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Abstract – This study proposes a single, coupling magnetic (CM), high efficiency, high step-up/down bidirectional 
DC–DC converter. The proposed converter is composed of a bidirectional coupling magnetic boost and bidirectional 
buck non - isolated. The output terminals of the CM-boost converter and switched-capacitor cell are connected 
together in series to obtain the required voltage step-up of the distributed renewable energy source. A transformer 
coupled combined two type boost flyback converter is used to harness power from PV, while bidirectional buck-boost 
converter is used to harness power from PV and DC link along with battery charging/discharging control. The 
proposed topology achieves a genuine on–off interleaved energy transfer at the transformer core and windings, thus 
providing an excellent utilization ratio. The proposed converter architecture has reduced number of power 
conversion stages with less component count, and reduced losses compared to existing grid-connected hybrid 
systems. This improves the efficiency and reliability of the system. 
 
Keywords – DC-DC converter, energy storage, multiport converter, photovoltaic (PV) generation system, power 
management strategy. 
 

1
 1. INTRODUCTION 

The future energy crisis and climate change, then the 
solution of the renewable energy resources is necessary. 
Over the last 10 years solar technology grew fast 
worldwide. However, solar energy, one of the most 
promising energy sources, exhibits a fluctuating power 
generation profiles because its generation is dependent 
on external environmental parameters, such as 
temperature and radiation [1]-[2]. To derive the multi-
port DC-DC converters, a series or parallel 
configuration is employed on the input side. Some 
components can be shared by each input port [3]-[6]. In 
[7] explore the need of transforming the power grid into 
a more reliable, secure, efficient and clean network. The 
present paper focuses solely on the use of PV system in 
the smart grid and shows its importance and utility. PV 
is used worldwide in many applications, from the major 
cities in the developed countries to primary rural 
villages in developing states. The PV system is 
illustrated as a means to generate electricity by utilizing 
directly from the sunlight. The PV is a cost-effective 
alternative in rural areas where extending a utility power 
line is very expensive. The PV has less operating cost 
and takes less maintenance, generate electricity without 
polluting the environment and without creating 
disturbance. The PV can be integrated into a grid with 
other types of generators [8]. These are considered as 
advantages of the PV. 
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 Many applications demand a converter with a 
bidirectional power flow capability to handle energy 
flowing from or to the source. The main focus of this 
thesis a converter with a configuration that allows this 
bidirectional power flow capability. The major 
applications of a DC-DC converter is in battery 
charging/discharging devices, uninterruptible power 
supplies, hybrid renewable energy [9]-[10]. In [11], the 
authors propose a three port bidirectional DC-DC 
converter for Photovoltaic systems with energy storage. 
In this, the output level can be changed almost 
continuously with magnetic components. One of the 
major benefits of this magnetic system is that step up 
high voltage output is possible in comparison to 
conventional solutions. 

 
Fig. 1. Block diagram of the proposed DC grid-connected 

PV plant with energy storage system. 
 
 On some PV projects which are connected to a 
weak power grid or have no access to a power grid, 
renewable energy sources and energy storage systems 
are commonly used together. In this case, a multiport 
bidirectional converter is preferable. Figure 1 shows the 
power converter system framework of the photovoltaic 
power generation system. This framework combines a 
maximum power point tracking controller of the PV 
energy supply for the battery and DC link/load, and a 
bidirectional buck-boost converter equipped with a 
charge and discharge control function for the battery 
[12]-[16]. The battery charge and discharge controller 
employs a bidirectional buck-boost converter that 
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simultaneously exhibits the energy conversion 
characteristics of buck and coupling magnetic boost 
converters [17]-[21]. Thus, the energy conversion 
efficiency is significantly increased. Furthermore, this 
converter in the system framework provides not only 
battery energy storage functions, but also facilitate 
auxiliary power supply at the DC link/load terminal (DC 
link can connect with the renewable sources other). By 
implementing the system characteristics shown in Figure 
1, the power supply can be managed and controlled. 

