compared to 
the classical linear PI controller. The large number of switches, diodes, 
and inductors employed in the converter, on the other hand, increases 
the size, weight, and expense of the MPDC (particularly for a large 
number of inputs). 

Authors of (Fan et al., 2010) have proposed an MISO converter for a 
hybrid thermoelectric-PV system in hybrid electric vehicles. The sug
gested hybrid system is composed of a TISO Cuk-Cuk-Cuk converter. It is 
possible to supply energy from the input sources simultaneously. MPPT 
algorithm is also presented for solar cells. However, at high power 
levels, the converter’s cost, volume, and weight rise due to the necessity 
of a separate inductor for each input and the requirement to utilize a 
filter to reduce output voltage ripple. In (Smith and McCann, 2012), a 
similar Cuk-based topology has been proposed for grid-connected 
hybrid thermoelectric-PV systems. The structure allows independent 
or simultaneous energy transmission from input sources to the load. 
Also, the P&O algorithm is implemented for MPPT. A bidirectional DISO 
structure has been presented in (Hintz et al., 2015). This MPDC is rec
ommended for use in FC-based hybrid vehicles since such applications 
require the capacity to transfer power in both directions as well as the 
ability to combine input sources with different voltage levels. The pro
posed converter can perform both step-down and step-up functions. It is 
possible to transmit energy individually or simultaneously from many 
input sources. This topology is expandable and has a simple control 
system. However, the requirement to utilize a separate inductor for each 
input source raises the volume, cost, and weight of the converter for a 
high number of inputs. 

The authors of (Gavris et al., 2012, 2011b) have described a DISO 
hybrid buck LC converter for HRS applications, hybrid/electric auto
mobiles, and communication power systems. The converter’s advan
tages include the ability to utilize input energy simultaneously or 
individually and a wide voltage conversion ratio. The converter’s size 
and weight have increased due to a large number of components. 
Furthermore, a large number of diodes in the conduction path increase 
losses and reduce efficiency. In (Zahedi Saadabad et al., 2020), a DISO 
three-winding coupled inductors-based topology proper in use in a 
PV-battery application is suggested. Based on the quadratic boost con
verter, a DISO structure is proposed for stand-alone PV-battery systems 
(Rostami et al., 2020). In (Chen et al., 2013), a DISO structure for a 
stand-alone PV-battery system is suggested, which employs two coupled 
inductors to enhance voltage gain. In this topology, two buck-boost type 
active-clamp circuits recycle the leakage-inductance energy and provide 
soft-switching conditions. However, utilizing two coupled inductors, 
two inductors, five switches, and five capacitors makes the converter 
bulky and expensive. 

A MISO converter recommended for EVs has been proposed in (Akar 
et al., 2016) and is shown in Fig. 4. The two-input converter has four 
power switches with anti-parallel diodes, two inductors, and two power 
diodes. This converter’s two-input operation consists of four operating 
modes: 

• The switches S1, S2, and Q are in conduction mode during the in
terval [0 < t < (1 − dTo)Ts]. As a result, using the Q switch, the energy 
from both input sources, as well as the energy stored in inductors L1 
and L2, is transferred to the output load and capacitor.  

• In the second operating mode, the time interval 
[(1 − dTo)Ts < t < (ds2)Ts], the Q switch is deactivated, and the T 
switch is activated. The energy from each input source is stored in the 
matching inductor. As a result, the inductors’ current and energy Fig. 3. DISO converter proposed in (Kumar and Jain, 2013a).  
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stored in them rise. The output capacitor is discharged and supplies 
the required load energy in this time interval.  

• Switch S2 is OFF, switches S1 and T are ON, and diode D2 begins to 
conduct in the third operating mode, the time interval 
[(ds2)Ts < t < (ds1)Ts ].In this operating mode, the inductor L1 con
tinues to be charged, and the L2 current starts to be decreased due to 
the body resistance of the T switch. The output capacitor supplies the 
required load energy.  

• In the fourth operating mode, the time interval [(ds1)Ts < t < Ts], S1 
and S2 are turned OFF, and the diodes D1 and D2 are turned ON. In 
this time interval, the energy is stored in inductors L1 and L2. In this 
fourth operating mode, the output capacitor current is negative. 

The input sources in this converter can transmit power to the load or 
inductor simultaneously or individually. However, input sources current 
are discontinuous and have a high ripple. Moreover, because each input 
cell has its own inductor, the number of inductors increases with the 
number of inputs, increasing the size, weight, and expense of the con
verter. In (Akar et al., 2017), the same authors proposed a fuzzy 
logic-based energy management system for the topology of (Akar et al., 
2016), which employs a supercapacitor and a battery as input. The 
structure is shown in Fig. 5. In the first operating mode, both input 
sources are discharged to provide the load demand simultaneously. 
Energy goes from the output to the input sources and is stored in the 
second operating mode. If the battery energy alone is sufficient to supply 
the load in the third operating mode, the battery is discharged to supply 

the load. Excess energy from the battery is kept in the supercapacitor, 
increasing its charge. 

A TISO boost converter for hybrid energy systems has been provided 
in (Nejabatkhah et al., 2012). It is shown in Fig. 6. Two of the input ports 
are unidirectional, and one is bidirectional and suitable for ESS. Each 
input source can provide the required energy to the load individually or 
simultaneously and assist the battery charge/discharge process. Four 
power switches are utilized in this MPDC, each separately controlled by 
four duty cycles (corresponding to each switch). In addition to the MPPT 
of the PV, the power of the FC, the amount of charge and discharge of the 
battery, and the voltage of the output load may all be controlled by 
regulating the duty cycle of each of these four switches. Also, two types 
of decoupling networks are developed to design closed-loop control 
systems. However, power flow from load to ESS is not provided in this 
topology. Moreover, many active switches/diodes in the conduction 
path increase losses and affect the converter efficiency. Another TISO 
topology for PV/FC/Battery hybrid application with one bidirectional 
port and two unidirectional ports is discussed in (Kardan et al., 2017). In 
this structure, the battery can be charged individually or simultaneously 
with energy sources. 

A family of DISO H-bridge-based topologies has been discussed in 
(Ahmadi and Ferdowsi, 2012), as is shown in Fig. 7. The structure in  
Fig. 8.a allows for the independent or simultaneous transmission of 
energy from input sources to the load. Because only one inductor is used 
for both input sources, the number of elements, cost, and weight of the 
converter is reduced. This converter does not support bidirectional 
power flow (to offer bidirectional power transmission, bidirectional 
switches must be used). The configurations depicted in Fig. 8. b, Fig. 8. c, 
and Fig. 8. d allow for independent or simultaneous transfer of input 
energy to the inductor. Because the converter uses just one inductor, the 
current of each input source at any point in time may be measured with a 
single current sensor. The power flow in these converters, however, is 
unidirectional. The energy from the second input source cannot be 
transferred directly to the load in the configurations depicted in Fig. 8. b, 
Fig. 8. c. To do this, the energy from the second source must first be 
stored in the inductor before being transmitted to the output load at a 
different switching time. The current of input sources is discontinuous, 
and the ripple is considerable in all structures depicted in Fig. 8. 

A general approach for achieving MISO converters has been provided 
in (Liu and Chen, 2009) by introducing the pulsating voltage source cell 
and pulsating current source cell. All input sources can transfer energy 
individually or simultaneously. The number of inductors and capacitors 
used in the proposed structures are fewer than in the case of parallel 
connection of many basic independent converters. These MPDCs are 
indicated for use in HRS. However, energy cannot transfer from one of 

Fig. 4. Bidirectional DISO converter proposed in (Akar et al., 2016).  

Fig. 5. DISO converter for battery/FC HESs (Akar et al., 2017).  
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the inputs to another. Moreover, the converters require several 
high-current sensors. 

Authors of (Xian et al., 2012) have described a DISO buck structure 
as well as a new control strategy. This MPDC is recommended for usage 
in FC-based applications. Due to the inherent time delay in the electrical 
properties of FCs, it is frequently required to use another energy source 
with a faster and better dynamic response in hybrid energy systems 
containing FCs. The proposed structure has several advantages, 
including relatively high efficiency, fewer elements employed, low cost, 
simple construction, and a control system. The main disadvantages of 
this structure are the high ripple and discontinuous nature of the input 
current. 

In (Ahrabi et al., 2017), a TISO converter developed from structures 
(Nejabatkhah et al., 2012; Khadem Haghighian and Hosseini, 2015) is 
offered for use in hybrid/electric vehicles. The topology is shown in  
Fig. 9. The suggested structure’s input sources include FC, solar cell, and 
battery. Although this structure has a more significant voltage gain than 
(Nejabatkhah et al., 2012; Khadem Haghighian and Hosseini, 2015), the 
output voltage gain is not considerable compared to other MISO topol
ogies. Moreover, the load can be supplied even when only one source is 
available, resulting in high reliability. This structure is intended for use 
in hybrid/electric vehicles that do not have the capability of bidirec
tional power flow. Furthermore, this structure cannot be generalized to 
the arbitrary number of input/output ports. In (Shayeghi et al., 2021), a 
three-port switched-capacitor-based converter with low input current 
ripple, and low component count is proposed, which can be operated in 
both step-up/ step-down modes. This MPDC is recommended for usage 
in EV applications. In (Farakhor et al., 2019), a bidirectional DISO to
pology has been suggested, in which the continuous input current makes 
it proper for HRS. Authors of (Xu et al., 2021) proposed a DISO structure 
comprising a switching capacitor converter, a series resonant converter, 
and a bidirectional buck-boost converter for PV-battery application. 
Hybrid PWM and PFM methods are applied to minimize cross regulation 
effect and realize power balancing among ports. However, the converter 
suffers from a high number of components. 

In (Prabhala et al., 2016), a unidirectional DISO converter with 

diode-capacitor voltage multiplier cells and two boost stages at the input 
has been proposed to obtain high voltage gain. Fig. 10 depicts the pro
posed structure with four diode-capacitor multiplier cells. The operation 
modes of the converter are as follows: 

• Both S1 and S2 switches are ON in the first operating mode, and di
odes D1, D2, D3, D4, and Dout are turned OFF. As a result, the relevant 
input source charges each inductor. The output capacitor also pro
vides load energy.  

• S1 is turned off, and S2 is ON in the second operating mode, and D1, 
D3, and Dout begin to conduct. As a result, the first source and the 
inductor L1 charge capacitors C1 and C3 and discharge C2 and C4. Dout 
is forward-biased, and energy is transferred to the load and output 
capacitor Co.  

• S2, D1, D3, and Dout are turned OFF in the third operating mode, and 
the S1, D2, and D4 begin to conduct. Energy from the first source is 
stored in the L1 just as in the first operating mode. Therefore, the 
second source and L2 charge capacitors C2 and C4 and discharge C1 
and C3, and the load is supplied by Cout. 

The advantages of this MPDC include input sources that can be 
controlled simultaneously or independently of one another, continuous 
current flow and small current ripples, and the voltage across the 
switches and diodes is less than Vout. Another advantage of this structure 
is the ability to conduct power control amongst input sources. However, 
getting significant voltage gains necessitates using more diode-capacitor 
multiplier cells, which increases the number of components utilized, the 
cost, size, and converter losses, and reduces the efficiency. 

