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1. Introduction 

     The use of fossil fuels has increased 

significantly in the last decade, which has led to 

environmental pollution and increased system costs 

[1]. These problems attract researchers to work on 

distributed generation sources such as photovoltaics 

(PV) and wind turbines [2]. Smart DC grids have 

many advantages, one of the most important of 

which is the use of renewable sources, which are DC 

sources by nature, and therefore require only one 

power conversion step to connect to the DC grid [3]. 

Also, many loads require a DC source [4]. DC-DC 

converters are used for DC grids and can provide 

functions such as power flow control, grid voltage 

regulation, and coupling between two DC systems 

[5]. 

 

A B S T R A C T 

Due to the increasing penetration of distributed generation systems, the desire to use 

DC smart grids has increased. DC smart grids are preferred to AC grids because these 

networks are more compatible with renewable sources that generate DC electricity. 

This paper presents the design of a new three-port isolated DC-DC converter for 

photovoltaic (PV)-battery application in the DC smart grid. In the proposed converter, 

by combining the required converters for PV and battery, the number of required 

converters has been reduced so that the function of charging/discharging the battery, 

as well as tracking the maximum power point of solar panels, can be done with the 

proposed converter. As a result, the number of required parts and the cost of the 

system are reduced and the efficiency of the converter increases. Finally, the 

converter's performance has been evaluated with the help of analysis and simulation, 

and the obtained results indicate the proper performance of the proposed converter. 

ARTICLE  INFO 
 

Article Type: 

Research Article 

 

Received:30.03.2023  

Accepted:06.06.2023 
 

 

Keywords:  

DC-DC Converter  

DC Smart Grid  

Battery Charging  

MPPT 

 

 

 

https://doi.org/10.22059/jser.2023.357223.1290
https://dorl.net/dor/20.1001.1.25883097.2023.8.2.15.3


Zarei Zohdi and Sarvi/Journal of Solar Energy Research Volume 8 Number 2 Spring (2023) 1547-1558 

1548 

 

 Considering that the production of energy from 

renewable sources depends on environmental 

conditions, in a smart grid, the existence of an 

energy storage system such as a battery is necessary 

to create energy stability [6]. A bidirectional  DC-

DC converter is used to operate the energy storage 

system, which transfers energy from the renewable 

source and the battery bidirectionally [7]. Cascaded 

DC-DC converters are one of the most common 

converters for integrating energy storage systems 

into the power grid [8]. Conventional boost 

converters are unsuitable for high-power 

applications [9]. Due to some drawbacks of the 

diode reverse recovery problem, the pressure of high 

voltages on the switches reduces the efficiency [10].  

Xiaofeng Zhang et al. [11] have used a cascaded 

buck-boost converter in the system. Lee and Yun. 

[12] have introduced a new buck-boost converter. 

Zhu et al. [13] have presented an asymmetric 

converter with two active bridge rectifiers. Revathi 

and Prabhakar. [14] proposed a non-isolated high-

power DC-DC converter powered by a solar panel 

for use in a DC microgrid, but the number of 

elements used in the proposed converter is a lot. 

Rosas-Caro et al.  [15] have discussed the second 

order boost converter with voltage factor, and the 

presented converter has a flexible structure. Maroti 

et al. [16] proposed a new structure of SEPIC 

converter for renewable energy applications, which 

used hard switching in the converter and reduced the 

system's efficiency. Mastromauro et al. [17] have 

used a modular multilevel cascaded converter for a 

DC bus. Faraji et al. [18] have presented a new 

bidirectional multiport converter with soft switching 

for battery and supercapacitor integration in a DC 

network. Mukherjee et al. [19] have described the 

performance of a dual active bridge (DAB) 

converter in PV systems. In solar systems, maximum 

power point tracking (MPPT) algorithms use to 

improve system performance [20]. There are many 

techniques for MPPT in solar systems [21]. 

Nanshikar and Desai. [22] have used the P&O 

algorithm for MPPT solar panels in the system. 

Sarvi and Azadian. [23] have divided the MPPT 

algorithms by reviewing the articles and introducing 

the appropriate methods. Masoum and Sarvi. [24] 

have presented the MPPT algorithm based on the 

voltage and current of solar arrays under varying 

temperature and radiation conditions. Bento and 

Silva. [25] have presented a unidirectional converter 

that consists of a lot number of switches and 

inductors to obtain multiple outputs, as a result, the 

overall efficiency of the system is limited. 

According to the investigations, the number of 

circuit parts effectively improves the efficiency of 

converters. In this paper, a three-port isolated DC-

DC converter is proposed, which has fewer parts and 

more capabilities than other converters that have 

been reviewed in the research background. Hence, 

the converter is more efficient and affordable. The 

proposed converter offers the ability to connect to 

photovoltaic panels and charge/discharge  the 

battery for DC smart grid applications. This 

converter is used to meet the demand of output DC 

load, which can be DC power supply for homes, 

electric vehicles and DC microgrids, and battery 

charging. The overall architecture of the DC smart 

grid system with PV, battery, and proposed 

converter is shown in Figure 1.  
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 Figure 1. The general architecture of the studied DC 

smart grid system. 