2.  THE CONVERTER PROPOSED 

The proposed converter topology is illustrated in Figure 
2. This converter can interface three different ports, 
including battery, PV panels and the DC link/load. The 
port connected battery is bidirectional. It allows 
operation three cases as: 1. single-input/single-output; 2. 

single-input/double-output; 3. double-input/single-
output converter, fulfilling in that way all the required 
power flows sketched in Figure 2. This converter is a 
double-input/double-output converter. The presented 
structure utilizes two unidirectional power switches 
(M1, M4) and two bidirectional power switches (M2, 
M3). This reduction in power devices used, makes a 
significant impact on the power loss associated with the 
switches. The pulse width modulation strategy for each 
scenario is explained for the control of the duty cycle 
that results in the switching of the power switches. The 
recovery stage is constituted by the diode D1 and the 
capacitor C1 for three scenarios will be explained in the 
section 2.1 (full explanation of the operating modes of 
this recovery stage is fully described by Vinh et al., 
2015 [17]). 

 
Fig. 2. Diagram bidirectional DC-DC converter proposed. 

 

 A binary variable is associated with each switch. 
This gives a total of sixteen switching states arising from 
the combination of these four switches. Many of these 
states are forbidden. A prohibited state is one which 
creates a situation of either a short circuit or one in 
which the switches would have to absorb (or dissipate) 
the inductive energy instantly. Hence, these states are to 
be avoided. The switching states are given in Table 1. 
 The states are arranged according to the 
characteristics of the PV source. Six operation states of 
the converter are: 

2.1 Operation State 1 

During state 1: shown in the Figure 3, the energy of the 
source PV is full, and the battery is disconnected, the PV 
provides energy to the DC link/load as well as to the 
inductor L1, L21 and L22 charge/ discharge. In this 
case, the inductor L3 does not charge/discharge. Only 
one gate signals with the duty ratio (d1) is applied to M1 
while M2, M3 and M4 are turned off. In the steady-state 
operation, there are four modes in one switching period, 

the steady-state waveforms of these modes are depicted 
in Figure 4. 
 
Table 1. Topological states obtained with the states of the 
power switches. 
State M1 M2 M3 M4 Topo-State 

1 0 0 0 0 - 
2 0 0 0 1 St-4 
3 0 0 1 0 St-6 
4 0 0 1 1 - 
5 0 1 0 0 St-5 
6 0 1 0 1 - 
7 0 1 1 0 - 
8 0 1 1 1 - 
9 1 0 0 0 St-1 

10 1 0 0 1 St-2 
11 1 0 1 0 - 
12 1 0 1 1 - 
13 1 1 0 0 St-3 
14 1 1 0 1 - 
15 1 1 1 0 - 
16 1 1 1 1 - 
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Fig. 3. The schema DC-DC converter supply the DC link/load using PV. 

 

 
Fig. 4. The waveforms of the proposed converter under state 1. 

 
 Mode 1 [t0 – t1]: The pulse transformer in 
converters operates in two types of the flyback and 
coupling magnetic boost state to store energy from the 
PV. Because the current passes through the primary coil 
and the switch M1 is linear, the polarity of the secondery 
windings L21, L22, the output rectifier diodes D2 and 
D3 are both reverse-biased (turn-off), currents iD2, iD3 
are zero, the secondary-side current of the coupled 
inductor iL21, iL22 equals zero. The energy stored in 
the secondary output capacitors C2 and C3 then transfer 
to the DC link/load. 
 Mode 2 [t1 – t2]: At t1, M1 is turn-off, while the 
diodes D1, D2 and D3 are turn-on. The energies of the 
leakage inductor of L1 and magnetizing inductor L1 are 
released to the clamp capacitor C1 pass the D1. The 
primary and secondary windings of the coupled 

