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Abstract 

For conventional interleaved two-phase forward converters with a common output inductor, the maximum duty cycle is 0.5, 
which limits the voltage range and increases the difficulty of the transformer’s optimization. A new two-phase hybrid forward 
converter with series-parallel auto-regulated transformer windings is presented in this paper. With interleaved control signals for 
the two phases, the secondary windings of the transformers can work in series when the duty cycle is larger than 0.5, and they 
can work in parallel when duty cycle is lower than 0.5. Therefore, the maximum duty cycle is extended and the turns ratio of the 
transformer can be optimized. Duty cycle dependent auto-regulated windings result in the steady states of the converter being 
different in different duty cycle ranges (D>0.5 and D<0.5). Fortunately, the steady state gains of the proposed hybrid converter 
are identical at different duty cycle ranges, which means a stepless shift between two states. A prototype is built to verify the 
theoretical analysis. A conventional control loop is compatible for the whole input voltage range and load range thanks to the 
stepless shifting between the different duty cycle ranges. 
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I. INTRODUCTION 

 

Hybrid converters have become attractive in recent years 
because of their distributed power dissipation, better thermal 
management, and low current or voltage stresses [1]-[16]. 
Papers [1]-[3] proposed hybrid dc-dc converters with hybrid 
bridge rectifiers. Their secondary side windings can be 
auto-regulated according to the duty cycles and phase-shift 
angle between the two phases. In addition, some combining 
methods have been proposed for hybrid converters [4]-[6]. 
However, these combining methods are not suitable for 
Half-Wave Rectifiers (HWR), which are combined with 
forward topologies. The forward converters have attracted 
some attention in that they have less components and simple 
control [7]-[22]. Literature [12] provided a comprehensive 

comparison between a parallel hybrid forward converter with 
one output inductor and the conventional two-phase 
interleaved forward converter for dc-dc telecom power 
conversion applications. They have almost identical 
conduction losses and power density. However, the duty 
cycle of the parallel hybrid forward converter must be less 
than 0.5 even with the active clamp structure in Fig. 1(a), 
which limits its application [13]. With the stacked rectifying 
structure for hybrid forward converters and the active-clamp 
technique [14], the duty cycle can also be extended to higher 
than 0.5. Obviously, with the stack rectifier, the secondary 
conduction loss increases. In order to extend the effective 
duty cycle, the two-phase hybrid active-clamp forward 
converter shown in Fig.1(b) was proposed in [15]. In the 
proposed hybrid forward converter, a diode, D2, is added 
based on the parallel hybrid rectifier. The operating principle 
including the switching transitions of the hybrid forward 
converter has been introduced in [15]. This paper emphasizes 
the design considerations for the key components and 
implementation of the proposed forward converter for dc-dc 
telecom power supply applications.  
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(a) Parallel rectifier. 

 
(b) Proposed hybrid rectifier. 

Fig. 1. Two-phase hybrid active-clamp forward converters with 
common output inductor. 
 

 
Fig. 2. Simplified two-phase hybrid rectifier. 
 

II. OPERATING PRINCIPLE OF A TWO-PHASE 
INTERLEAVED FORWARD CONVERTER WITH 

THE PROPOSED HYBRID RECTIFIER  
 

The fundamental operating principle of the proposed 
converter is briefly presented here, and the stresses in the 
converter are synthesized and a comparison is made between 
the parallel hybrid forward converters and the proposed 
hybrid forward converter. In order to simplify the analysis, 
the voltages across the secondary side windings are assumed 
to be VP1 and VP2, and the high frequency transformers are 
assumed to be the high frequency pulse voltage sources 

shown in Fig. 2.  
According to the simplified equivalent rectifying circuits 

in Fig. 2, the operating principle of the proposed converter 
with the hybrid rectifier is simplified. Fig.3 and Fig.4 show 
the drive signals and key waveforms of the proposed 
converter at different duty cycle ranges (D<0.5 and D>0.5). 
The operating period in one switching cycle of the hybrid 
rectifier can be divided into four intervals regardless of 

 
Fig. 3. Interleaving operation of the hybrid rectifier when D<0.5. 

 

 
Fig. 4. Interleaving operation of the hybrid rectifier when D>0.5. 
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whether the duty cycles of VP1 and VP2 are lower than 0.5 or 
higher than 0.5. The phase-shift angle between the two 
phases is α, which also represents the phase-shift angle 
between VP1 and VP2.  