Ref (Banaei et al., 2014). describes a unidirectional MISO topology 
for hybrid energy generation systems. This structure consists of several 
buck and buck-boost converters. Among the advantages are the ability to 
transfer input source power simultaneously or individually, continuous 
source current, minimal current stress on switches, a wide range of 
switching duty cycles, and high voltage gain. However, to achieve sig
nificant voltage gains, the number of inputs must be increased, which 
increases voltage stress on the switches and diodes. As a result, while 

Fig. 6. TISO boost converter (Nejabatkhah et al., 2012).  

Fig. 7. Cascaded H-bridge cell to synthesis DISO topologies (Ahmadi and Ferdowsi, 2012).  
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determining the number of inputs, a compromise must be struck be
tween the voltage gain and the voltage across the switches/diodes. For 
the mentioned converter, the authors of (Mahmoudi and Safari, 2019) 
discussed an LMI-based robust control. A series-parallel switch
ed-capacitor structure that can operate in a buck or boost mode is dis
cussed in (Abraham et al., 2017). However, the converter suffers from 
discontinuous input current and limited voltage gain. 

In (Yuan-mao and Cheng, 2013), a unidirectional MISO structure 
based on switched capacitors is proposed that does not incorporate any 
inductors. The proposed structure is made up of (n + 1) capacitors, 
(n + 1) switches, and (2 n + 1) diodes. This structure’s performance can 
be evaluated in two modes of operation. The Q0 switch and all diodes 
except Do are conducting in the first operating mode. Capacitors Ci are 
therefore charged from sources Vi. All switches except the Q0 and the 
diode Do begin to conduct in the second operating mode. The converter’s 
maximum output voltage equals the total voltage of the input sources. 
To enhance the output voltage, the number of switched capacitor cells 
must be increased. Because each cell contains a switch, a capacitor, and 
two diodes, the number of components required and the cost, size, and 

losses of the converter grow as the output voltage increases. Also, the 
input current is discontinuous, and to realize soft switching conditions, 
resonant inductor is to be used. 

In (Deihimi et al., 2017), a structure for a MISO converter has been 
presented, as shown in Fig. 11, which combines typical boost converters. 
The proposed converter has (n) inductors, (2 n) capacitors, (n) switches, 
and (2n-1) diodes. Consider the type of the suggested structure’s two 
inputs for a better explanation. The converter’s performance can be 
evaluated in four different operating modes, as follows:  

• Switches S1 and S2, as well as diode D2, are turned ON in the first 
operating mode, while all other switches and diodes are turned OFF. 
Thus, input sources V1 and V2 charge inductors L1 and L2, respec
tively. Capacitors Co and C1 are discharged to charge capacitors C2 
and C3. The output capacitor Co supplies the appropriate power to 
the load.  

• The S1 and S2 continue to conduct in the second operating mode, but 
D2 is turned OFF. In this operating mode, charging L1 and L2 is 
continued through V1 and V2, respectively. 

Fig. 8. The topologies proposed in (Ahmadi and Ferdowsi, 2012). (a) Buck-buck converter. (b) Buck-buck boost converter. (c) Buck boost-buck boost converter. (d) 
Boost-buck boost converter. 
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• The S2 is turned OFF in the third operating mode, and D3 begins to 
conduct. In this situation, the L1 keeps charging from the V1. When 
the S2 is turned OFF, and the D3 is turned ON, the energy from V2, L2, 
and C3 is transferred to the load, output capacitor Co, C1, and C2.  

• The S1 is turned OFF in the fourth operating mode. As a result, the 
energy from sources V1 and V2, the energy from L1 and L2, and the 
energy stored in C3 are transmitted to the load, the output capacitor 
Co, and C1 and C2. 

As is observed, the proposed converter’s output voltage equals the 
entire output voltage of the conventional boost converters utilized in its 
structure. The advantages of the discussed structure are continuous 
current of input sources, low voltage stress on diodes/switches, and the 

possibility of simultaneous or individual energy transmission by input 
sources. The power flow in this system, on the other hand, is unidirec
tional and from the input sources to the load. Furthermore, if ESSs are 
used, they cannot be charged from different input sources. As a result, 
power control between input sources is not possible in this topology. 

An expandable unidirectional DISO converter is proposed for grid- 
connected PV systems (Zhou et al., 2012), allowing it to work as a 
boost converter and provide high voltage gain. This converter’s per
formance can be evaluated in four different operating modes as follows:  

• Switches S1 and S2 are turned ON, and diodes D1 and D2 are turned 
OFF in the first operating mode. As a result, the energy of each input 
source V1 and V2 is stored in the corresponding inductors L1 and L2. 

Fig. 9. TISO converter for hybrid/electric vehicles (Ahrabi et al., 2017).  

Fig. 10. DISO converter with diode-capacitor voltage multiplier (Prabhala et al., 2016).  
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Because D1 and D2 are turned OFF, and no current flows through 
them, the capacitor voltage C1 remains constant.  

• The S2 and D1 are turned OFF in the second operating mode, and S1 
and D2 begin to conduct. As a result, L1 current increases, and L2 
current decreases. The energy stored in the L1 is also transferred to C1 
and increases C1 voltage.  

• The third operating mode is similar to the first, in which the energy 
from both input sources is stored in the L1 and L2 inductors via S1 and 
S2.  

• In the fourth operating mode, S1 is OFF, and S2 is ON, while D1 is ON 
and D2 is OFF. As a result, the energy from the V2 is transmitted to 
and stored in the L2. Furthermore, C1 is discharged, and its voltage 
decreases. 

The proposed framework includes a straightforward control struc
ture and system. The converter’s advantages are the continuity of the 
input source current, the minimal ripple of the source current, and the 
possibility of simultaneous or individual transfer of source energy. The 
proposed structure’s output voltage is equivalent to the total output 
voltage of the conventional boost converters used. In addition, the 
structure with MISO requires n-inductors and n-switches, which in
creases the number of gate driver circuits, size, cost, and converter 
complexity. 

A MISO step-up non-coupled inductor-based converter has been 
provided in (Varesi et al., 2017). The proposed structure’s n-input 

version, which is a combination of typical boost converters, has (n + 1) 
inductors, (n + 1) capacitors, (n + 1) switches, and (n + 1) diodes. 
Three inputs structure is shown in Fig. 12 and is explored to provide 
better knowledge of how the proposed converter operates. Four oper
ating modes for the structure’s performance can be imagined based on 
the employed switches.  

• The switches S1, S2, S3, and Q are in conduction mode in the first 
operating mode, and all diodes are turned OFF. Inductors L1a, L2, and 
L3 are thus charged by sources V1, V2, and V3, respectively. Capacitor 
C1 is also discharged, and the energy it contains is transferred to 
inductor L1b. The output capacitor Co provides the appropriate power 
to the load.  

• The S3 switch is turned OFF in the second operating mode, and diode 
D3 begins to conduct. As a result, the energy from the third source 
and inductor L3 is transferred to capacitor C2 through D3 and S2. The 
output capacitor Co provides the load demand.  

• The switch S2 and diode D3 are switched OFF in the third operating 
mode, and the switch S3 and diode D2 begin to conduct. The energy 
from the V2, inductor L2, and capacitor C3, is transferred to capacitor 
C2 via diode D2 and switches S1 and Q. Also, L1a and L1b are charged 
by V1 and C1, respectively.  

• Finally, in the fourth operating mode, the switches S1, Q, and diode 
D2 are deactivated, and the switches S2, S3, and diode Do begin to 
conduct. As a result, the energy from V1, inductors L1a and L1b, and 

Fig. 11. Expandable DISO converter (Deihimi et al., 2017).  

Fig. 12. MISO step-up non-coupled inductor-based converter (Varesi et al., 2017).  
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capacitor C2 is transferred to the load through D1 and Do. The V1 and 
the inductor L1a both charge C1. 

The voltage across the switches/diodes is modest despite the signif
icant voltage gain. The voltage stress of all switches/diodes, including 
the Q switch and the Do diode, is less than Vo, which decreases the 
converter’s cost and losses and helps to increase the converter’s effi
ciency. The structure’s main advantages are continuous and low input 
sources current ripple, simultaneous or individual power transfer of 
input sources, the ability to increase the number of inputs, and low 
voltage stress on switches and diodes. Power flow in this topology is 
unidirectional, and power management between input sources is not 
possible. Improved noncoupled-inductor-based topologies are discussed 
in (Varesi et al., 2018, 2019). In (Varesi et al., 2019), besides the hard 
switching, this configuration employs high number of switches and in
ductors due to the non-sharing of components. A DISO topology for 
street-lighting applications, based on a combination of a two-input boost 
converter and an impedance network, is introduced in (Abbasi Soltani 
et al., 2021). 

In (Wai et al., 2011), a DISO boost converter has been presented for 
low-voltage and high-current applications. In order to achieve the ZVS 
capability of all input switches, an auxiliary circuit, including a diode, 
inductor, and capacitor is used. The input sources can provide the en
ergy required by the load individually or simultaneously; in the case of 
two inputs, the sources are connected in series. The presented converter 
has a unidirectional power flow. The structure of a DISO bidirectional 
converter has been presented in (Faraji et al., 2021a) and is shown in  
Fig. 13. Coupled inductors are used to achieve soft switching in all 
switches. The input sources can deliver the required energy to the load 
either individually or simultaneously. The authors of (Faraji et al., 2019) 
have presented a MISO structure based on a boost converter with a small 
number of components. An (n) input type of this structure is shown in  
Fig. 14. The presented converter is made up of a coupled inductor, 
(n + 1) switches, and (n + 1) diodes. The voltage gain is considerable 
due to the usage of the coupled inductor, even though the voltage stress 
on the main switch is less than half the output voltage. A power flow 
path is provided in this circuit to charge the ESSs. Moreover, a simple 
resonant circuit, including a La inductor and a Ca capacitor is used to 
achieve the ZVS conditions for the main switch in the charge path and to 
provide ZCS conditions on the discharge path. The main disadvantage of 
the presented structure is that all switches do not operate under 
soft-switching conditions, and one switch operates under hard-switching 
conditions. Moreover, in ESS mode, the charge path switch should be 

switched at a high frequency, which increases losses. 
In (Faraji et al., 2020), a boost converter-based DISO structure has 

been described for PV-battery applications. A voltage multiplier cell 
based on coupled inductors is utilized to achieve high voltage gain; 
however, the voltage stress on the switch is half the output voltage. In 
this topology, the switch in the ESS path is also connected to the main 
switch, and ZVS conditions are provided for all switches via a simple 
active clamp circuit. In this MPDC, soft switching performance depends 
significantly on the load, such that when the load is low, and energy 
flows from the PV source to the ESS, the active clamp circuit is turned 
off, and hard switching performance is achieved. Furthermore, the 
converter losses are substantial due to the clamp diode circuit and series 
switches. The structure of a DISO boost converter has been presented in 
(Zhou et al., 2022) for integrating RESs and ESSs with a small number of 
elements and the low voltage stress of the switches. A coupled inductor 
is used to obtain high voltage gain. The active clamp circuit is used for 
ZVS conditions of the switches and ZCS conditions of the diodes in this 
structure to reduce switch losses and increase efficiency. The short
coming of this structure is the discontinuous current flow of resources 
(bidirectional port and port connected to ESS), which can have a 
detrimental impact on the performance of the RES as well as battery life 
and efficiency. In addition, soft switching conditions are not met in the 
charging mode of the ESS source of the renewable source. Authors of 
(Pourjafar et al., 2021) proposed a DISO topology for HES applications. 
As is shown in Fig. 15, the converter is comprised of a coupled inductor 
and super voltage lift circuit (SLVC) to increase voltage gain. Bidirec
tional power flow, low ripple, and continuous nature of the input cur
rent, ZVS, and ZCS operation of diodes are advantages of this MPDC. 