inductor, DC sources VPV, transfer their energies to the 
output DC link/load. At t2, the capacitor C1 charge full, 
the leakage inductor of L1 current decreases equal to 
current of the inductor L22. 
 Mode 3 [t2 - t3]: At t2, M1 is turn-off, the D1, D2 
and D3 are turn-on. The capacitor C1 charges full. 
During the mode energy of secondary-side windings of 
the coupled inductor L21, L22 and the C1 transfer their 
energies to the DC link/load. The energy is stored by the 
coupled inductor. Along with the self-inductance, the 
occurrence of the mutual inductance also takes place and 
due to this the output value is increased. At t3, the 
energy leakage of the inductor L1 decreases to zero. The 
current of the diode D1 is zero. 
 The mode 4 [t3 – t4]: At t3, the diode D1 is turn-
off. During the mode energy of secondary-side windings 
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of the coupled inductor L21, L22 and the C1 transfer 
their energies to the DC link/load. The DC voltage gain 
for operating state can be calculated according to 
Equations 1 and 2. 

𝑉𝐶3 = 𝑉𝑃𝑉
𝑑1

1 − 𝑑1𝑁1 (1) 

𝑉𝐶2 = 𝑉𝑃𝑉
𝑑1

1 − 𝑑1 (1 + 𝑁2)((1 + 𝑘)/2) (2) 

 N1: is the turns ratio from n21/n1 (L1 and L21 are 
two coupled inductors whose primary winding (n1) is 
employed as a filter and the secondary winding (n21) is 
connected in series to achieve a high output voltage gain 
at capacitor C3). 
 N2: is the turns ratio from n22/n1 ((L1 and L22 are 
two coupled inductors whose primary winding (n1) is 
employed as a filter and the secondary winding (n22) is 
connected in series to achieve a high output voltage gain 
at capacitor C2). 
 k: coupling factor of the transformer in converter. 
 
 In the flyback converter, it is necessary to provide 
a good coupling factor between the primary and 
secondary windings. Failure to meet this requirement 
results in voltage spikes on the switchs, the elimination 
of which with the use of the additional snubber circuit 
requires dissipation of the energy – the poorer the 
winding coupling is, the higher loss energy must be 
dissipated. For this reason, various transformer winding 
methods are used for system topologies of this type, e.g. 
consisting in placing the primary winding in a layer 
between the divided secondary winding. For the system 
with the boost-flyback topology this requirement is not 
so critical. At certain leakage inductances, only the 

voltage on the capacitor C1 will decrease, which is 
desirable but does not radically decrease the efficiency. 
The energy stored in the primary winding leakage 
inductance does not have to be lost in ancillary systems 
(such as is the case in flyback systems), because it is 
naturally released to the capacitor C3. The designing of 
the coupled choke for the boost-flyback system consists 
in determining the required primary winding inductance 
and saturation current, and, on the basis of this value, 
calculating the required number of winding turns and 
magnetic gap length [19], [24]. 
 From the Equations 1 and 2: 

𝑉𝐷𝐶 𝑙𝑖𝑛𝑘

𝑉𝑃𝑉
=

𝑑1
1 − 𝑑1 �

(1 + 𝑁2) �
1 + 𝑘

2 � + 𝑁1� (3) 

2.2 Operation State 2 

This state is shown in Figure 5 (state 10 in the Table 1). 
Here, in the converter operates as a Buck converter and 
a coupling magnetic boost–flyback converter. This mode 
operates when the PV is exposed to sunlight and 
becomes the source of energy for the charging of the 
battery (output 1) by Buck coverter as well as supplying 
energy to the DC link/load (output 2) operate as the state 
1. This state will usually be during the daytime when 
maximum sunlight is available. The PV provides energy 
to the DC link/load and battery as well as both the 
inductors L1, L21, L22 and L3. In this state, two 
switches are operating (M1, M4). The first, and fourth 
switching modes are the same as first and third fourth 
switching modes in the operation state 1, respectively. 
The second and third switching modes are discussed in 
Figure 6 represent current waveforms of the 
aforementioned converter. 

 

 
Fig. 5. The schema DC-DC converter supply the DC link/load and battery use PV. 
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Fig. 6. The waveforms of the proposed converter under state 2. 

