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Abstract— This paper presents a new bidirectional dc/dc 

converter topology, which is composed of three-phase push-pull 

and interleaved flyback converter. The two directions operation 

of the proposed converters is analyzed and explained even as the 

DC transfer function of the circuit versus the duty ratio has 

been presented. The main advantages of this topology are high 

switching frequency, lower input current ripple, smaller output 

capacitor, less number of switches and the frequency of output 

voltage and input current ripple are three times the switching 

frequency. A simulation model is developed in the OrCAD 

Capture simulator. Then, the simulation results will verify the 

validity of the mathematical and theoretical analysis. 

Keywords - Interleaved flyback converter, Push-pull converter, 

Three-phase dc-dc converter, Bidirectional, Isolated. 

I. INTRODUCTION 

The power processing needs every day more electronic 
devices of high capacity and reliability, such as dc-dc 
converters to control the system power flow. Applications 
including energy storage systems, solid-state transformers, 
distributed generation, uninterruptible power supplies, fuel 
cell, transportation, and electric vehicles. The application of 
high-frequency three-phase or multi-phase converters enables 
magnetic elements, such as the transformer, work more 
efficiently, increases power density, reducing the current stress 
on the power semiconductors and reducing the ripple voltage 
on the filter capacitor, allows applying high turns ratio for 
high gain and provides galvanic isolation between the power 
source and load [1]. 

In particular, the high-frequency three-phase dc–dc 
converter has two major advantages over its single-phase 
counterpart. That are, the reduction of the input and output 
filters’ volume due to increased effective switching frequency 
and reduction in transformer size and volume compared with a 
three equivalent single-phase transformers. Furthermore, the 
dc-dc converter needs to have bidirectional power flow 
capability when energy storage is needed in the system [2-3]. 
Several different types of bidirectional dc–dc converters with 
high-frequency three-phase transformer have been published 
in the literature [4-6]. A three-phase converter has basically 
voltage-fed nature's on both ports where the source and load 
are connected [7-13], but current-fed converter has been 
developed for use in low voltage sources [14-17]. Most of 
them require more components and complex control 

techniques. Another structure to increase power density and 
reduce control complexity is based on flyback converters [18], 
[19], and interleaved multiphase converters have been used 
[20–22]. 

Renewable energies such as photovoltaic, wind energy, 
bioenergy, and fuel cells, are becoming increasingly important 
and widely used in distribution systems or in microgrids. 
Microgrid systems has been receiving more attention from 
industry and researchers to facilitate the integration of these 
different sources of energy generation. It allows power 
generation near the consumer loads, which reduces costs and 
losses on the transmission lines. To control the power flow 
between the different sources, loads, and energy storage, the 
dc-dc converters are needed, and current-fed converters have a 
smaller energy storage devices, and for microgrid application, 
that offer high step-up/step-down ratio. 

II. PROPOSED BIDIRECTIONAL DC-DC CONVERTER 

Fig. 1 shows the circuit topology of the three-phase push-
pull/flyback interleaved bidirectional converter. In direction A 
to B it operates as a three-phase push-pull converter for 
converting power from low to high voltage and in direction B 
to A as three-phase interleaved flyback converter for 
converting power from high to low voltage. In direction A to 
B, the converter consists of a three-phase dc-dc converter, 
which output is connected to a three-phase full-bridge diode 
rectifier through three-phase transformer, three main switches 
(S1, S2, S3), three coupled inductors (TF1, TF2, TF3), diodes (D7, 
D8, D9, DS4, DS5, DS6), an energy store capacitor C1, input DC 
voltage E1 and output DC voltage E2. In direction B to A, the 
converter is composed by the input DC voltage E2, the output 
DC voltage E1, the switches (S4, S5, S6), the diodes (D10, D11, 
D12), the output capacitor C2 and the coupled inductors (TF1, 
TF2 and TF3). 

The analysis of proposed converter in direction A to B is 
similar to converters mentioned in [23-24], where the circuit 
has three duty ratio intervals for switching period. 