A step-up/down MISO structure based on the SEPIC converter has 
been presented in (Haghighian et al., 2017). This structure has a bidi
rectional port (for connecting to an ESS) and (n) unidirectional inputs. 
The switches and diodes in this converter are not under soft switching. 
Moreover, ESS alone operation mode is not possible, which makes this 
topology improper for standalone PV/battery applications. The DISO 
structure is shown in Fig. 16. Another SEPIC-based three-port topology 
for PV-battery application is reported in (Cheraghi et al., 2021), and is 
depicted in Fig. 17. To increase voltage gain, a voltage doubler cell is 
used. The proposed MPDC has several advantages, including soft 
switching, low number of switches, and low current ripple. 

In (Akar, 2016), a high-efficiency bidirectional MPDC has been 
developed by integrating the two topologies provided in (Haghighian 
et al., 2017; Jiang et al., 2013). The topology is shown in Fig. 18. Two 
auxiliary switches, Sa1 and Sa2, two auxiliary diodes, Da1 and Da2, an L0 

Fig. 13. DISO bidirectional converter (Faraji et al., 2021a).  
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inductor, and a coupled inductor are used in the proposed converter. In 
this topology, there will be no need to expand the capacity of the 
magnetic core by replacing the non-coupled inductor with the coupled 

inductor. The T0 and Q0 switches in this converter are switched under 
ZVS, improving the converter’s performance at higher frequencies and 
reducing the switches’ voltage and current stress. This converter has two 

Fig. 14. Expandable DISO structure based on a boost converter (Faraji et al., 2019).  

Fig. 15. DISO converter for HES (Pourjafar et al., 2021).  

Fig. 16. SEPIC-based MISO converter (Haghighian et al., 2017).  

S. Farajdadian et al.                                                                                                                                                                                                                           



Energy Reports 11 (2024) 1019–1052

1029

operation modes: charging mode in which the Sa1 is ON and the Sa2 is 
OFF, and discharge mode in which the Sa2 is ON and the Sa1 is OFF. As a 
result, auxiliary switches do not result in any further switch losses, 
which is one of the primary benefits of this topology. Furthermore, the 
current flowing through the inductor L0 is bidirectional, providing the 
energy required for soft switching. 

In (Faraji and Farzanehfard, 2021), a soft-switched high step-up 
converter has been proposed. In this topology, ESS can be charged 
from RES and load, making the structure proper for HRS and microgrid 
applications. Based on three switches leg, a family of MPDCs has been 
suggested in (Azizi et al., 2016). However, as the number of input ports 
increases, the complexity of the control system and the number of 

switches/inductors increases. A high voltage gain bidirectional Z-sour
ce-based DISO converter is presented in (Rostami et al., 2021). However, 
the number of components is high, and the converter does not have 
common ground. A soft-switched quasi-Z-source topology for a hybrid 
energy system has been proposed (Torki Harchegani et al., 2021), that 
can combine the energy of multiple input sources with varying 
voltage-current characteristics and use it to supply the load. Also, the 
power of the input sources can be transferred to load simultaneously or 
individually. In (Chandrasekar et al., 2020), a topology with positive 
high voltage gain, integrating a buck-boost converter with a 
bi-directional boost converter, with two unidirectional and one 
bi-directional port for PV-battery applications, has been proposed. A 

Fig. 17. High step-up three-port ZVS converter (Cheraghi et al., 2021).  

Fig. 18. Converter proposed in (Akar, 2016).  

S. Farajdadian et al.                                                                                                                                                                                                                           



Energy Reports 11 (2024) 1019–1052

1030

DISO coupled-inductor reconfigurable converter with medium voltage 
gain is proposed in (Al-Soeidat et al., 2020) for PV-battery applications. 
The converter is able to operate as a boost converter, buck-boost con
verter, or forward converter in different modes of operation. Three 
control loops, namely IVR, OVR, and BVR, are utilized to control the 
converter. The OVR loop is a PI-based control loop employed to main
tain the desired output voltage. The input PV port voltage, on the other 
hand, is managed along with a P&O algorithm through an IVR loop to 
maximize the input PV power. Additionally, the BVR loop is imple
mented to prevent overcharging of the battery. A bidirectional DISO 
converter with soft switching capability is proposed in (Faraji et al., 
2021b). A MISO configuration is proposed in (Ravada et al., 2021) for 
the interface of PV, wind, and battery-supercapacitor-based hybrid en
ergy storage in DC microgrid applications. In this topology, DC-link 
voltage is the sum of PV and battery voltages. In (Zhu et al., 2020b), a 
bidirectional DISO with high step-up voltage gain is proposed. However, 
the number of components is high. A bidirectional DISO for FC hybrid 
systems is suggested in (Ma et al., 2021), which employs a 
switched-capacitor unit to achieve high voltage gain and low voltage 
stress. In (Dezhbord et al., 2022), a DISO topology is introduced, which 
consists of a bidirectional battery port and two unidirectional input and 
output ports. This proposed converter uses two coupled inductor-based 
voltage multipliers to enhance voltage gain. Furthermore, it utilizes the 
leakage inductance of the coupled inductors to achieve ZCS conditions 
for all switches. Additionally, it mitigates the reverse-recovery power 
losses of the multiplier diodes by controlling the rate at which their 
current decreases. 

A soft-switched DISO topology for HRS applications is proposed in 
(Faraji et al., 2021c). The converter is bidirectional, and the control 
system for the proposed converter is designed to ensure both system 
stability and the regulation of load voltage while also addressing MPPT 
and battery charging control. An expandable MISO converter with the 
capability of multiple RES integration is proposed in (N. Jayaram et al., 
2023). Simple structure, high voltage gain, continuous input current, 
and low input current ripple are advantages of the topology. By 
replacing diodes with switches, bidirectional power flow can be ach
ieved. A TISO topology appropriate for hybrid energy applications such 
as fast-charging EVs is introduced in (Aravind et al., 2023), which has 
high output voltage gain, low voltage stress, and high efficiency. The 
proposed converter is able to produce high voltage gain through an 
Actively Switched Inductor Capacitor (ALC) network. A MISO converter 
is designed in (Amaleswari and Prabhakar, 2021), utilizing voltage 
multiplier cells and implementing a current-sharing mechanism to 
enhance voltage gain. However, the proposed converter incorporates a 
higher number of components, impacting the overall cost and size of the 
converter. A DISO converter with seven operating modes was developed 
by combining bidirectional buck-boost configurations. Nonetheless, the 
voltage gain in this design is relatively low (Aljarajreh et al., 2021). In 
(Dhananjaya et al., 2023), an expandable MISO topology with source 
fault tolerant is discussed. A DISO converter with IoT wireless sensors is 
presented in (Lavanya et al., 2021). An DISO converter with a ZVT 
auxiliary circuit, designed for PV applications, is discussed in (Zhu et al., 
2019). However, it’s important to note that this topology is unidirec
tional. Additionally, the design involves a relatively high number of 
components. 

2.2. Non-isolated SIMO converter 

A unidirectional SIDO topology with only one inductor has been 
presented in (Wibowo et al., 2009). The suggested converter can func
tion in both boost and buck-boost modes. A positive or negative output 
voltage can also be achieved. The voltage regulation of the two outputs 
is obtained independently of one another. Because just one inductor is 
used, only one current sensor can determine the source current. A SIMO 
unidirectional topology with an inductor has been presented in (Patra 
et al., 2012). The proposed MPDC can generate buck, boost, and 

inverted outputs simultaneously. A control mechanism based on the 
inductor current ripple is also discussed. Because just one inductor is 
used, only one current sensor can determine the source current. Based 
on the switched-capacitor, a series of SIMO topologies have been sug
gested in (Ye and Eric Cheng, 2015), with only one active switch and one 
inductor. However, they suffer from cross-regulation of the output 
voltages. Authors of (Wang et al., 2016) have suggested a model pre
dictive voltage control approach to overcome the crossed regulation 
problem and enhance dynamic response for a SIMO buck-based 
converter. 

As is shown in Fig. 19, a boost SIMO topology using an inductor has 
been proposed in (Nami et al., 2010). The output load voltages are 
adjusted in series in this converter. DC output voltages that have been 
adjusted can be employed in several high and low-power applications. 
The MPDC has three operating modes in dual output topology, as 
follows.  

• First, when the S0 switch is turned ON, the energy from the input 
source is stored in the inductor. As a result, the inductor current 
begins to rise. Because the output capacitors’ required power is 
frequently supplied in this operating mode, both output capacitors 
are discharged, and the voltage across their terminals is decreased.  

• In the second operating mode, the S0 switch is turned OFF, and the S1 
switch begins to conduct, charging the output capacitor C1 and 
increasing the voltage across it. The inductor current reduces in this 
operating mode. The voltage of the second capacitor, on the other 
hand, drops due to the power supply of the second output capacitor, 
C2.  

• When all the switches are turned OFF, and diode D3 is turned ON in 
the third operating mode, the source and inductor energy are 
transmitted to both the output load and their corresponding capac
itors. When the capacitors are charged, the voltage across them rises. 

Using only one inductor, a reduced number of switches, and the 
ability to adjust the voltage of the output loads in series are the most 
important advantages of the proposed converter. The inability of this 
converter to provide bidirectional power flow, on the other hand, is its 
most significant disadvantage. Moreover, this structure requires (n + 1) 
switches and (n) diodes for n-output. 

Another SIMO topology depicted in Fig. 20 has been presented in 
(Ray et al., 2013). This MPDC can operate in both buck and boost modes. 
This arrangement was achieved by substituting an HB converter for the 
switch in a standard boost converter. The HB converter’s midpoint also 
serves as a load point. As a result, the proposed converter can supply two 
output ports. The buck and boost processes are supported in this con
verter by L1 and L2 inductors, respectively. Three functioning modes for 
this converter can be envisaged based on whether the Q1 and Q2 bidi
rectional switches are turned ON or OFF, as follows:  

• Both the Q1 and Q2 switches are active in the first operating mode. As 
a result of these switches, the source energy is stored in the L1 
inductor. The L2 inductor current is also in Freewheeling mode, as 
controlled by the Q2 switch. Diode D is turned off in this mode.  

• The Q1 switch is turned ON, and the Q2 switch is turned OFF in the 
second operating mode. In this scenario, the current flowing through 
the inductor L1 is split into two parts: one part goes through the diode 
D, and the other part goes through the inductor L2. A portion of the 
input source energy and energy stored in inductor L1 is delivered to 
the load, while the remainder is stored in inductor L2.  

• Both the Q1 and Q2 switches are turned OFF in the third operating 
mode. As a result, the current of L2 is in Freewheeling mode via the 
Q2’s reverse parallel diode. Through diode D, the current of L1 is also 
transmitted to the corresponding output. As a result, the energy 
stored in both inductors is transmitted to the respective outputs. 

The proposed converter can operate in both step-up and step-down 
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modes. The voltage range that can be created is also significantly greater 
than that of conventional independent converters. This converter may 
create any value from zero to the magnitude of the input voltage source 
at its output in the step-down mode. Still, traditional step-down 

converters cannot produce very small voltage values or a unit voltage 
conversion ratio at their output. This structure contains fewer devices 
than the standard independent step-up and step-down converters, 
making it less expensive and more efficient. The suggested converter can 

Fig. 19. Diode-clamped based SIMO converter (Nami et al., 2010).  