 
 Mode 2 [t1 - t2]: The M1 is turn-off, M4 is turn-on 
(control pulse signal to M4 delay phase is equal to the 
pulse width of the M1), D1 is forward-biased. The 
energy of the PV supplies the battery by a converter 
buck and the capacitor C1 which is charged 
simultaneously from energy leakage inductor L1 and the 
PV. At t2, the C1 discharged to the battery and DC 
link/load. 
 Mode 3 [t2 – t3]: The battery is charged 
simultaneously receive energy from PV and energy C1 
resulting in increased battery charge energy. At t3, the 
switch M4 is turn-off, energy supplies the battery by 
capacitor Cbat. These modes 2 and 3 aim to charging the 
battery by energy leakage inductor L1 (from modes 2 
and 3 in this scenario decreases energy leakage in the 
primary winding and to provide the control pulse width 
time for the M4). The DC gain for output 2 is similar 
state 1. The DC gain for output 1 can be calculated 
according to Equation 4. 

𝑉_𝐵𝑎𝑡/𝑉_𝑃𝑉 = 𝑑2 (4) 

 

 

2.3 Operational State 3 

In this state 3 as shown Figure 7 (state 13 in the Table 
1), generated power of this state from PV is not enough 
to supply the DC link/load double-input/single-output. 
So, it is required to discharge the battery to supplement 
lacked power. The all inductors L1, L21, L22 and L3 
will be charged/discharged energy in the during this 
operation state. The converter is directly derived from 
common and well-known boost and boost coupling 
magnetic topologies. If the high voltage gain is required, 
boost coupling magnetic topologies typically will 
improve performance and efficiency [22]-[23]. The DC 
voltage gain for the PV can be as Equation 3 and 
addition DC gain for the battery. 

𝑉_(𝐷𝐶 𝑙𝑖𝑛𝑘)/𝑉_𝐵𝑎𝑡 = 𝑑3 (5) 

 In Equations 3 and 5, the Vdc link is the same, so 
condition duty ratio of the controller for the switches M1 
and M2 as: 

𝑉_(𝐷𝐶 𝑙𝑖𝑛𝑘)/𝑉_𝐵𝑎𝑡 = 𝑑3 (6) 
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Fig. 7. Circuit converter supply DC link/load. 

 
2.4 Operation State 4, 5, and 6 

During state 4 see Figure 8 (a) (state 2 in the Table 1), 
when the energy of the source PV is full, normal, or low 
and DC link is full, the PV provides energy to the 
battery as well as to the inductor L3. In this case, both 
the inductors L1, L21, L22 will be not charged. In this 
case, the time is short because of the sunshine mode. So, 
the purpose of energy is to provide the actual load and 
furthermore, in this converter the PV energy provides 
simultaneous DC link/load and battery during the day 
time, resulting the full or near-full battery. The circuit 
operates as the buck converter, DC voltage gain same in 
Equation 4 in the state 2. 
 In this state 5 shown in Figure 8 (b) (state 5 in the 
Table 1), the converter operates as a boost converter, the 
M2 operated. The energy source is provided by the 
battery that has been maintained at a specific voltage 
during state 3 operation. This mode is still enabled 

during low light conditions when the power generated 
from the PV panel is very low. In this case, L3 will be 
charged/discharged. The circuit works as the boost 
converter, DC voltage gain same Equation 5 in the state 
2. 
 During state 6 as shown in Figure 8 (b) (state 3 in 
the Table 1), the energy of DC link/load transfers to the 
battery. This state aims to charge the battery in the 
absence of the PV source. This condition will arise when 
the battery is discharged and the light exposure reduces, 
thereby making the PV panel non-functional. The 
converter works as a simple buck converter, the M3 
operated and the M2 not operated. In this case the 
inductor L3 will be charged/discharged. The DC voltage 
gain as Equation 7: 

𝑉_𝐵𝑎𝑡/𝑉_(𝐷𝐶 𝑙𝑖𝑛𝑘) = 𝑑4 (7) 