 

The structure of the continuation of the paper is 

presented as follows. In Section 2, the topology of 

the proposed converter and its performance details 

are prepared. Section 3  is the design considerations. 

In section 4, the simulation and its results are 

reviewed. In Section 5, the performance of the 

converter is compared. In Section 6, conclusions are 

presented. 

2. Description of proposed converter topology 

and principles of operation  

The converter topology is shown in Figure 2. The 

proposed converter has two input terminals and one 

output terminal, the first terminal is connected to the 

solar panel, and the second terminal is connected to 

the lithium-ion battery. The transformer used in the 

converter is a step-up type. The primary part is the 

low voltage side converter (LVS), and the second 

part is the high voltage side converter (HVS). The 

LVS side of the converter includes inductors L1, L2, 

and L3, six switches (MOSFET with N channel) with 

snubber capacitor Cp, capacitor C1, and transformer 

primary winding. The HVS side of the converter 
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consists of a secondary coil and a diode bridge with 

D1-D4 diodes, and a Cs capacitor filter. A resistive 

load has been used to simulate the network part in 

the output of the circuit. 

The converter has four general operating modes, 

each of which is divided into modes, and the modes 

of each are described. As shown in Figure 3, there 

are four working modes for the converter. 

 

Mode 1: In mode 1, the photovoltaic panel 

produces power, and the solar panel is in MPPT 

tracking mode. Also, in this case, the battery charge 

is sufficient, and it is discharged. As briefly 

described in Table 1, mode 1 can be divided into 4 

states. The circuit in each of the operating modes is 

shown in Figure 4. Some of the waveforms of the 

converter in mode 1 are shown in Figure 5. Since the 

gate pulses of S1 and S2 have a phase difference of 

180 degrees, the battery current ripple is almost 

reduced. The circuit equations, in this case, are 

extracted as follows [25]: 

 

(1) 

 

(2) 

 

 1
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V
V

n
                                                                   (3) 

3 bat

di
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                                                  (4) 
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Figure 2. Proposed converter topology. 
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Figure 3.  Four modes of the converter. (a) mode 

1, (b) mode 2, (c) mode 3, (d) mode 4. 

 

Battery

L3

L1

C1

Cs
S6

L2
 R1     

    S1

S2

S3

S4

S5

D1

D2

D3

D4PV

 

 (a) 

Battery

L3

L1

C1

Cs
S6

L2
 R1     

    S1

S2

S3

S4

S5

D1

D2

D3

D4PV

(b) 

Battery

L3

L1

C1

Cs
S6

L2
 R1     

    S1

S2

S3

S4

S5

D1

D2

D3

D4PV

(c) 

1 bat pvV V V 

out csV V



Zarei Zohdi and Sarvi/Journal of Solar Energy Research Volume 8 Number 2 Spring (2023) 1547-1558 

1550 

 

Battery

L3

L1

C1

Cs
S6

L2
 R1     

    S1

S2

S3

S4

S5

D1

D2

D3

D4PV

 (d) 

Figure 4. Equivalent operating circuits of mode 1 
in time: (a) [t0 - t1), (b) [t1 - t2), (c) [t2 - t3), (d) [t3 - 

t4). 
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Figure 5. Waveform of the converter in mode 1. 

 

Mode 2: In mode 2, due to the not available 

sunlight on the photovoltaic panel, its output power 

is zero, and in this mode, the battery charge is 

sufficient, and it is discharged. Mode 2 can be 

divided into 4 states, as briefly described in Table 1. 

The circuit in each of the operating modes is shown 

in Figure 6. The waveform of the converter in mode 

2 is shown in Figure 7. 
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Figure 6. Equivalent operating circuits of mode 2 
in time: (a) [t0 - t1), (b) [t1 - t2), (c) [t2 - t3), (d) [t3 - 

t4). 

 

Mode 3: During this time, due to the sun's 

radiation, the photovoltaic panel produces power, 

and the load of the photovoltaic panel is available 

and is in MPPT mode. Also, in this mode, power is 

not received from the battery. As briefly explained 

in Table 1, this mode can be divided into 2 states. 
The circuit in each of the operating modes related to 

this mode is shown in Figure 8. The waveform of the 

converter in mode 3 is shown in Figure 9. 