Fig. 20. SIMO converter with simultaneous buck/boost operation (Ray et al., 2013).  

Fig. 21. DISO bridge type topology (Athikkal et al., 2019).  
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be controlled by two independent control variables, making it simple to 
control. 

The authors of (Athikkal et al., 2019) have described a DISO 
bridge-type topology that can combine the energy input sources with 
distinct voltage-current characteristics and use it to supply the load. The 
structure is shown in Fig. 21. In this converter, the input sources can 
deliver power to the load either simultaneously or individually. An 
expandable SITO high voltage gain converter has been proposed in 
(Saadatizadeh et al., 2019). In this structure, the voltage gain can be 
increased by increasing the inductor-diode-capacitor cells on the first 
and second output sides and increasing the diode-capacitor cells on the 
third output side. Low ripple and continuous nature of the input current 
and low voltage stresses on the switches are advantages of this con
verter. By the combination of three-level buck and boost converters, as is 
shown in Fig. 22, a SIDO topology with low-voltage stress on the 
switches is presented in (Ganjavi et al., 2018). A coupled-inductor-based 
high step-up and high step-down three-Port topology with zero input 
current ripple is presented in (Saadatizadeh et al., 2021a). In the sug
gested converter, three different SIDO operation modes can be obtained 
by changing the place of the input source between each of the three 
ports. The converter is recommended for RES, DC motors drive, UPS, 
and greenhouse applications. However, this MPDC is composed of five 
switches and, two coupled inductors, and six capacitors, which increase 
the size and cost and reduce the power density. A similar idea is dis
cussed in (Saadatizadeh et al., 2021b) by the same authors. In (ANON 
et al., 2020), a SIDO converter was developed by integrating buck and 
super-lift Luo converters. This configuration is suitable for both step-up 
and step-down modes. 

2.3. Non-isolated MIMO converter 

The single-stage MIMO modular structure has been proposed in 
(Behjati and Davoudi, 2011, 2013a, 2013b). As a result, the power of the 
desired number of input sources can be combined to produce the power 

of the desired number of loads at the output. The current of all input 
sources and output loads, on the other hand, can be calculated at any 
time due to the use of only one inductor jointly between input sources 
and loads, with only one current sensor and monitoring of critical 
command signals. This converter can function in both buck and boost 
modes. However, in this MPDC, the energy from both input sources 
cannot be transferred simultaneously; Only one input source can 
transfer energy to the inductor at any given moment. Moreover, this 
structure is unidirectional, output ports are not common grounded, and 
the input current is discontinuous with high ripple. An MPDC similar to 
that provided in (Behjati and Davoudi, 2011, 2013a) is proposed in 
(Behjati and Davoudi, 2012), except that its various output loads are 
connected in series. All of the converter’s features specified in (Faraji 
et al., 2021c; N. Jayaram et al., 2023) are also established for this 
structure. It is suggested that the DC outputs of this converter be used as 
input voltage sources for multilevel inverters. 

A TIDO is discussed for DC microgrid application in (S. et al., 2018). 
As is shown in Fig. 23, a DIDO structure with low voltage stress on 
switches/diodes has been presented in (Jalilzadeh et al., 2020a). The 
power flow in the given converter is bidirectional, and the input current 
of resources (bidirectional port and port connected to ESS) is contin
uous. Input sources can offer the load’s required energy either individ
ually or simultaneously. Switches S2 and S4 are turned OFF in the battery 
discharge mode, and the output voltages and discharge of the battery are 
regulated by controlling the duty cycle of S1 and S3 switches. Switch S3 is 
turned OFF in battery charging mode, and the output voltages and 
battery charge are controlled by controlling the duty cycle of S2, S1, and 
S4. A DIDO converter with low voltage stress on the switches is proposed 
in (Jalilzadeh et al., 2020b). The drawback of the converter is the high 
number of inductors and complex control algorithm. An expandable 
high-voltage gain converter based on diode-capacitor cells is proposed 
in (Shoaei et al., 2023) for PV applications. Although the converter is 
able to transfer the energy of input sources to output simultaneously, the 
converter is unidirectional. 

Fig. 22. SIDO three-level converter (Ganjavi et al., 2018).  
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In (Nahavandi et al., 2015), a MIMO converter suitable for use in 
hybrid/electric vehicles has been presented. This converter uses only 
one common inductor for all input sources. Each input source is con
nected to the inductor via power diodes. To enable the ESS to be charged 
from the input sources, the inductor output provides a separate path. 
Using a current sensor, the flow of all input sources can be determined at 
all times. The unidirectional power flow, especially for use in the pro
posed hybrid/electric vehicles, is one of the drawbacks of this converter 
because, in such a case, it is not possible to use the return energy of the 
wheels during braking. Another shortcoming of this structure is that 
only one input source can transmit energy at any moment. Other 
downsides of this arrangement are the high current ripple and discon
tinuity of resources. General approaches for manufacturing MPDCs are 
provided in (Zhang et al., 2014; Wu et al., 2015). MPDCs are constructed 
by connecting several pulsed voltage source cells. These approaches can 
build MPDCs that are multi-input, multi-output, unidirectional, or 
bidirectional. For EV applications, in (Kumaravel et al., 2019), a bidi
rectional DIDO converter for integrating PV/battery/ultra-capacitor has 
been proposed. However, the voltage stress on the switches is high in the 
boost mode. 

A MIMO bidirectional buck topology has been described in (Babaei 
and Abbasi, 2017). A DIDO structure is depicted in Fig. 24. In addition to 
generating separate voltage levels with bidirectional current path, this 
converter can integrate energy sources with different voltage-current 
characteristics. However, the large number of switches and inductors 
increases the proposed structure’s size and weight. Other downsides of 
this converter are the high current ripples and discontinuity of resources 
current. The excessive number of active switches in the conduction path 
increases losses and reduces converter efficiency. In (Zhaikhan et al., 

2017), a DIDO switched-capacitor converter is presented. However, in 
this topology, the number of switches is high. A DISO switched 
diode-capacitor-based topology with high gain and low voltage stress is 
discussed in (Hou et al., 2016). A MIMO boost converter based on 
switched-capacitors, proper to use in PV/FC applications, has been 
presented in (Babaei and Abbasi, 2016). This topology has several ad
vantages, including operation at the high switching frequency, high 
voltage gain, continuous input source current, low voltage stress on 
switches, and the capability of using input sources with different 
voltage-current characteristics. The downsides of this structure include 
the inability of bidirectional power flow, the impossibility of power 
management between input sources, and a large number of employed 
components. 

In (Mohseni et al., 2019), a MIMO structure based on the 
diode-capacitor voltage multiplier stage is discussed. In this converter, if 
one of the sources is disconnected, other sources can still feed their 
corresponding output. The ability to utilize different sources with 
various voltage/power levels and continuous input currents is another 
advantage of this converter. In (An and Lu, 2015), a single switch to
pology is developed for a stand-alone PV battery-powered pump system 
from the combination of a buck converter with a buck-boost converter. 
Variable-frequency control and PWM are utilized to achieve MPPT and 
output voltage regulation. However, due to the first quadrant operation 
of the buck-boost stage, variable speed is not achievable. By integrating 
of single stage boost and FB converter, a structure has been presented for 
stand-alone PV-battery-DC motor application in (An et al., 2019). In 
(Sato et al., 2017), a converter is proposed in which inputs can be 
controlled individually by integrating a PWM buck topology and a phase 
shift dual-active HF. 

Fig. 23. DIDO converter in (Jalilzadeh et al., 2020a).  

Fig. 24. MIMO bidirectional buck converter (Babaei and Abbasi, 2017).  
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For a bipolar DC microgrid application, a DIDO converter is intro
duced in (Aghdam et al., 2022). This proposed converter is capable of 
extracting the maximum power from the PV, charging or discharging the 
battery, and symmetrically delivering power to the output load. How
ever, the converter suffers from hard-switching. A single inductor, uni
directional, DIDO bipolar converter for Interfacing PV–FC with 
low-voltage bipolar DC microgrids is described in (Prabhakaran and 
Agarwal, 2020; Prajof and Agarwal, 2015). However, it is worth noting 
that this configuration lacks the capability to boost voltage to maintain 
volt-second balance across its inductor. To integrate PV-battery into the 
bipolar DC microgrid, Ref (Tian et al., 2020) proposed a DIDO converter 
that combines a unipolar output SEPIC three-port converter and a uni
polar output Cuk three-port converter. A limitation of this configuration 
is that the battery voltage must be higher than the PV voltage. In (Saafan 
et al., 2021, 2023), a TIDO configuration for DC microgrid applications 
is described, connecting three different PV-FC-Battery and two different 
loads. The proposed converter exhibits bidirectional buck-boost capa
bility, allowing for the connection of various loads and sources with 
different voltage and power levels. In (Suresh et al., 2021), a DIDO 
converter for EV application is proposed. Nevertheless, the converter 
encounters certain challenges, including high voltage stress on specific 
output diodes, substantial current spikes in certain power switches, and 
constraints on power level scalability. Another bidirectional MIMO to
pology for EV applications based on the diode-capacitor cells is pre
sented in (Maalandish et al., 2023). High voltage gain, low current 
ripple of sources, continuous nature of input sources’ current, and 
ability to utilize the input sources simultaneously are advantages of the 
proposed topology. In (Saadatizadeh et al., 2022), an expandable MIMO 
topology comprised of the voltage multiplier cell with high voltage gain 
is proposed. However, the charging path is not provided for the ESS from 
other input ports. The MIMO topologies are synthesized in accordance 
with network theory in (Zhang et al., 2022), while optimizing the 
components. Nonetheless, there are limitations related to port voltage, 
duty ratio, and expandability of topologies. 

A comparison of various non-isolated MPDCs is illustrated in 
Table A. 

3. Partially isolated MPDCs 

In (Sun et al., 2014), a high-efficiency three-port converter has been 
suggested by integrating dual buck-boost and DAB for the PV-battery 
hybrid system. The converter is depicted in Fig. 25. Bidirectionality, 
the source current’s minimal ripple due to the input’s interleaved 
structure, and ZVS operation are advantages of this converter. More
over, by PWM and PS control, bidirectional power flow between each 
port can be obtained. Derived from the HB topology, in (Zhu et al., 
2014), a three-port converter has been developed for PV-battery appli
cation. Load port and bidirectional non-isolated ESS port are realized on 
the secondary side of the transformer, while RES is connected to the 
primary isolated port. Low current ripple, continuous nature of the input 

current, and ZCS for switches and diodes are advantages of this con
verter. As is shown in Fig. 26, by integrating a boost stage into the 
phase-shift full-bridge, a three-port bidirectional converter for commu
nication and hybrid RES applications has been suggested (Al-Atrash and 
Batarseh, 2007). In this topology, power flow in the boost stage is 
controlled by adjusting the duty cycle of switches, while PSM is used to 
regulate the load. Among the disadvantages of the proposed structure 
are hard switching of the rectifier stage, reverse recovery losses, and 
high voltage stress. 

