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Abstract – A digital dual-channel interleaved phase-shift full-bridge converter is investigated in this 
paper, and its topology and principle are analyzed. To realize current sharing and stabilize the output 
voltage, a controller with current sharing loop and closed voltage loop is employed. In addition, 
current sharing will increase the output current fluctuation and a new digital interleaved driving 
technology is proposed to reduce the output current ripple. To verify the analysis, simulation and 
experiments are carried out, which shows the effectiveness of the proposed control strategies. 
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1. Introduction 
 
At present, one of the most popular topologies for 

isolated high frequency DC/DC converter is push-pull 
phase shifted full bridge. Phase shifted full bridge(PSFB) 
ZVS converter has a lot of advantages, such as simple 
topology, easy realization of soft-switching technology 
using the parasitic parameters, high utilization rate of 
transformer with bi-directional excitation, and large power 
capacity. Hence, it becomes the mainstream structure for 
high power DC switching power supply products, and has 
been widely investigated and applied [1-5]. The circuits on 
the secondary side and the primary side of the transformer 
are isolated in a phase shifted full bridge converter circuit, 
which can ensure the safety of converter and loads [6]. 

To obtain a power source system with high capacity 
and reliability, one feasible approach is to parallel more 
modular power supplies together [7-9]. The basic require-
ments of multi-module parallel system are as follows: first 
of all, the current should be equally shared by all modules; 
secondly, no additional current sharing control measures are 
taken to improve the system reliability unless necessary; 
thirdly, stable output during the dynamic process, and 
perfect transient response of the current sharing. 

So far, the control strategies applied to the phase shifted 
full bridge converter are prevailingly single loop one, 
including open-voltage-loop and closed-current-loop control, 
parallel switching between closed voltage-loop and closed 
current-loop [10,11]. A double closed loop control strategy, 
composed of inner voltage-loop and external current-loop 
with a current-reference feed-forward link, was proposed 
in [12], and it was applied to a large power non-contact 
plasma cutting inverter. Similarly, it has been verified that 
CC/CV mode charge algorithm for batteries can be simply 

created by the double control loop for the inductor current 
and the converter output voltage [13]. Moreover, a double 
closed-loop control circuit of full-bridge DC/DC converter 
is designed to improve the dynamic characteristics and the 
stability of the wind power generation system [14]. 

Interleaved driving technology has been widely used 
in dual parallel systems, especially in Buck converter 
required to reduce the inductance and capacitance of the 
main circuit [15,16]. It can not only improve the dynamic 
response, efficiency and thermal design, but also can 
reduce the output current ripple. Circuit structure based 
on such kind of technology has been proved to be an 
optimized one. 

In this paper, a new digital dual-channel interleaved 
phase-shift full-bridge converter is investigated. A control 
strategy composed of closed voltage-loop and current-
sharing loop is employed here to stabilize and distribute 
equally the output current. A comprehensive simulation 
to the proposed scheme is carried out in the MATLAB/ 
Simulink environment, and a prototype has been developed 
to verify the analysis. The results indicate that the topology 
can take full advantage of the interleaved driving technology 
and contributes greatly to the reduction of output current 
ripple.  

 
 

2. Topology and Principle Analysis for  
Dual-channel Interleaved PSFB Converter 

 
With the growing demands for DC/DC converters with 

high power rating and high power density, many designers 
and manufacturers adopt multi-phase technique or paralleled 
structure to develop DC/DC converter of high power levels 
and high stability. Paralleled structure enables converters to 
be higher power levels, but leads to a complicated circuit 
layout that is susceptible to cause static and dynamic 
problems of current uneven distribution. Consequently, 
devices have to withstand a greater current pressure, 
resulting in easier failure than in other topologies [17]. In 
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contrast, DC/DC converters using multiple parallel 
technology has many advantages, such as reducing the 
current stress and thermal stress of the devices, increasing 
the power level. In addition, interleaved driving technique 
can increase equivalent switching frequency, so that 
reducing the current ripple and the size of inductors and 
other devices while increasing power density [18]. Further-
more, soft-switching technique can reduce switching losses 
and improve the converter's efficiency [19-21] 

Fig. 1(a) shows the topology of the dual-channel 
interleaved phase shift full bridge (PSFB) DC/DC converter, 
in which each channel consists of leading legs and lagging 
legs and all IGBTs in these two channels operate at the 
same switching frequency. Here, we note the arm-to-arm 
phase-shift angles as θ (between S1 and S4 or S5 and S8) 
respectively, and the bridge-to-bridge phase-shift angle as 
φ (that equals to phase angle between S1 and S5).  