The circuit in the direction B to A is very similar to 
interleaved flyback topologies [25-26]. For the operation in 
this direction, a duty ratio varies from 0 to 1/3, where the 
switches operate in the nonoverlapping conduction mode. 

The following sections will describe the operating 
principles and steady-state analysis for both directions. 
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Figure 1.   Proposed three-phase push-pull/flyback interleaved bidirectional 

converter 

 

III. OPERATION PRINCIPLE OF THE PROPOSED CONVERTER 

In this section, the operational analysis is presented 
considering all the circuit components are assumed to be ideal. 
The proposed converter can operate in two sides. Based on 
Fig. 1, these sides are denoted by direction A-to-B and 
direction B-to-A. 

A. Operational principle in direction A-to-B 

The proposed structure presents different stages in 
continuous operation mode (CCM) with a duty ratio (D) lower 
than 1/3, between 1/3 ≤ D ≤ 2/3 and higher than 2/3. The 
following sections are described the more detailed stages 
analysis in CCM. 

1) Operation in the duty ratio range 0 < D < 1/3 
In the 1st, 3rd, and 5th stages, the power source provides 

energy to the load, and part of this energy is stored in the 
windings L1, L3 e L5. In the 2sd, 4th, and 6th stages, the energy 
stored in L1, L3 e L5 is discharged to the load by the internal 
diode of switches S4, S5 and S6. Analysis of the 1st and 2sd 
stages are acceptable to present the operational stages of the 
proposed topology. 

a) 1st Stage [(t0 →t1) Figure 2(a)]: The power switch 

S1 is conducting at t = t0. The input inductors L1, L3 and L5 

store energy from power source E1 and input current iE1(t) 

increases linearly. The voltage across L1 and Lp1 are, 

respectively, equal to the E1-(E2/nT) e E2/nT. 
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b) 2nd  Stage [(t1 →t2) Figure 2(b)]: At the instant t = 

t1, power switch S1 is turned-off and current iE1(t) decreases 

linearly. The energy stored in the primary windings L1, L3 

and L5 is delivered to the load through the secondary 

windings L2, L4, L6 and the internal diode of switches S4, S5 

and S6. The voltage across L1 is equal to the E2/nS. 
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2) Operation in the duty ratio range 1/3 ≤ D ≤ 2/3 

a) 1st Stage [(t0 →t1) Figure 2(c)]: At the moment t = 

t0, the power switches S1 e S3 are turned-on. The windings L1, 

L3 e L5 store energy from E1 and current iE1(t) increases 

linearly. The load receives energy from E1 by windings LS1, 

LS3, diode D2 and D6. The equations of the input current iE1(t), 

vL1(t), vLp1(t), and the interval of this stage are described as 

the following. 
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b) 2sd Stage [(t1 →t2) Figure 2(d)]: Starts when power 

switch S3 is turned-off. The windings L1, L3 e L5 are 

demagnetized and input current iE1(t) decreases linearly. The 

load receives energy from the power source E1 through 

winding LS1, diodes D2, and D4. The expressions of the input 

current iE1(t), vL1(t), vLp1(t), and the interval time of this stage 

are described as the following. 
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The analysis of 3rd and 5th stages are similar to the 1st 
stage, and the analysis of 4th and 6th stages are similar to the 
2nd stage. The difference between each other is the modulation 
of the switches. After the 6th stage a switching period is ended. 

3) Operation in the duty ratio range 2/3 ≤ D ≤ 1 

a) 1st Stage [(t0 →t1) Figure 2(e)]: At = t0, power 

switches S1, S2 and S3 are conducting. The windings L1, L3 

and L5 store energy from input E1 and input current iE1(t) 

begins to increase linearly. The diodes of the rectifier bridge 

are reverse-biased and the output capacitor C1 is discharged 

to supply the load. The circuit equations can be expressed as: 
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b) 2sd Stage [(t1 →t2) Figure 2(f)]: At t = t1, power 

switches S1 and S3 continue conducted and S2 is turned-off. 