For satellite application, the authors of (Qian et al., 2009a, 2010a) 
proposed a three-port bidirectional structure shown in Fig. 27. A 
comprehensive approach is employed in (Qian et al., 2010a), and the 
state-space averaging method is utilized to derive the converter model 
under different modes of operation. Subsequently, a decoupling network 
is introduced to facilitate separate controller designs. Control strategy 
and power management for the suggested topology are further investi
gated in (Qian et al., 2009b, 2010b, 2011). For the topology in (Qian 
et al., 2010a), the authors of (Rios et al., 2021) proposed a robust 
LMI-based gain-scheduling controller that is not based on decoupling 
techniques. Moreover, input source disturbance rejection is enhanced by 
employing H∞ norm and D-stability pole placement constraints. 
Although the proposed controller considered the uncertainties of RES 
and ESS ports, the converter parameters’ uncertainties were not 
considered. For a similar topology, authors of (Damasceno et al., 2021) 
discussed LQG/LTRI robust controller for PV-battery application. A 
three-port, bidirectional converter, proper to use in stand-alone 
renewable applications, has been presented in (Wu et al., 2011a, 
2011b). The topology is composed of HB, forward–flyback, and buck 
structures. PWM and feedback control strategy are also studied for 
control and modulation of the proposed control. The suggested topology 
has several advantages, including simple and compact structure and 
control, reduced number of components, and ZVS for all switches. 
However, the converter suffers from high input current ripple. 

A single-stage, three-port converter, proper to use in a stand-alone 
PV application, has been analyzed in (Hu et al., 2014). This topology, 
shown in Fig. 28, is derived from integrating two Buck-boost and an FB; 
the transformer of the conventional FB is split into two transformers, and 
the magnetizing inductances are employed as filter inductors. Moreover, 
the PWM technique is employed to realize power balance between RES 
and ESS, while the PSM of switching legs is utilized to regulate the load 
voltage. Another three-port converter for a stand-alone hybrid energy 
system is provided in (Sun et al., 2014). The topology, shown in Fig. 29, 
is made up of an interleaved bidirectional Buck-Boost and a FB LLC 
resonant converter. A similar topology is suggested in (Chen, 2014; Qin 
et al., 2014), in which two of rectifier diodes are replaced with active 
switches. In addition, to decouple control variables and achieve ZVS for 
all switches, a PWM plus secondary side PS control scheme is proposed. 
However, the topology is unidirectional from the battery to the load. A 
similar topology is suggested in (wu et al., 2015) for hybrid RESs, which 
combine an interleaved boost-FB and a bridgeless boost rectifier. The 

Fig. 25. Dual buck/boost integrated three-port bidirectional converter (Sun et al., 2014).  
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converter is depicted in Fig. 30. Relatively high efficiency, low current 
ripple, and bidirectional capability are the main advantages of this to
pology. However, body diodes of active switches on the secondary side 
operate under hard switching conditions, generating reverse recovery 
losses (Qin et al., 2014; wu et al., 2015). proposes a soft-switched DISO 
topology for integrating two low-voltage DC sources. In this configura
tion, two switch-inductor cells are integrated by utilizing the primary 
windings of the high-frequency transformer. Power is subsequently 
conveyed to the DC load via a FB circuit connected to the secondary 
winding of the high-frequency transformer. Also, the primary inductors 
are designed to operate in DCM. As a result, the issue of magnetizing 
inductance saturation in the high-frequency transformer is resolved. 

In (Hu et al., 2015), an improved Flyback-Forward converter-based 
structure has been described for stand-alone PV-battery applications in 

which to transfer power to the output port, the leakage inductance of 
coupled inductors is used. The topology is shown in Fig. 31. By PWM and 
PS control schemes, power flow between each port can be controlled. 
This converter’s operation consists of three operating modes. In the first 
operating mode, switches S1 and S2 are operated with 180◦ phase 
displacement, and energy is transferred from RES to ESS/load while the 
switches S3 and S4 are in a synchronous rectification state. In the second 
operating mode, ESS alone supplies the load, and the converter operates 
as the Flyback-Forward structure. S3 and S4 are the main switches, and 
S1 and S2 form an active clamp circuit. In the third operating mode, the 
load is disconnected, and RES charges ESS; The converter is the same as 
two paralleled Buck-Boost converters. However, this topology suffers 
from power delivery limitations from the battery to load. The authors of 
(Chen et al., 2015) have presented a three-port structure based on a 

Fig. 26. Boost stage integrated phase-shift full-bridge converter (Al-Atrash and Batarseh, 2007).  

Fig. 27. Three-port modified HB converter topology (Qian et al., 2010a).  

Fig. 28. The converter proposed in (Hu et al., 2014).  
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Flyback converter. To eliminate low-frequency current ripple, an 
auxiliary circuit is employed. For simultaneous power management of 
multiple RESs, (Zeng et al., 2014) suggested a MISO structure. However, 
each input port requires one inductor, making the topology bulky. 

Moreover, with increases of load efficiency gradually decreases. 
A PWM and PFM hybrid modulated converter, proper to use in a 

stand-alone PV application, has been analyzed in (Sun et al., 2015). The 
proposed structure is derived from integrating a two-phase interleaved 

Fig. 29. LLC integrated three-port converter (Sun et al., 2014).  

Fig. 30. The converter proposed in (wu et al., 2015).  

Fig. 31. Three port Flyback-Forward based converter (Hu et al., 2015).  
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boost converter and an FB LLC resonant converter. The proposed to
pology has several advantages, including high voltage gain, small input 
current ripple, ZVS operating of all primary switches, and ZCS of all 
secondary diodes. In (Zeng et al., 2013), a three-port converter has been 
described for PV-battery applications. An LCL-resonant circuit is pro
vided on the primary side of the converter to achieve the ZCS conditions 
for the main switches. However, power flow from load to ESS is 
impossible, making this topology suitable for stand-alone PV applica
tions. A step-down three-port structure for HRS has been presented in 
(Vahid et al., 2021). In (Dobakhshari et al., 2020a), a high-gain con
verter for hybrid energy applications is presented. As is shown in Fig. 32, 
two transformers and two combined voltage-double rectifiers are uti
lized to achieve high voltage gain. Moreover, the number of semi
conductors is reduced while all operate under ZVS conditions. Despite 
high voltage gain, the converter suffers from high voltage stress on its 
semiconductor elements. A similar idea to provide a high voltage gain 
DISO partially isolated converter is discussed in (Dobakhshari et al., 
2020b). 

For the PV/ battery hybrid system, in (Bayat and Baghramian, 2020), 
a quasi-Z source converter is proposed. As is shown in Fig. 33, to 
improve voltage gain, the switched capacitors and coupled inductor 
techniques are utilized. The converter’s advantages are the continuity of 
the input current, the minimal ripple of the source current, bidirectional 
power flow, and low voltage stress on switches. In (Uno et al., 2018), a 
structure for a stand-alone PV system has been presented: a combination 
of a bidirectional PWM topology and a series-resonant converter. As is 
shown in Fig. 34, to realize a single-magnetic structure, the magnetizing 
inductance of the transformer is used as a filter for the PWM converter, 
whereas the leakage inductance accounts for the resonant tank of the 
series resonant converter. By integrating an FB structure and an NPC 
topology, the authors of (Kolahian et al., 2019) proposed an MPDC 
multiple RES into a bipolar MVDC microgrid. A three-phase interleaved 
DISO current-fed triple active bridge (TAB) bidirectional structure is 
suggested in (Wang and Li, 2013). The topology was further analyzed 
and developed in (de Oliveira et al., 2017, 2019). In (Lee and Jung, 
2022), a SIDO DAB converter is introduced to facilitate the balancing of 
bipolar DC bus voltage levels without the need for supplementary 
voltage balancers. The input post consists of an FB converter, while 
output ports are comprised of an HB structure. The output ports are 
cascaded in series to produce bipolar DC voltage levels. The proposed 
converter divides a high-frequency transformer into two separate units 
to achieve the decoupling of bipolar power flows. This approach elim
inates the requirement for complex decoupling algorithms, enabling 
independent control of the bipolar power flows to balance the bipolar 

voltage levels. An unidirectional expandable topology with bipolar 
symmetric output for bipolar DC microgrids is introduced in (Jiya et al., 
2022, 2023), by combining a DAB or a PS-FB converter with a 
two-winding transformer. To facilitate the regulation of the output 
voltage and the integration of inputs with varying voltage levels, this 
topology employs multiple inputs through pulsating voltage sources and 
a time-multiplexed inductor charging technique. A compact size, bidi
rectional DISO topology utilizing a planar transformer is proposed in 
(Saadatizadeh et al., 2024) for high-frequency operation. However, 
voltage gain is not high. 

A comparison of various partly isolated MPDCs is illustrated in 
Table B. 

4. Isolated MPDCs 

A magnetically coupled three-port configuration comprised of three 
HF converters is introduced in (Tao et al., 2006a). However, when the 
input port operating voltage varies widely in this topology, the 
soft-switching range will be reduced. In this converter, the three HB 
converters can also be replaced with three FB converters. The authors of 
(Tao et al., 2006b, 2008) have described a bidirectional three-port 
HB-based configuration comprising a high-frequency three-winding 
transformer with FC and supercapacitor. Two HBs are used to couple the 
FC and the load, and the supercapacitor is connected to a boost HB to 
compensate the slow transient response of the FC and realize a 
current-fed port. By the PS control of HBs, power flow between each port 
can be controlled, while voltage variations on the supercapacitor can be 
handled by PWM control. Besides galvanic isolation, ZVS operation 
under the entire phase-shift region, low current ripples, and less number 
of switches and gate-drive components are the advantages of the pro
posed structure. As is depicted in Fig. 35, in order to reduce input cur
rent ripples, in (Wang et al., 2012; Liu and Li, 2006) an inductor is added 
between input ports and HB structure. Also, a control method with PS 
and duty cycle regulation is applied to the converter. The proposed 
converter in (Liu and Li, 2006) is recommended for use in RES and FC 
hybrid EVs. This topology implements soft switching naturally by 
snubber capacitors and transformer leakage inductance. From a com
bination of a multiport DAB and buck-boost converter, a topology is 
proposed in (Aghajani et al., 2023) for bi-polar DC microgrid applica
tion. The phase shift PWM control strategy is utilized to regulate the 
output voltage and control the power flow between each port. A to
pology based on the series resonance converter, DAB, and SiC switches 
for EV fast and slow charging applications is discussed in (Dao et al., 
2020). 

Fig. 32. The converter proposed in (Dobakhshari et al., 2020a).  
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Fig. 33. The converter proposed in (Bayat and Baghramian, 2020).  

Fig. 34. Topology based on the integration of series-resonant and bidirectional PWM converter (Uno et al., 2018).  

Fig. 35. HB-based three port-converter (Liu and Li, 2006).  
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In (Jun et al., 2010), a three-port bidirectional topology with two FB 
converters, and an HF circuit, has been studied. As is shown in Fig. 36, a 
two-input current-fed FB with output rectifier stage topology based on 
the flux deviation principle in the transformer has been suggested in 
(Chen et al., 2002; Chen et al., n.d.). The phase shift PWM control 
strategy is utilized to regulate the output voltage and control the power 
flow between each port. However, due to the rectifier stage, the power 
flow in this configuration is unidirectional from the input sources to the 
load, which makes the structure improper for grid-connected applica
tions. The idea of a three-port bidirectional converter composed of three 
FB cells and a high-frequency transformer is investigated in (Zhao et al., 
2008). An optimized DISO FB topology is discussed in (Li et al., 2011). 
The topology is depicted in Fig. 37. In this topology, power transfers 
from input to load either individually or simultaneously. A three-port 
bidirectional series resonant converter with PS control is investigated 
in (Krishnaswami and Mohan, 2009). In (Duarte et al., 2007; Michon 
et al., 2004), a three-port FB-based topology for hybrid FC/battery is 
proposed. Each FB converter operates at a fixed switching frequency and 
a fixed 50% duty cycle. However, the converter cannot handle wide 
voltage variations while maintaining soft switching. The decoupling 
control method for (Michon et al., 2004) is discussed in (Tao et al., 
2005). A flatness-based control for a three-port bidirectional FB con
verter is discussed in (Phattanasak et al., 2011a, 2011b) to regulate the 
output voltage and power flow balancing between ports. Based on the 
topology and control method discussed in (Phattanasak et al., 2011a, 
2011b), the authors of (Phattanasak et al., 2015) proposed a modular 
scheme for an FC and two storage devices. 