 

Mode 4: In this mode, the photovoltaic panel 

produces power, and the solar panel is in the MPPT 

mode. Also, in this case, the battery charge is 

insufficient, and the battery is charged. Mode 4 can 

be divided into 6 states, as briefly explained in Table 

1. The circuit in each of the operating modes is 

shown in Figure 10. The waveform of the converter 

in mode 4 is shown in Figure 11. 
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As mentioned, in the proposed converter, the 

P&O algorithm is used to MPPT of the solar panel, 

and the PI control is used to control the output. The 

diagram of the system with its controllers is shown 

in Figure 12. d1, d2, d3, and d4 are the duty cycle for 

each switch. 

According to the voltage balance law [26]: 

 

                                             (5) 

 

 According to the above, in this case, the 

secondary voltage of the transformer is determined 

as follows [26]: 

 

 

                         (6) 
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Figure 7. Waveform of the converter in mode 2. 
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Figure 8. Equivalent operating circuits of mode 3 

in time: (a) [t0 - t1), (b) [t1 - t2). 
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Figure 9. Some waveforms of the converter in 

mode 3. 
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Figure 10. Equivalent operating circuits of mode 

4 in time: (a) [t0 - t1), (b) [t1 - t2), (c) [t2 - t3), (d) [t3 - 

t4), (e) [t4 - t5), (f) [t5 - t6). 
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Table 1. Performance of the converter 

No. 

of 

mode 

Conditions 
time 

interval 

State 

Numbers 
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1 

S2,S3,Ds5= off 

S1, S4, S6 =on  
)1t-0t] 1-1 

S1,S4, DS5 = on  

S6, S2, S3 = off  
[t1-t2) 1-2 

S1, S4, S6 = off  

S2, S3,DS5 = on 
)3t-2t] 1-3 

S2, S3, S6 =on 

 S1,S4,DS5= off 
)4t-3t] 1-4 

2 

S2, S3, S5 = off  

S1, S4, S6 = on  
[t0-t1) 2-1 

S1,S6, S4 = off  

S2, S3, S5  = on 
[t1-t2) 2-2 

S2, S3, S6 = off  

S1, S4, S5 =on  
[t2-t3) 2-3 

S1, S4, S5 =off  

S2, S3, S6 = on 
[t3-t4) 2-4 

3 

S1, S4, D2, D4 = 

on 
[t0-t1) 3-1 

S4, S1 = off  

S2, S3 =on 
[t1-t2) 3-2 

4 

D2,D3,S3,S2 ,S6  

= off  

D1,D4,S5,S4, S1 = 

on 

[t0-t1) 4-1 

D2,D3,S5, S3, S2 

= off  

D1,D4,Ds5, S4, S1 

= on 

[t1-t2) 4-2 

D2,D3,S6,S4, S2 = 

off  

D1,D4,S3,S5, S1 = 

on 

[t2-t3) 4-3 

D1,D4,S6,S1, S4 = 

off   
[t3-t4) 4-4 

D2,D3,S5,S2, S3 = 

on 

D1,D4,S5,S1, S4 = 

off  

D2,D3,Ds6, S2, S3 

= on 

[t4-t5) 4-5 

D1,D4,S5,S3, S1 = 

off  

D2,D3,Ds6,S4, S2 

= on 

[t5-t6) 4-6 
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 Figure 12. Block diagram of the system with the 

control section. 

3. Design Considerations 

In this section, the inductor and capacitor of the 

proposed converter are designed and discussed.  

One of the design analyses of the converter is to 

calculate the current ripple and the input inductor 

[27], which is calculated according to the voltage of 

the battery, and the solar panel, which are the input 

voltages. The input current ripple is calculated 

according to the following equation [27]: 

(7) 

 

The input inductance value of the converter is 

calculated as follows [27]: 

                                      

 

                                         (8)                                

( )in out in

L s out

V V V
L

I f V
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
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(1 )
2
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I D D

Lf
  



Zarei Zohdi and Sarvi/Journal of Solar Energy Research Volume 8 Number 2 Spring (2023) 1547-1558 

1554 

 

Which is calculated according to the input 

current ripple in (7). 

In all operating modes, the output capacitor Cs 

supplies the output load. The size of the output 

capacitor and the voltage ripple of the capacitor are 

calculated for mode 1. The voltage ripple of the 

output capacitor is calculated as follows 

[28]:
1 2 3 4

0 1 2 3

1
( ) ( ( ) ( ) ( ) ( ) )

t t t t

cs c c c c
t t t t

s

V t i t dt i t dt i t dt i t dt
c

       
 (9) 

The current of the output capacitor Cs (ics) is 

equal to the output current (iout). 

Output voltage ripples and output capacitor value 

with the help of the above relations are determined 

as follows [28]: 

out
out

s s

I D
V

C f
 

                                                          (10) 

 
                                                  (11) 

 

4. Simulation Results  

The converter is simulated with MATLAB 

software to prove its efficiency. The parameters of 

the converter in the simulation are presented in 

Table 2. The proposed converter has two ports at the 

input. The first port is connected to a 120-watt solar 

panel, and the second port is connected to a 12-volt 

lithium-ion battery. The reference output voltage is 

considered to be 50 volts, and PI control is used to 

control the output of the converter. In this section, 

mode 1 is considered a study, and its results are 

stated. 