Windings L1, L3 and L5 begin release the stored energy and 

input current iE1(t) starts to decrease linearly. The load will be 

powered from the power source E1 through windings LS1, LS3, 

diodes D2 and D6. The circuit equations can be given by (6). 
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The 3td and 5th stages are similar to the 1st stage and the 4th 
and 6th stages are similar to the 2nd stage. The difference 
between each other is the modulation of the switches. At the 
end of the sixth stage, the operating period of the proposed 
converter in CCM is completed. 

B. Operational principle in direction B-to-A 

a) 1st Stage [(t0 →t1) Figure 3(a)]: At the moment t = 

t0, power switch S4 is conducting and the diodes D11 and D12 

are forward-biased. Windings L2 stores energy from power 

source E2 and the energy stored in windings L4 and L6 is 

transferred to the load through windings L3, L5, diodes D11 

and D12. The voltage and current across inductance L2 and 

interval time can be displayed as following equation: 
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b) 2sd Stage [(t1 →t2) Figure 3(b)]: At t = t1, S4 is 

turned-off and the diode D10 is forward-biased. Inductors L1, 

L3 and L5 transfer energy to the load through D10, D11 and 

D12, and no energy is transferred from the power source. One 

can derive the equation (8) 
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c) 3td stages [(t2 →t3) Figure 3(c)]: At instant t2, power 

switch S5 is turned-on and the diode D11 is reverse-biased. 

The winding L4 stores energy by the power source E2. 

Windings L1 and L5 continue transferred energy to the load 

through diodes D10 and D12. The voltage and current across L4 

and time interval can be expressed via (9) as: 
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d) 5th Stage [(t4 →t5) Figure 3(d)]: At t = t4, the power 

switch S6 is conducting and D12 is reverse-biased. Winding L6 

stores energy from E2; windings L1 and L3 continue 

transferred energy to the load through diodes D10 and D11. 

The voltage and current across inductance L6 and time 

interval can be denoted by equation (10). 
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The 4th and 6th stages are equal to the 2nd stage. After the 
6th stage, the switching period is ended and it begins again 
with the 1st stage. 

IV. MATHEMATICAL ANALYSIS OF PROPOSED 

TOPOLOGY IN CCM 

In this section, the DC transfer function and input inductor 
value of proposed converter are presented in both directions.  

A. DC transfer function 

The expression DC transfer function in direction A to B, 
for CCM, can be described from the average voltage value 
across the winding L1.  
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Substituting (1) and (2) into (11), (3) and (4) into (11) and 
finally (5) and (6) into (11), the value of DC transfer function 
in direction A to B  can be derived by equation (12). 

Where nT turns ratio of three-phase transformers (Tr), nS 
turns ratio of coupled inductors. D is the duty ratio of the 
switches S1, S2 and S3. The turns ratio nT and nS are defined 
from equation (13). 

Where nL1 and nL2 are the winding turns in the primary and 
secondary sides of the coupled inductor (TF1~TF3). nLp1 and 

nLs1 are the winding turns in the primary and secondary sides 
of the three-phase transformer (Tr.) 
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DC transfer function for direction B to A in steady state 
can be determined from the average voltage of the inductor 
(L2) for switching period (TS). The discharge time of inductor 
L2 is time interval, which corresponds to the (1-D) TS, 
equation (14) indicates the average voltage across L2. 
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During the magnetization and demagnetization of inductor 
L2, its voltage is equal E2 and E1/nS' respectively. Solving 
equation (15) leads to the DC transfer function for CCM 
operation for direction B to A. 
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Where nS
’ equal 1/nS and D is the duty ratio of the switches 

S4, S5 and S6. 