From a combination of an FB LLC converter and a bidirectional LLC 
converter through a three-winding transformer, a SIDO converter for 
low voltage applications is presented in (Lin et al., 2022). A control 
system with two degrees of freedom, incorporating both PS and fre
quency variation, is employed for the converter, and the converter 
achieves ZVS of all switches ZCS of rectifying diodes through resonance. 

Nevertheless, the inclusion of two extra LCC and LC resonant tanks in
creases the component count and overall volume of the converter. Based 
on the DAB converter, a single-stage topology is proposed in (Lee and 
Jung, 2021), which is able to transfer bidirectional power between two 
bipolar DC buses, and without necessitating a supplementary voltage 
balancer, it can control the bipolar voltage levels under unbalanced load 
conditions. A DISO bidirectional current-fed series-resonant topology 
proper for ESS applications is discussed in (Wang et al., 2022). The 
structure is comprised of a three-winding transformer and three 
H-bridge converters. Each ESS input port is connected through two split 
inductors to the middle points of the H-bridge converter to form an 
interleaved parallel buck/boost converter. Two series resonance tanks 
are utilized to transfer energy from ESS to output, and a resonance tank 
on the output side is used to achieve power decoupling. Additionally, an 
optimization study comparing SPS-PWM and PWM with 
dual-phase-shift (DFS) modulation strategies is conducted to ensure that 
the converter operates with the minimum RMS value of the resonant 
current and achieves unity power factor. A DISO structure comprised of 
two active HBs in input, a three-leg FB in output, and two 
high-frequency transformers is discussed in (Kalpana, 2022). For 
PV-battery applications, a DISO structure is proposed in (Marei et al., 
2022), where two HB converters and a rectifier are connected through a 
three-winding high-frequency transformer. In this configuration, the PV 
source is linked to an HB converter, with the addition of a diode to block 
circulating current from the battery port. Meanwhile, the battery is 
connected to another HB converter, with the addition of a bidirectional 
switch to prevent circulating current and manage the charging and 
discharging operations. 

In (Messi Bene Eloundou et al., 2009), an expandable structure 
consisting of two FB converters connected to the primary side of a 
high-frequency three-winding transformer, and one FB rectifier 
comprised of diodes in series with transistors which are connected to the 
secondary side of the transformer is discussed. The topology is known as 

Fig. 36. The converter proposed in (Chen et al., 2002).  
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the triple active bridge (TAB) and is depicted in Fig. 38. In this con
verter, input switches operate under ZVS, and the output rectifier 
operates under ZCS. Moreover, the power of the input sources can be 
transferred simultaneously, individually, and bi-directionally. The 
shortcoming of this structure is the large number of switches and diodes 
and the lack of battery recharge control. To achieve full range ZVS, PSM 
is applied to voltage-fed TAB converter in (Jiang and Costinett, 2016), 

but input voltage variations are not taken into account. H∞ mixed 
sensitivity control for an FB three-port converter is studied in (You et al., 
2019). A comparison study between variable duty ratio and variable 
frequency modulation for a TAB converter is presented in (Chatto
padhyay et al., 2018). A detailed analysis of the current-fed TAB from 
modeling and control perspectives is presented in (Biswas et al., 2019, 
2021). Authors of (Zou et al., 2020) introduced a generalized harmonic 

Fig. 37. Modified dual input FB converter (Li et al., 2011).  

Fig. 38. The converter proposed in (Messi Bene Eloundou et al., 2009).  

S. Farajdadian et al.                                                                                                                                                                                                                           



Energy Reports 11 (2024) 1019–1052

1041

approximation model for the TAB converter. Subsequently, they devel
oped an optimized control system to minimize the RMS current, ensure 
operation for switches, and address the effective management of power 
flows. Ref (Purgat et al., 2021). analyzed the ZVS regions of the TAB 
converter. The solution for the ZVS criteria incorporates various pa
rameters, including the switches’ parasitic capacitance, the trans
former’s leakage inductance, switching frequency, port voltage, and PS 
inside and between the FBs. Ref (Dey and Mallik, 2022)., investigated an 
optimized PWM scheme aimed at enhancing the efficiency of the TAB 
structure through the minimization of conduction losses. In (Ibrahim 
et al., 2021), an optimized penta PSM for the TAB converter is proposed 
for conduction loss reduction. This approach involves identifying 
favorable modulation patterns through numerical analysis to maximize 
efficiency. Subsequently, analytical optimization of the RMS current is 
performed. However, the implementation becomes intensive due to the 
large number of operation modes and the requirement for time-domain 
analysis. In (Ibrahim et al., 2024), the ANN approach was employed to 
estimate the optimal modulation parameters of the TAB. The objective is 
to achieve converter operation with the minimum total RMS currents. In 
(Kougioulis et al., 2022), a strategy for minimizing conduction losses has 
been devised through a detailed analysis of the TAB converter. This 
strategy aims to reduce the current stress on semiconductor devices and 
enhance overall efficiency. In (Liao et al., 2023), a feedforward neural 
network is developed for the MAB converter. AAN-based decoupling 
control is proposed in (Buticchi et al., 2022) for an MAB. The authors of 
(Qi et al., 2023; Zhao et al., 2022) investigated a decentralized adaptive 
control approach that dynamically adjusts each bridge’s switching fre
quency and phase shift in a TAB converter to regulate power. 

In (Jakka et al., 2017), as is shown in Fig. 39, a structure consisting of 
two FB converters, a three-leg converter, and two high-frequency 
transformers is discussed. This topology can achieve a wide range of 
outputs with fewer losses. However, the converter’s size and cost have 
increased due to the large number of components. In (Pavlovic et al., 
2013), based on the series resonant converter, a SIDO converter is 
proposed. Another multi-port resonant topology, based on a 

multi-winding medium frequency transformer, distributed resonant 
tank, and HB stages, has been suggested in (Tran et al., 2015). Ref (Tran 
and Dujic, 2016)., extended the work of (Tran et al., 2015) and sug
gested a structure composed of a three-winding medium frequency 
transformer, a multi-port LLC resonant circuit equipped with two 
additional buck/boost stages. The topology is shown in Fig. 40. A 
three-port bidirectional topology has been discussed in (Wang et al., 
2018), which consists of three FB converters, a high-frequency three-
winding transformer, and two resonant tanks made up of a series 
connection of an inductor and a capacitor, as well as a parallel 
connection of an inductor and a capacitor. The topology is shown in  
Fig. 41. The converter operates at a fixed switching frequency, and PSM 
is used for power flow balancing among ports. The idea of hardware 
decoupling against software decoupling for a series resonance three-port 
topology comprised of an HB converter, two FBs, and a three-winding 
high-frequency transformer is studied in (Wang et al., 2019). 
Time-sharing control is studied for an MAB in (Chen et al., 2019). In this 
control strategy, at any instance, only two ports are active, and other 
ports are deactivated as diode rectifiers. Accordingly, the MAB functions 
as SISO DAB. In addition, a hybrid time-sharing and PS control approach 
is developed in (Chen et al., 2019) to regulate voltage and power flow 
control. A three-port ZVS-PWM three-phase current-fed push-pull is 
studied in (Andersen and Barbi, 2013; Oliveira Albuquerque et al., 
2019). 

A current-fed three-port converter with FC/ESS inputs used in tele
communication applications is described in (Krishnaswami and Mohan, 
2007). The topology is comprised of three FB converters and three 
separate transformers in which high-frequency capacitors are connected 
in parallel to the secondary side. The advantages of this topology are low 
current ripples due to input inductors, and bidirectional power flow 
capability. Based on the distributed transformer, in (Nielsen et al., 2012; 
Zhang et al., 2011), a DISO current-fed structure for the HRS has been 
discussed. As is shown in Fig. 42, there are four transformer windings 
with equal turn ratios. The converter is comprised of two boost inductors 
and two FB inverters on the primary side of the transformer, and two FB 

Fig. 39. Dual-transformer based asymmetrical TAB converter (Jakka et al., 2017).  
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rectifiers on the secondary side. The converter’s advantages include 
utilizing input energy simultaneously or individually, as well as low 
current ripples. The main disadvantage of this structure is the high 
number of components, resulting in low efficiency and production 
complexity. Moreover, All Inputs are not able to supply output power 
simultaneously. Ref (Bandyopadhyay et al., 2021). proposed a linear 
active disturbance rejection control approach to overcome coupling 
between the power flow of a quad-active bridge converter. Authors of 

(Gong et al., 2022) proposed a decoupling control approach based on 
sliding mode control for a quad-active bridge converter. 

A comparison of various isolated MPDCs is illustrated in Table C. 

5. Discussion and future research trends 

This literature review analyzed and investigated the current state-of- 
the-art MPDCs from different standpoints and identified their 

Fig. 40. Three port LLC resonant converter (Tran and Dujic, 2016).  

Fig. 41. Three-port resonant converter (Wang et al., 2018).  
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limitations. As a potential solution for future stable, reliable, and resil
ient smart grids and microgrids, the next-generation MPDC development 
has been moving towards higher efficiency, higher power density, and 
lower costs. 

From the analysis of the MPDCs topology, isolated configurations are 
typically extensions of the SISO DAB structure and preferred in appli
cations where high voltage gain and galvanic isolation between high and 
low voltages are required. Individual transformer windings for each port 
facilitate convenient voltage reduction or increase. However, designing 
a multi-winding high-frequency transformer introduces higher 
complexity compared to conventional two-winding transformers. 
Formulating a simple and accurate equivalent circuit model with 
measurable parameters also presents another challenge associated with 
multi-winding high-frequency transformers. The HB converters can be 
implemented on each side of a two-winding high-frequency transformer 
or multi-winding high-frequency transformer to reduce the overall 
number of switches and minimize associated switching losses. Table C 
provides a comparison of the isolated topologies. The partially isolated 
MPDCs with multiple input ports provide isolation between the input 
and output but lack isolation among all input ports. However, they 
exhibit compact sizes, have fewer power switches, and have the capa
bility to achieve high power densities. Table B provides a comparison of 
the partially isolated topologies. 