Fig. 1(b) shows the waveforms of the dual-channel 
interleaved PSFB. The converter covers 12 operation modes 
during one switching cycle. For the sake of simplicity, only 
the first six modes (t0-t6) of channel I are described here 
since the following modes (t6-t12) are similar to the 
preceding six modes (t0-t6). 

1) Mode 1 [t0-t1]: During this period, S1 and S4 are 
conducted. Primary current ip1 flows through S1, Lr1, T1, 
and S4, and power is delivered from the primary to the 
secondary. Current routine of transformer’s secondary side 
is formed by D1, Lf1, the load, D4, and T1. The current iLf1 
increases slowly.  

2) Mode 2 [t1-t2]：Sl turns off at t1. The ip1 flows 
through C1 and C2 discharges when Vp1 gradually decreases 
(C1 and C2 are the parasitic capacitor of Sl and S2). Lf1 and 
Lr1 are large enough to keep ip1 approximately constant. 
Hence, 
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3) Mode 3 [t2-t3]: C2, the parasitic capacitor of S2, is 

completely discharged at t2. The anti-parallel diode of 
switch S2 conducts and serves as a channel for ip1 to flow 
through. S2 can turn on under zero voltage when the 
condition in (4) are satisfied, where L is the equivalent 
series inductance of Lr1 and Lf1. 
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4) Mode 4 [t3-t4]: S4 turns off at t3. The current from 

leakage inductance of T1 discharges C3 and charges C4. The 
primary voltage VP1 decreases slowly and reaches -Vin at t4. 
Then the negative voltage forces the diode D2 and D3 
conduct. However, diodes D1 and D4 can not switch off 
immediately, which will form a short-cut in the secondary 
side and separate the primary and the secondary side. 

5) Mode 5 [t4-t5]: the anti-parallel diode of S3 conducts 
at t4. it becomes difficult for S3 to achieve ZVS turn on at 
light load condition. The ZVS turn-on of S3 can be 
achieved when 
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(a) The topology of dual-channel interleaved PSFB (b) The waveforms of dual-channel interleaved PSFB 

Fig. 1. Main circuit of dual-channel interleaved DC/DC converter and its waveforms 
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6) Mode 6 [t5-t6]: The primary current ip1 drops to zero 
at t5 and flows through S2 and S3. ip1 begins to grow 
reversely. D1 and D4 turn off and both windings of the 
transformer regain their coupling. 

From t4 to t6, the primary and the secondary side are 
separated, which means no power delivered during this 
period. The duty ratio is decreased, and the effective duty 
ratio can be expressed as 
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where D is the duty cycle of the primary voltage, ∆D is the 
loss of the duty cycle, n is the transformer turns ratio, 
n=NS/NP, Vin is the input voltage, Vo is the output voltage, 
and Ts is the switching period. 

In addition, the pulses for channel II will have a delay of 
T/2. ilf1 and ilf2 are the currents through the filter inductors 
Lf1 and Lf2, and the total current ilf(1+2) equals to (ilf1+ilf2). 
For the employed topology, the ripple of the total current 
can be reduced by means of interleaving ilf1 and ilf2, which 
will increase the frequency of the output current and is 
realized in this paper based on DSP algorithm.  

 
 
3. Model Analysis and Design of the Controller 
 
In order to design a digital controller on the dual-channel 

interleaved PSFB, small-signal analysis is carried out. By 
means of SISO Design Tool from Matlab®, the analytical 
results are presented in the following sections. And all the 
algorithms are implemented in a DSP controller. 