The voltage waveform of the gate switches S1, 

S2, S5, and S6 is shown in Figure 13. It can be seen 

that during the period when switches S1 and S6 are 

on, switches S2 and S5 are off. The shape of the 

inductor currents L1 and L2 and the current of diodes 

D1 and D2 are shown in Figure 14. The output 

voltage is equal to 50 V and follows the value of the 

reference voltage. It can be seen that using a 

capacitor for the snubber circuit reduces overvoltage 

and fluctuations. The voltage, current, and output 

power waveforms are shown in Figure 15. The 

output power of the converter is equal to the 

designed value of 150 watts. The voltage waveform 

of the solar panel is shown in Figure 15(d), which is 

equal to the Vmax of the solar panel at the MPPT 

point. 

Table 2. Specifications of the converter proposed 

in the simulation 

Product/Value Parameter 

150uH L1 

150uH L2 

220uH L3 

MOSFET N-

Channel 

Switches S1-S2-S3-S4-

S5-S6  

4700uF CS 

1000uF C1 

2 N = n2 / n1 

24.1v Voltage at Pmax PV 

100KHz fs 

15-70 (Ω) Resistive load  

50V Vout 

 

 
(a) 

 
(b) 

 
(c) 

out
S

out s

I D
C

V f

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(d) 

Figure 13. Gate voltage waveform of switches S1, 

S2, S5, S6 a) VgS1 b) VgS2 c) VgS5 d) VgS6. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 14. Current waveform D1, D2, L2, L1 a) IL1 

b) IL2 c) ID1 d) ID2. 

 

 
(a) 

 
(b) 

 
(c) 
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(d) 

Figure 15. Simulation results of the converter a) 

Vout b) Iout c) Pout d) Vpv. 

The simulation results confirm the performance 

of the proposed converter. 

5. Performance comparison of the proposed 

converter 

In choosing the required converter topology, the 

number of parts used in the converter and its 

efficiency have a great impact because these 

parameters can reduce the cost and improve the 

system performance; therefore, the proposed 

converter has been compared in terms of efficiency 

and the number of semiconductor parts (MOSFET-

Diode) with four converters presented in the articles 

and the results are presented in Table 3. 

 

Table 3. Comparison of the proposed converter 

and similar converters 

Topology No. of power 

switches 

(MOSFET + 

Diode) 

Efficiency 

Proposed 10 91% 

[26] 9 90%  

[29] 12 89% 

[30] 9 76.1% 

[31] 5 87% 

6. Conclusions  

In this paper, a three-port DC-DC converter is 

proposed for DC smart grid. In general, two 

converters are used to connect solar panels and 

batteries in the network, and the proposed structure 

with two inputs has increased efficiency and reduced 

the number of system elements. The first input is the 

solar panel converter, and the second input is the 

lithium-ion battery. The proposed converter is 

simulated at a power of 150 watts and a frequency of 

100 kHz and has an efficiency of 91%. To improve 

the efficiency of the solar panel, the P&O algorithm 

has been used to MPPT in the simulation. The 

converter is simulated in MATLAB software, and 

the simulation results confirm the theoretical topics. 
The three-port converter is better in terms of the 

number of parts and cost than other topologies and 

has a more straightforward structure. The obtained 

results indicate the suitable performance of the 

converter for application in the DC smart grid. In 

this article, the new converter presented has a 

suitable performance and efficiency. To develop and 

continue working, more advanced methods can be 

used in the control part of the converter.  
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Nomenclature  

Cs 

 

DAB 

 

D 

 

Fs 

 

HVS 

 

Iout 

 

ics 

 

Imin,s 

 

LVS 

 

MPPT 

 

n 

 

N 

 

PV 

 

P&O 

 

Ppv 

 

V1 

 

V2 

 

Vbat 

output capacitor  

 

dual active bridge 

 

Duty cycle, value of D is limited 

between 0.5 and 1. 

Switching frequency 

 

High voltage side 

 

output current of the converter 

 

current of the output capacitor Cs 

 

minimum current values of Switch 

 

Low voltage side   

 

Maximum Power Point Tracking 

 

Ratio of primary to secondary turns of 

the transformer 

The ratio of secondary to primary turns 

of the transformer 

Photovoltaic 

 

Perturbation and observation 

 

Solar panel power 

 

Primary voltage of the transformer(V) 

 

Secondary voltage of the transformer(V) 

 

Battery voltage 
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Vout 
 
Vpv 

 

Vcs 

 

 

Output voltage 

 

Solar panel voltage 

 

Capacitor voltage cs 
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