 

 
(a) 

 
(b) 

Fig. 8. The circuit diagram, (a) The circuit diagram for state 4 operation, (b) The circuit diagram for state 5, 6 operations. 
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2.5 Control of the Converter 

The states of the four switches M1, M2, M3 and M4 are 
controlled with the help of a proportional plus integral 
controller. The pulse width modulation strategy is such 
that it prohibits the situation of the forbidden states as 
listed in Table 1. The switching frequency is set at 
25kHz. The gate signals for switches are directly 

controlled by the microcontroller. This is done to avoid 
the situation of the forbidden states. As a result, the 
mode pulse width and mode controller of the four 
switches is never same hence avoiding a short-circuit. 
Four loops to control all states in the converter proposed 
as shown in Figure 9. 

 

 
Fig. 9. The block diagram controller for the converter. 

 

3.  RESULTS AND DISCUSSION 

3.1. Simulation Results 

This part gives the results for each state by Orcad. The 
circuit diagram for each state along with the detailed 
analysis of the simulation results is also given. The 
parameter values for the purpose of simulation are as 
follows: transformer has turn ratios N1=10; N2=4, the 
coupling factor k=0,95, the capacitors are C1=47 µF; 
Cbat=470 µF; C2=C3=1000 µF, the total power (PV and 
battery) is (350-1600)W, the voltage of DC link/load is 
400V, the voltage of the battery 48V. Figure 10 (a) 
shows the voltage stress waveform proportional to 
switch M1, to choose power switch M1 with value 
voltage input PV maximum. 
 Figure 10 (b) illustrates voltages of the capacitors 
C1 and C3. The voltage capacitor C1 is the parameter 
dependent of the parameters in converter as: the voltage 
PV, turns ratio of the transformer, coupling magnetic, 
the duty cycle of the power switches. The output voltage 
on the capacitor C3 (voltage DC link/load) is 400V. 
Figure 10 (c) shows the generated power of different 
sources PV, load and battery. The battery is non-
charged. 

 Figure 11 shows operation state 2 of the converter. 
Figure 11 (a) describes the voltage on pin (Drain) of the 
M1 and pin (Source) of the M4 (in the principle diagram 
of the pin (Source) M4 connected to the pin (Drain) 
M2). The time controlled M4 dependent the one which 
the time charge/discharge capacitor C1. This time is 
short, lead to the energy charging for the battery is quite 
small. Figure 11 (b) illustrates the power of the PV, 
battery and the DC link/load. 
 Figure 12 illustrate simulation results of the state 3. 
Figure 12 (a) shows voltage on pin (Drain) of M1 and 
pin (Drain) of M2, in this converter proposed voltage 
stress of M3 is large, this is also a limitation of this 
converter diagram. The power of the PV source, battery 
and DC link/load are shown in the Figure 12 (b). 
 The simulation results of the state 4 same the state 
2 and the state 5 same the state 3. Figure 13 illustrated 
power of the DC link/load (output) and the battery 
(input).The simulation results of the presented converter 
indicate that the converter is able to operate in different 
conditions. The results are inconsistent with the analysis 
done in the previous sections. Also, the presented 
control strategy can control and regulate voltage of DC 
link. 
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(a) 

 
 

 
(b) 

 
 

 
(c) 

Fig. 10. The waveforms of operation state 1, (a) Voltage on the M1, (b) Voltage on the capacitor 
C1 and DC link/load, (c) The power of battery, PV source and DC link/load. 
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(a) 

 
(b) 

Fig. 11. Results of the state 2, (a) Voltage on the M1 and M4, (b) Power of battery, PV source and DC link/load. 
 

 
(a) 

 
(b) 

Fig. 12. Waveforms of operation state 3, (a) Voltage on the M1 and M2, (b) Power of load, battery and PV. 
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Fig. 13. The power input and output in the state 5. 