 
3.1 Small-signal modeling of PSFB 

 
The small-signal model of PSFB in this paper bases on 

the fact that the PSFB converter is a buck-derive topology. 
It can be seen form the description of the circuit operation 
modes that the effective duty ratio Deff of the transformer 
secondary voltage depends not only on the duty ratio d of 
the primary voltage but also on the output filter inductor 
current iLf, the leakage inductance Lr, the input voltage Vin, 
and the switching frequency fs. This can be concluded by 
equation (6) and (7). The small-signal transfer function of 
this converter will depend on Lr, fs and the perturbations of 
the Loi  inV  and d . id  vd  and d  are the duty cycle 
changes caused by the output filter inductor current, the 
input voltage and the duty ratio d of the transformer 
primary [22]. 
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The total change of deff can be represented by 
 

 eff i vd d d d= + +  (9) 
 
Finally, the small-signal model of PSFB DC/DC 

converter is shown in Fig. 2. 
This model helps to derive the transfer function of the 

converter. Equation (10) represents the transfer function. 
Gvd, for phase-shift full bridge converter, defines the output 
voltage-to-duty ratio. 
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3.2 Design of current sharing and closed-voltage 

control system 
 
In order to regulate output voltage and realize current 

sharing (CS) between two channels, a control system is 
introduced (Fig. 3). The controller consists of a closed 
voltage loop and a current sharing loop. The current 
sharing method used in this paper is based on averaged 
current. 

Table 1 gives the main parameters for designing the 
controller. Fig. 4 shows the design process of the voltage 
controller using bode plot. 

As seen in Fig. 4, the crossover frequency of voltage 
controller is selected as 1000rad/s. The transfer function 
(solid line) shows that the slope of the gain plot at the 

  
Fig. 2. Small-signal circuit model of PSFB DC/DC 

converter 
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Fig. 3. Block diagram of controller 
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crossover frequency is -20dB/dec and the phase margin is 
about 90°. The gain at the low frequency is not high 
enough and this can be improved by increase the gain of 
the PI controller conveniently in DSP controller algorithm. 
Similarly, a PI controller is used for the current loop to 
achieve current sharing. The PI controller for the voltage 
loop and the current sharing loop are defined as 
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3.3 Digital interleaved driving technology 

 
The fluctuation of the output current will be increased by 

the current sharing control. A digital interleaved driving 
technology based on TMS320F2812 DSP controller is 
proposed to reduce the fluctuation. 

Driving signals of the converter from DSP2812 are shown 
in Fig. 5. In the EV modules in DSP 2812, T1PR and T3PR 
are used to control the PWM signal frequency. T1CON 
(T3CON) contains the value from timer 1(timer 3), and the 
difference between their value represents the phase-shifting 
angle θ. CMPRx (x=1~6) are used to configure the duty 
ratio of PWM signal. In programming, the implementation 
of phase shift control will be based on configuring the 
TxCON register values. And the respective adjustment of 
duty ratio of PWM wave of two channels is completed 

through the CMPRx register configuration, which will 
realize the current-sharing process and the bridge-to-bridge 
phase-shift angle φ. For example, the pulse for channel II 
PWM3 is delayed by half cycle or 180°, compared to pulse 
for channel I.  

 
 

4. Simulation Analysis 
 
To verify the validity of proposed dual-channel interleaved 

phase-shift full-bridge converter and control topology, a 
comprehensive simulation is performed in MATLAB/ 
Simulink environment. The simulation schematic for one 
channel is shown in Fig. 7, which consists of a PSFB 
converter, a current sharing and voltage controller, and 
UC3875 microchip for PWM pulses. 

The simulation results are shown in Fig. 7. Fig. 7(a) 
gives the waveforms of Iout, Io1 and Io2 without current 
sharing. Due to the difference of parameters of the two 
channels, the Io1 and Io2 are not the same. When the load 
increases suddenly, the difference between these two 
currents increases too. Fig. 7(b) gives the waveforms of Iout, 
Io1 and Io2 with current sharing. As shown in the figure, Io1 
and Io2 are almost the same both under steady state and 
sudden load change, but the fluctuation of them increases. 