In contrast, non-isolated topologies are commonly derived from 
fundamental converters where switches and storage elements are shared 
within each switching cycle. These configurations are often favored for 
their cost-effectiveness and efficiency; however, they can not provide 
the galvanic isolation required in many RE applications, and voltage 
gain is relatively low. For non-isolated MPDCs, techniques such as 
switched capacitors, coupled inductors, and voltage multipliers are 
suggested to boost the voltage gain. While switched capacitor MPDCs 
generally show a fast dynamic response, they are prone to high-current 
transients that can affect both power density and efficiency. One com
mon solution is the incorporation of inductors in the converter. In non- 
isolated MPDCs, the utilization of coupled inductors can efficiently 

increase the voltage. However, challenges such as reverse recovery 
problems, large voltage spikes, and increased bulkiness are associated 
with the use of coupled inductors. Voltage multiplier circuits (cells) are 
widely utilized for high-voltage applications due to their simplicity in 
implementation. Certain cells within this category are solely comprised 
of diodes and capacitors and, therefore, are referred to as switched/ 
diode capacitor voltage multipliers. On the other hand, other voltage 
multipliers incorporate additional components, such as auxiliary 
switches, and some utilize inductors to enhance the voltage-boosting 
ratio. Voltage multipliers are straightforward to implement and can 
achieve high voltage levels. Nevertheless, they often result in high 
voltage stress on components, and multiple cells may be needed to reach 
the desired high voltage. In recent developments, non-isolated MPDCs 
with variable structures have been introduced. However, this advance
ment comes at the expense of an increased number of switches and 
higher costs. Table A provides a comparison of the non-isolated 
topologies. 

The growing emphasis on energy efficiency and the development of 
RESs has led to increased research on MPDCs for a wide range of power 
conversion applications. Given that RESs typically generate low and 
variable output voltages, MPDCs are essential to meet the voltage re
quirements. RES and DGs play a crucial role in maintaining DC voltages 
within microgrids. Microgrids can operate in either grid-connected 
mode or islanding mode. In both modes of operation, reliability and 
fast dynamic response of MPDCs are vital. In terms of output voltage, DC 
microgrids can be classified into unipolar and bipolar ones. Bipolar 
configurations are able to improve the reliability and flexibility of DC 
microgrids. However, implementing such systems necessitates using 
advanced MPDCs and sophisticated control algorithms. In addition, 
MPDCs can form the backbone of MVDC and HVDC power grids and 
energy islands. Such a system will have many technical challenges 
requiring novel topologies and control algorithms. In this case, modular 
MPDC architecture with standard submodules can enhance the reli
ability and flexibility of the power conversion system and reduce cost. 
MPDCs also find applications in other fields, such as transportation 

Fig. 42. The converter proposed in (Nielsen et al., 2012).  
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(automotive and railway technology), telecommunications, data cen
ters, high/low-voltage technology, lighting, and aerospace applications. 
Table D provides an overview of the recommended applications of the 
aforementioned MPDCs. 

MPDCs can be categorized into voltage-fed and current-fed con
verters based on their input. Current-fed MPDCs, in particular, are 
widely favored for low-voltage RE applications like PVs and FCs. The 
continuous input current provided by their input inductors results in low 
ripple, mitigating the adverse effects of high current ripple on low- 
voltage high-current sources. 

Soft switching techniques are recommended to operate the converter 
at high frequencies with lower switching loss. Hard-switching MPDCs 
can face challenges such as high EMI due to high dv/dt and di/dt rates 
during switch transitions. As switching losses rise with increasing 
switching frequency, there is typically a constraint on the maximum 
achievable frequency. However, pursuing higher power density in 
MPDCs necessitates operating at higher frequencies and small compo
nent sizes. While most isolated configurations have soft-switching 
capability, many non-isolated topologies lack this feature. 

In order for energy storage devices such as batteries, supercapacitors, 
and ultracapacitors to be integrated into MPDCs, the converter must 
feature at least one bidirectional port. As stated earlier, due to the 
intermittent nature of REs and the unpredictability of load demand, 
connecting an ESS to a bidirectional port is essential for optimizing the 
performance of the RES. In EVs and electric trains, reverse energy flow 
during deceleration and regenerative braking can be stored in the battery 
or ultracapacitor. Moreover, certain systems allow for energy transfer 
between EVs and the electric grid bidirectionally. While bidirectional 
energy transfer can be accomplished using unidirectional converters, one 
common approach for many configurations involves replacing unidirec
tional semiconductor components with bidirectional switches. Although 
the bidirectional port is essential for RESs and EVs, standalone RES or 
streetlighting applications do not require a bidirectional power flow 
capability between ESS and load ports. Hence, the design or selection of 
MPDCs should be based on the specific requirements of the applications. 
Simultaneous or independent transmission of energy from input sources 
and the continuity or discontinuity of input current are additional factors 
in the design or selection process of MPDCs. 

The development of wide bandgap devices, especially SiC and GaN 
power switches, provides the opportunity for higher voltage gains with 
less count of switches. Compared to conventional switches, SiC devices 
offer fast switching speeds and low switching losses, enabling compact 
and efficient designs and higher power density. 

MPDCs are highly non-linear MIMO systems with many control 
variables. The main challenge in modeling, designing, and controlling 
MPDCs is the inherent cross-coupling between control variables and 
power flows among the input-output ports. Accurate modeling of this 
intricate complexity is imperative for the formulation of effective con
trollers. Another key challenge in converter’s design and control is un
certainties of the model parameters, such as component values and 
device characteristics, which can affect MPDC’s dynamic and steady- 
state performance. Parasitic elements, such as parasitic capacitances 
and resistances, can further affect the performance of MPDCs. Including 
these elements in the model enhances accuracy but complicates the 
analysis and design of the controller. Parameter identification tech
niques help in obtaining reliable parameter values for the model. Uti
lizing robust control techniques such as H2/H∞ and LMI can ensure the 
robustness of the controller against structured and unstructured un
certainties. Furthermore, nonlinear control methodologies such as 
sliding mode, back-stepping, and singular perturbation provide a degree 
of robustness for the controller. MPDCs must operate reliably even in the 
presence of faults, making the design of control strategies for fault 
detection and mitigation an ongoing challenge. Despite such 
complexity, advanced control and switching techniques have not been 
comprehensively studied. Most of the works on MPDC control design 
have employed a decoupling control approach. However, the decoupling 

network design could become complicated as the number of inputs in
creases. To simplify decoupling control complexities, recent trends have 
favored hardware-level decoupling strategies. While these strategies 
facilitate control, these advancements come at the expense of more 
components. 

Despite the significant advancements in intelligent control strategies 
and soft computing, enabling high-performance control of high-power 
converters, there has been limited research on applying these tech
niques to MPDCs. While SISO DC/DC converters have benefited from 
these developments, a notable gap exists in exploring intelligent control 
strategies and soft computing in MPDCs. 

Although various control and modulation techniques have been 
developed for SISO power DC/DC converters in literature, PWM and 
PSM incorporated with PI controllers have been widely applied to 
MPDCs. PSM is a commonly used technique to control power flow in the 
isolated MAB configuration. By adjusting the magnitude and the sign of 
phase shifts, power flow magnitude and direction can be regulated. 
While PSM is simple and effective at moderate to high load conditions, it 
may face challenges at light-load conditions or with significant voltage 
mismatches among transformer terminals. This can lead to increased 
transformer RMS currents, posing a risk of losing ZVS and subsequently 
increasing switching and conduction losses. To address these challenges, 
utilizing not only the phase shifts but also the duty cycles has been 
suggested. However, the increased number of modulation variables 
significantly raises complexity. Controlling several modulation param
eters results in hundreds of possible switching patterns. Examining each 
switching pattern separately to identify the optimal operation modes, 
especially concerning specific objectives, can be analytically complex 
and time-consuming. Generalized harmonic analysis or soft computing 
approaches can alleviate these complexities. 

Based on the comparison of various MPDC characteristics outlined in 
Tables A, B, and C, future research in isolated topology design should 
focus on converters with reduced component counts. On the other hand, 
non-isolated converter design efforts should be directed toward topol
ogies featuring higher voltage gain, bidirectional power flow, and soft- 
switching operation. Moreover, It is well known that controllers’ effec
tiveness depends on specific operating points and precise converter 
parameters. Therefore, developing and implementing more sophisti
cated modulation and control techniques should be a significant 
research interest. It is important to emphasize that rejecting any con
verter or control techniques outright is not appropriate. The topologies 
and control algorithms, once perceived as complex and inefficient, have 
evolved into essential solutions for a wide range of applications. 
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Appendix A  

Table A 
Summary of non-isolated MPDCs.  

MPDCs Output voltage S D L C SS BPF 

(Wai et al., 2011) Vo =
1 − d1

1 + dcm1 − d1
va 

Va =
v1

1 − d1   

3 1 3  
1 

✓ ×

(Haghighian et al., 2017) Vo =
d1vin

1 − d1
+ (d1 + d3)vESS  

3 3 2 2 × ✓ 

(Jalilzadeh et al., 2020a) vo1 =
v2

1 − d1
+

v1

1 − d3
vo2 =

v1

1 − d3  

4 2 2 3 ✓ ✓ 

(Zhou et al., 2022) -  4 3 2 3 × ✓ 
(Faraji et al., 2020) vo =

1 + n
1 − d2

[(1+d1 − d2)v1 + (d2 − d1)v2]
4 4 2 2 ✓ ✓ 

(Chandrasekar et al., 2020) -  4 4 3 2  ✓ 
(Shoaei et al., 2023) vo =

m
1 − dn+1

+
∑n

i=1divi  
n + 1 n + 2m − 1 1 2m − 1 × ×

(Al-Soeidat et al., 2020) -  3 1 1CI 3 × ✓ 
(Faraji et al., 2021c) -  6 4 1  ✓ ✓ 
(Varesi et al., 2017) vo =

v1

(1 − d1)
2 +

∑n
i=2

vi

1 − di  

n + 1 n + 1 n + 1 n + 1 × ×

(Deihimi et al., 2017) vo =
∑n

i=1
vi

1 − di  

n 2n − 1 n 2n × ×

(Zhou et al., 2012) vo =
∑n

i=1
vi

1 − di  

n n n n × ×

(Banaei et al., 2014) vo =
1

1 − dn
[dn 

(
d1v1 + … + dn− 1(1 − d1)(1 − d2)…(1 − dn− 2)vn− 1

(1 − d1)(1 − d2)…(1 − dn− 1)

)

+ vn ]

n n n n × ×

(Babaei and Abbasi, 2016) vo =
m

1 − dn+1
[d1v1 +

∑n
j=2(dj − dj− 1)vj]

n + 1 - 1 - × ×

(Prabhala et al., 2016) 
vo =

(
n + 1

2

)(
v1

1 − d1

)

+

(
n + 1

2

)(
v2

1 − d2

)

n is odd 

vo =

(
n + 2

2

)(
v1

1 − d1

)

+
(n

2

)( v2

1 − d2

)

n is even  

2 n + 1 2 n + 1 × ×

(Ahrabi et al., 2017) 
vo =

(VFC + d1Vbatt − r2 iL2)

(1 − d3)

+
(VPV + d1Vbatt − r1iL1)

(d3 − d2)

4 4 2 2 × ×

(Nahavandi et al., 2015) -  4 2 1 2 × ×

(Behjati and Davoudi, 2011) -  n + m + 1 - 1 n × ×

(Nami et al., 2010) 
vn =

Rn(1 −
∑

dn− 1)Vin
∑

Rn(1 −
∑

dn− 1)
2  

n + 1 n 1 n × ×

(Akar et al., 2016) vo = V1
vs1

1 − dTo
= V2

vs2

1 − dTo  

4 6 2 1 × ×

(Nejabatkhah et al., 2012) -  4 4 2 1 × ✓ 
(Hintz et al., 2015) -  6 6 2 1 × ✓ 
(Saafan et al., 2023) vo = VFC