 
3.2 Experimental Results 

The system illustration is constructed with hardware to 
further validate the proposed converter via experimental 
studies. To verify the energy regulation properties of the 
stand-alone photovoltaic power generation system’s 
framework is under various DC link/loads and solar 
irradiation changes. A bidirectional buck-boost 
converter and a maximum power point tracking 
controller in a stand-alone photovoltaic power 
generation system framework were combined, as shown 
in Figure 14. It consists of the proposed DC-DC 
converter, which is connected to the two Poly ARM 
600W PV panel, the battery, and a DC link simulator, 
and a control board. The valve regular lead acid battery 
Globe 12V-7.5A is rechargeable. The DC microgrid 
simulator has a DC voltage source, other parameters of 
the system are the same as those used in the simulation. 
The corresponding picture of the laboratory prototype 
used for the tests in order to conduct tests in conditions 

similar to real ones is shown. In the case, the majority of 
the laboratory tests were conducted with a resistive load. 
 As results from the measurements, the converter 
voltage on the switch M1 (operation as boost-flyback 
converter), M4 (operation as buck converter) as from 
shown in Figure 15 (a), (b). It has the form of 
eliminating the voltage spike result reduce loss and 
increase the life of switch. As part of the laboratory 
works, the converter output voltage with a duty factor 
D=0,5 characteristic curves were measured, loaded with 
the resistance RL = 520 Ω. The value of the input 
voltage was fixed at 60V. The output voltage was 
determined as the sum of the voltages measured on both 
output capacitors C2 and C3 in the shown Figure 15 (b). 
 Figure 16 (a, b) shows the experimental results in 
state 3, when both PV source and battery supply energy 
for the DC link/load. The switches M1 and M2 are 
active. The positive voltage of the switch M2 shown 
Figure 16 (a) has a slightly different form in the 
simulation as Section 3.1. 

 

 
Fig. 14. Hardware picture of the proposed converter in the system. 
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(a) 

 
(b) 

Fig. 15. Experimental results in state 2 of the boost-flyback and buck mode, (a) The 
steady-state voltage on the switch M1, (b) The voltage output load resistance. 

 

 
(a) 

 
(b) 

Fig. 16. The wave voltage on switchs, (a) M1, (b) M2 of the operation state 3. 
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 The conversion efficiency of the converter is 
determined by measuring input/output voltage and 
current using an oscilloscope. The input voltage is 
provided by a programmable power supply (Regatron) 
and the output power is dissipated in pure resistive 
loads. The efficiency has been measured under all 
operation modes for different power levels and PV 
voltage levels. The results are presented in Figure 17 (a, 

b, c). The efficiency is measured in the case PV source 
to battery with a voltage level of PV maximum and 
when the power increases gradually, the efficiency 
decreases. The results shown that the proposed converter 
achieves a maximum efficiency of 98% when the 
converter operates in scenarios where energy is 
transmitted from PV to the battery and link DC/load. 

 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

Fig. 17. The efficiency of the states, (a) PV to DC link, (b) PV to Bat and DC link, (c) PV and bat to DC link, (d) PV to Bat, 
(e) Bat to DC link. 

 

 Lowest performance is measured near 93% in 
battery to DC bus and PV to battery operation mode, 
shown in Figure 17 (d, e). Overall, worst case operation 
in terms of efficiency, is encountered when the converter 
is operating at high duty cycles, such that the MOSFETs 
experience a high current stress. 

4.  CONCLUSIONS 

This study proposed a low-cost, high efficiency, 
bidirectional DC–DC power conversion circuit topology 
comprising of a semi isolated-type switched-capacitor 
cell with a flyback converter. The proposed topology is 
suitable for step-up and step-down voltage gains for PV, 
battery and DC load conditioning systems. Extreme 
step-up ratios were achieved by connecting the output 
terminals of the coupling magnetic boost combined 
Flyback converter. In addition, in this converter takes 
advantage of the leakage power of the primary 
transformer during opening and closing process of M1 
charge for the battery, further to decrease loss on the 
switch main M1. The topology structure is applied for 
PV systems with battery storage and connects the grid. 
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