 
 

5. Experiments Results 
 
Basing on the previous analysis and design, we build  

Table 1. The main parameters in the circuit 
Parameters Numerical 

Vin 650V 
Saturated primary inductance Lr 150uH 
Transformer ratio (Pri: Sec) 13:11 
The output filter inductance Lf 250uH 
The output filter capacitor Cf 5uF 
The switching frequency fs 20 kHz 
The load resistance R 20Ω 

Fig. 4. Design of the closed voltage loop 

Fig. 5. Distribution of driving pulse in DSP2812 
 

Fig. 6. Simulation schematic in MATLAB/Simulink 
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(a) The output current without current sharing under steady 

state and load change 
 

 

 
(b) The output current without current sharing under steady 

state and load change 

Fig. 7. The output waveform of Iout, Io1 and Io2 in simulation 
 

 
Fig. 8. Gate driving signals of S1, S4, S5, S8 

an experimental platform, which consists of a PSFB 
prototype of 10 kW, a high-power power supply of 700V/ 
50A, a resistance box, an oscilloscope and some measuring 
instruments. The parameters of each component in the 
platform are the same with Table 1. 

Driving signals of the two channels are shown in Fig. 8. 
The interleaved driving method means that the pulses for 
channel II are delayed by 180° and the current sharing  
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Fig. 9. The ZVS condition of channel I 
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control is achieved by adjusting the duty ratio of the dual 
channels. 

Fig. 9 gives the ZVS condition of channel I, which is 
the same for channel II. Fig. 9(a) shows the ZVS 
condition for the leading legs, the time allowance for the 
leading legs’ zero voltage turn-on is about 500ns and for 
the zero voltage turn-off is about 200ns. The leading legs 
realize ZVS under both turn-on and turn-off. Fig. 9(b) 
shows the ZVS condition for the lagging legs. The 
lagging legs do not achieve zero voltage turn-on because 
the resonant inductor is small and the load is light. 
However, it has an 800ns time allowance for the zero 
voltage turn-off. 

Fig. 10 shows the output waveforms of the dual-channel 
interleaved PSFB converter without current sharing control 
and with current sharing control. Fig. 10(a) shows the 
waveforms of Iout, Io1 and Io2. As shown in the figure, the 
output current of two channels and the total are smooth and 
the ripple is small. But the current of the channel I is 
smaller than the channel II by 3A, which means great 
uneven distribution of the current. As shown in Fig. 10 (b), 
under the current sharing control, the current of the two 
channels are both around 10A. A good current sharing is 
achieved but the problem is the obvious output current  

 
Fig. 11. Efficiency results of the converter 

 
fluctuation. However, The current of these two channels 
are opposite in phase, and the current of channel II is 
delayed by 180°, which will help to reduce the current 
ripple obviously by the peak and valley. 

The efficiency of the converter is measured and plotted 
in Fig. 11. Overall, it shows an upward trend of the 
efficiency. The lowest efficiency is 84.3% when the load is 
0.25kW and the maximum efficiency is 93.5% when the 
load is 9kW. The lagging legs can only realize ZVS under 
turn-off, which limits the efficiency of the convert, and the 
converter generates a great deal of heat. 

 

 
(a) Waveforms of Iout, Io1 and Io2 without current sharing 
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(b) Waveforms of Iout,Io1 and Io2 with current sharing 

Fig. 10. The output waveform of Iout, Io1 and Io2 
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6. Conclusion 
 
In this paper, a dual-channel interleaved phase-shift full-

bridge converter is analyzed and tested. A digital controller, 
composed of current sharing loop and closed-voltage, is 
employed here to stabilize the output current and current 
sharing. The dual channel PSFB, which takes full advantage 
of the digital interleaved driving technology, will double 
the frequency of the output current and contributes to the 
reduction of output current ripple. A comprehensive 
simulation to the proposed topology in the MATLAB/ 
Simulink environment and the experimental results verify 
the analysis.  
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