1
1 − d4

+ (VPV+Vbat)
1 − d1 − 2d4

1 − d4  

4 0 2 5 ×

(Chen et al., 2006) vo = VHI
dHI

1 − dLo
+ VLO

dLO

1 − dLo  

2 2 1 1 × ×

(Yalamanchili et al., 2006) vo = d1V1 + d2V2  2 2 1 1 - ×

(Kumar and Jain, 2013a) -  n + 2 2 1 1 - ✓ 
(Akar, 2016) -  5 5 2CI 2 ✓ ✓ 
(Athikkal et al., 2019) -  4 2 1 1 ×

(Varesi et al., 2019) vo = V1
2 − d1

(1 − d1)
2 + V2

1
(1 − d2)

2  
3n n 2n 2n × ✓ 

(Varesi et al., 2018) vo = V1
2 − d1

(1 − d1)
2 + V2

1
1 − d2  

n + 3 n − 1 n + 1 n + 1 × ✓ 

(Kumaravel et al., 2019) -  6 5 2 2 × ✓ 
(Saadatizadeh et al., 2021a) -  6 - 2CI 5 × ×

(Shayeghi et al., 2021) Vo =
2vin

1 − d  
3 - 2 3 × ✓ 

(Farakhor et al., 2019) vo = Vin
1

(1 − d)2  
3 4 2 2 - ✓ 

(Zahedi Saadabad et al., 2020) 
vo =

vin(n + n′)
(n − 1)(1 − D)

2 2 3CI 1 ✓ ×

(Rostami et al., 2020) vo = Vin
1

(1 − d)2  
3 5 2 2 × ✓ 

(Rostami et al., 2021) 
Vo =

(2 − d)vin

1 − 2d  
4 6 2 4  ✓ 

(continued on next page) 
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Table A (continued ) 

MPDCs Output voltage S D L C SS BPF 

(Aravind et al., 2023)   4 4 2 2 ×

(Xu et al., 2021) -  6 5 3 10 - ✓ 
(N. Jayaram et al., 2023) 

vo = V1
d1 − 2d2 + d1d2

(1 − d1)
2
(d1 − d2)

+ V2
d2(1 − d1)

d1(d1 − d2)

5 1 4 4 × ✓ 

(Hou et al., 2016) Vo =
3vin

1 − d  
2 4 2 5 × ×

(Kardan et al., 2017) 

Vo =

v1 + d1
v2d2 + vbd3

1 − d2
+ vbd3

1 − d1  

4 3 2 2 × ✓ 

(Colalongo et al., 2017) Vo =
v1

1 − d
+

v2

d  
4 4 4 4 × ×

(Dhananjaya et al., 2023)   5 5 2 2   
(ANON et al., 2020)   2 3 2 3 × ×

(Faraji et al., 2021b) vo =
V1 − V2d2

1 − d2 − d3  

6 3 1CI 2 ✓ ✓ 

(Aghdam et al., 2022)   6 2 3 3 × ×

(Dezhbord et al., 2022) 
Vo =

d(1 + 2n)vin

1 − d  
3 5 1CI 4 ✓ ✓ 

(Zhu et al., 2019) Vo =
v1

1 − d1
+

v2

1 − d2  

2 10 2 7 × ×

(Sato et al., 2017) -  4 1 2 4 - ✓ 

S: switch, D: diode, L: inductor, C: capacitor, CI: coupled inductor, SS: soft switching, BPF: bidirectional power flow 

Appendix B  

Table B 
Summary of partially isolated MPDCs.  

MPDCs Control/Modulation strategy S D L Transformer C SS BPF 

(Sun et al., 2014) PWM-PSM  6 - 2 1 * 2 winding  3 ✓ ✓ 
(Zhu et al., 2014) PWM  3 3 2 1 * 4 winding  5 ✓ ✓ 
(Al-Atrash and Batarseh, 2007) PWM-PSM  4 4 2 1  4 × ✓ 
(Rios et al., 2021; Qian et al., 2010a) PWM  5 1 1 1 * 3 winding  3 ✓ ✓ 
(Wu et al., 2011a, 2011b PWM  4 1 1 1 *3 winding  3 ✓ ✓ 
(Hu et al., 2014) PWM-PSM  4 4 1 2 two winding  3 ZVS for switches  
(Bayat and Baghramian, 2020) PWM  3 6 1 1 coupled inductor, 

two winding  
4 ✓ ✓ 

(Zeng et al., 2013)   3 4 3 1 * 2 winding  5 ZVS and ZCS for the main switches ×

(Hu et al., 2015) PWM-PSM  4 3 - 2 * 2 winding  3 - - 
(Uno et al., 2018) PWM-PFM  2 4 0 1  4 - ✓ 
(Dobakhshari et al., 2020a, 2020b   3 3 2 2  8 ✓ - 
(Sun et al., 2015) PWM-PFM  4 4 3 1 * 2 winding  4 ✓ ×

(Chen, 2014; Qin et al., 2014) PWM-SSPSM  6 2 3 1 * 2 winding  3 ✓ ✓ 
(Lee and Jung, 2022) PWM-PSM  8 0 3 1 * 2 winding  2 ✓   

PWM  4 0 2 1 * 2 winding  5 ✓ ✓ 
(Zeng et al., 2014) -  3 7 4   5   

S: switch, D: diode, L: inductor, C: capacitor, SS: soft switching, BPF: bidirectional power flow 

Appendix C  

Table C 
Summary of isolated MPDCs.  

MPDCs Output voltage S D L Transformer C SS BPF 

(Tao et al., 2006b, 2008 - 6 - - 1 *3 winding 7 ✓ ✓ 
(Liu and Li, 2006) - 6 - 2 1 * 3 winding 7 ✓ ✓ 
(Messi Bene Eloundou et al., 2009) - 12 12 - 1 * 3 winding 2 ✓ ✓ 
(Tran et al., 2015) - 6 6 3 1 * 3 winding 9 ✓ ✓ 
(Tran and Dujic, 2016) - 12 12 2 1 * 3 winding 9 ✓ ✓ 
(Nielsen et al., 2012; Zhang et al., 2011) vo =

nv1

2(1 − d1)

vo =
nv2

2(1 − d2)

8 8 2 4 2 × ×

(Wang et al., 2018) - 12 0 4 1 * 3 winding 7 ✓ ✓ 
(Jakka et al., 2017) 

vo =
NRl

2fs
[
d13(1 − d13)v1

lf1
+

d23(1 − d23)v2

lf2
]

14 14 2 2 * 2 winding 1 ✓ ✓ 

(Chen et al. (2002); Chen et al., n.d.) vo =
N3

N1
V1 +

N2

N1
V2 

8 12 2 1 * 3 winding 1 ✓  

(Phattanasak et al., 2011a, 2011b - 12 1 1 1 *3 winding 3 × ✓ 
(Krishnaswami and Mohan, 2009) - 12 0 2 1 * 3 winding 5 ✓ ✓ 
(Li et al., 2011) vo =

D1

K
V1 +

D2

K
V2 

8 10 2 1 * 2 winding 7 ✓  

(Tao et al., 2006a) vo =
N3

N1
V1 +

N2

N1
V2  

6 0 0 1 * 3 winding 7 ✓ ✓ 

S: switch, D: diode, L: inductor, C: capacitor, SS: soft switching, BPF: bidirectional power flow 
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Appendix D  

Table D 
Application of MPDCs.  

MPDCs Recommended Applications MPDCs Recommended Applications 

(Chen et al., 2006) PV-wind-water pump (Tao et al., 2006a) PV/FC/Battery 
(Fan et al., 2010) Thermoelectric-PV system in hybrid electric vehicles (Phattanasak et al., 2015) FC-supercapacitor 
(Zahedi Saadabad et al., 2020) PV-battery (Tran et al., 2015) HRS/DC microgrids 
(Kardan et al., 2017) PV/FC/Battery (Wang et al., 2018) Wind/PV/ESS 
(Rostami et al., 2020) PV-battery (Nielsen et al., 2012) Wind/PV/FC 
(Chen et al., 2013) Stand-alone PV-battery (Wu et al., 2011b) PV-battery 
(Akar et al., 2016) HEV (Al-Atrash and Batarseh, 

2007) 
PV-battery-FC- 
Telecommunication 

(Dobbs and Chapman, 2003) FC-Ultracapacitor (Wai et al., 2011) FC/Battery-EV 
(Khaligh et al., 2009) Wind/PV/ESS (Sun et al., 2015) Stand-alone PV-battery 
(Yuan-mao and Cheng, 2013) Low-power DC application (Zeng et al., 2013) PV-battery 
(Nejabatkhah et al., 2012) PV/FC/Battery (Jakka et al., 2017) HRS/DC microgrids 
(Shayeghi et al., 2021) EV (Zeng et al., 2014) Wind/PV 
(Xu et al., 2021) PV-battery (Zhu et al., 2014) Stand-alone PV-battery 
(Prabhala et al., 2016) PV farms (Athikkal et al., 2019) Supercapacitor-Battery- EV 
(Zhou et al., 2012) Grid-connected PV systems (Zhang et al., 2014) HRS/DC microgrids 
(Faraji et al., 2020) PV-battery (An and Lu, 2015) PV-Battery-water pump 
(Haghighian et al., 2017) Wind/PV/ESS (An et al., 2019) Stand-alone PV-battery-DC 

motor 
(Kumaravel et al., 2019) PV/battery/ultra-capacitor -EV (Sun et al., 2014) PV-Battery 
(Liu and Li, 2006) RES-FC hybrid EV (Hu et al., 2014) Stand-alone PV-battery 
(Hintz et al., 2015) HEV/FCV (Hu et al., 2015) Stand-alone PV-battery 
(Messi Bene Eloundou et al., 2009) HEV/EV (Babaei and Abbasi, 2016) PV/FC 
(Cheraghi et al., 2021) PV-battery (Mohseni et al., 2019) PV/FC 
(Hou et al., 2016) PV-FC (Vahid et al., 2021) HRS-ESS 
(Chen et al., 2002) PV/Wind/FC (Bayat and Baghramian, 

2020) 
PV-battery 

(Khadem Haghighian and Hosseini, 2015) Grid-connected hybrid PV/FC/battery (Uno et al., 2018) Stand-alone PV-battery 
(Sun et al., 2014) Stand-alone PV-battery (Wang and Li, 2013) PV-battery 
(Chen, 2014) PV-battery (Qin et al., 2014) PV-battery- Aerospace systems 
(Krishnaswami and Mohan, 2007) FC/ESS- Telecommunication (Nahavandi et al., 2015) PV/FC/Battery/ Supercapacitor 
(Chandrasekar et al., 2020) PV-battery (Faraji et al., 2021c) PV-battery 
(Ravada et al., 2021) HRS//battery/supercapacitor-DC microgrids 

applications 
(Aravind et al., 2023) PV-battery-EV 

(Prabhakaran and Agarwal, 2020; Prajof and Agarwal, 
2015) 

PV/FC-bipolar DC microgrids (Saafan et al., 2021, 2023 PV/FC/battery-DC microgrid 

(Suresh et al., 2021) EV (Abbasi Soltani et al., 2021) Street lighting 
(Aghajani et al., 2023) PV/FC-bipolar DC microgrids (Khasim et al., 2023) EV 
(Marei et al., 2022) PV-battery (Saadatizadeh et al., 2024) PV-battery 
(Fares et al., 2022) Aerial vehicles    
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