The inductance value of L1, L3 and L5 in direction A to B 
for CCM, can be obtained by equations (16) 
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Expression (17) can be used to determine the inductance 
value of winding L2, L4 and L6 in direction B to A for CCM, 
which is valid within the range of duty ratio from 0 at 1/3. 
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The expressions (12) of the DC transfer function of 
proposed converter operating in CCM for direction A to B is 
represented graphically in Fig. 4. It can be observed from Fig. 
2 that the DC transfer function has the same feature of 
topologies cited in [27–28], when the duty ratio is higher than 
2/3. For duty ratio less than 1/3, the proposed converter 
contains the DC transfer function of the isolated buck-boost 
dc-dc converter. 

Fig. 5 shows the characteristics of the DC transfer function 
as functions of duty ratio (D) in CCM for direction B to A. It 
can be noted in this figure, with duty ratio less than 1/3, that 
the proposed topology operates as buck converter. 
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Figure 2.  Equivalent circuit of stages for CCM in direction A to B 

 

Figure 3.  Equivalent circuit of stages for CCM in direction B to A 

 

Figure 4.  DC transfer function against duty ratio D 

 

Figure 5.  DC transfer function against duty ratio D 

 

V. SIMULATION RESULTS 

To verify the mathematical analysis and operational 
principles of proposed topology in CCM, a OrCAD simulation 
is conducted. The simulation parameters for operating in 
direction A to B and B to A are presented in Table I. All the 
components are assumed to be ideal. The simulation 
waveforms are presented below 

TABLE I.  CONVERTER SPECIFICATIONS 

Description  Direction A to B Direction B to A 

Input voltage 150 V 540 V 

Output voltage 540 V 150 V 

Nominal power 3 kW 2 kW 

Duty ratio 0.7 0.217 

Switching frequency 40 kHz 40 kHz 

Output voltage ripple 5 V 3V 

Input current ripple 3.6 A 7.5A 

Input inductance L1 375 uH 

Ouput capacitor  926 nF 11.25 uF 

A. Simulation in direction A to B 

In Fig. 6, input and output current are shown as well as, 
the currents through coupled inductor L1 and L2. It can be 
noted that there is no current in the winding L2 and the stored 
energy is delivered to the load through the winding L1, these 
simulation results have similar trends to the theoretical 
operational analysis when the converter operates 2/3<D<1. 
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Additionally, the frequencies of output voltage and input 
current ripple is three times the switching frequency.  

Figure 6.   (a); output current iE2, (b); inductor current iL1, (c); inductor 

current iL2, (d); input current iE1 for D = 0.7 

 
The input and output voltage waveforms are illustrated in 

Fig 7. The ripple present in output voltage waveforms are 5 V 
which confirms the specifications of converter. 

Figure 7.  Input and output voltage for D = 0.7 

 

B. Simulation in direction B to A 

In Fig. 8, the current across winding L2 and L1 are shown 
together with output and input current for direction B to A. It 
is observed that the stored energy in winding L2 is delivered to 
the load by the winding L1. Furthermore, the frequencies of 
output voltage and input current ripple is three times the 
switching frequency. 

Fig 9 shows input and output voltage waveforms when 
operating in direction B to A. Window (a) and (b) refers E1 
(output voltage) and E2 (input voltage) respectively. It is 
possible to observe that ripple output voltage is 3 V which 
confirms the specifications of converter. 

Figure 8.  (a); input current iE2, (b); inductor current iL2, (c); inductor current 

iL1, (d); output current iE1 for D = 0.217 

 

Figure 9.  Input and output voltage for D = 0.217 

 

VI. CONCLUSION 

In this paper, a novel three-phase current-fed push–
pull/flyback interleaved bidirectional dc–dc converter has 
been proposed, designed and analyzed for high-power 
applications. The DC transfer function has been described for 
both of direction modes of operation. The simulation results 
have demonstrated that the capacitor size of the converter is 
reduced. Moreover, the current and voltage ripples are reduced 
by three times, and the converter seems to be very promising 
in high-power renewable energies or in microgrids systems 
applications. 
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