 
Case 1 (D<0.5)  

The phase shift angle between the two phases is 180 
degrees and it is defined as α (α=0.5). Ts is the switching 
period. It is assumed that the output inductance is large 
enough and the current ripple is neglected in the following 
analysis. The output voltage is Vo. Equivalent circuits of 
different intervals in one switching cycle when the duty cycle 
D <0.5 are shown in Fig.5. 
Stage 1 (t0-t1): At t0, VP1 is positive and VP2 is negative. 
Hence, D1 is on and D2, D3 and D4 are all off. The output 
voltage of rectifier VREC is equal to VP1 in this interval. It 
charges filter inductor L in this interval. 
Stage 2 (t1-t2): At t1, VP1 becomes negative and the 
freewheeling diode D4 conducts. The other diodes are off. If 
the voltage drop of the diode is neglected, VREC is almost zero 
in this interval. Inductor L is discharged by Vo.  
Stage 3 (t2-t3): At t2, VP2 becomes positive. D4 turns off and 
D3 begins conducting after t2. Therefore, VP1 begins to charge 
inductor L. 
Stage 4 (t3-t4): After t3, VP2 becomes negative and diode D3 is 
reversed off. The freewheeling diode D4 begins conducting 
after t3. The equivalent circuit of this interval is the same as 
that of stage 2 because of its interleaving inputs and 
symmetric duty cycle. 
   After t4, the operating stage is identical to Stage1, and 
another period begins.  
   According to the volt-second balance of inductor L in one 
switching cycle, the steady state gain of the proposed rectifier 
can be derived in (1) and (2). It is assumed that the peak 
value VPP and duty cycle D of two input sources are both 
identical.  

 TsDVTsDVV OOPP ×-×=××- )5.0()(        (1) 

  DVV PPO ×= 2/                 (2) 

 
Case 2 (D>0.5)   

The equivalent circuits of the different stages when D>0.5 
are shown in Fig.6. 
Stage 1 (t0-t1): At t0, VP1 and VP2 are positive, D2 is on and 
D1, D3 and D4 are off. Hence, VP1 and VP2 are in stacking in 
this stage. Voltage VREC is (VP1+VP2), and it charges L in this 
interval.  
Stage 2 (t1-t2): At t1, VP2 becomes negative, then D2 is 
reversed off and diode D1 begins to conduct. The other diodes 
are off. VREC is equal to VP2 in this interval. Inductor L is 
discharged by Vo.  
Stage 3 (t2-t3): At t2, VP2 becomes positive again. Then D1 is 
turned off and D2 begins conducting after t2. Therefore, VP1 

and VP2 are in series again after t2. VREC is the sum of VP1 and 
VP2, and it begins to charge L. 
Stage 4 (t3-t4): After t3, VP1 becomes negative, diode D2 is 
reversed off, and D3 begins to conduct. The equivalent circuit 
of this interval is the same as that in stage 2 because of its 
interleaving inputs and symmetric pulse width. 
   After t4, the operating stage is identical to Stage 1, and 
another period begins.  

According to the volt-second balance in one switching 
cycle of inductor L, the steady state transfer gain of the 
rectifier can be derived in (3) and (4).  

TsDVVTsDVV PPOOPP ×-×-=×--×- )1()())1(5.0()2(   (3)   

D
V
V

PP
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It is interesting that the steady state gains of the proposed 
two-phase forward converter in the two duty cycle ranges are 
the same. This characteristic means that there is no steady 
state gain transition in whole input voltage range, which 
avoids large output voltage overshoots or drops. From the 
equivalent circuits of the operating modes, it is observed that 
the duty cycle determines the converter’s operating condition, 
namely, series or parallel. There is no current in D2 when the 
duty cycle is less than 0.5. When the duty cycle is larger than 
0.5, diode D2 conducts. Hence the duty cycle of the currents 
in diodes D1 and D3 are limited to 0.5. The peak current value 
in the secondary side components for both of the duty cycle 
ranges is determined by the load current because of the 
existence of the output filter inductance.  

 

III. DESIGN CONSIDERATIONS OF AN INTERLEAVED 
FORWARD CONVERTER WITH THE 

PROPOSED HYBRID RECTIFIER 
A Duty Cycle and Turn Ratio of the Transformer 

 
Fig. 5. Equivalent circuits of the proposed hybrid rectifying 
circuit when D<0.5. 
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   For the parallel hybrid converter, the duty cycle of VP1 
and VP2 cannot be higher than 0.5. This limits the input 
voltage range in dc-dc applications. From the steady state 
analysis of the proposed hybrid converter, when the duty 
cycle is higher than 0.5, the input voltage sources VP1 and VP2 
are in stacking in some intervals during one switching cycle. 
When D<0.5, VP1 and VP2 are in parallel and alternative 
working state during one whole switch period. It is obvious 
that the effective duty cycle is much larger and the steady 
state transfer gain is higher than that of the parallel hybrid 
rectifier.  

Since the switching transition intervals are much less than 
the on time and off time in one switching cycle, they can be 
neglected in analyzing the DC characteristics of the proposed 
convertor. According to Fig. 5 and Fig. 6 and equations (2) 
and (4), the steady state gain of the converter in Fig.1(b) can 
be formulated as (5) by replacing VPP with Vin/n. The steady 
state gains of the parallel hybrid forward converter and the 
stacking hybrid converter are the same as (5) because the 
parallel hybrid forward converter is the same as case 1 of the 
proposed converter and the VREC of the stacking hybrid 
converter is the same as that of the proposed converter.  

n
D

V
V

in

o 2
=                 (5)     

where D is the duty cycle of the main switch and n (n=Np/Ns) 
is the turns ratio of the transformer.  

Hence the turns ratio of the transformer can be derived if the 
output voltage and maximum duty cycle are defined.   

o

in

V
DV

n maxmin_2
=               (6) 

where Vin_min is the minimum input voltage. 
With a larger Dmax, the turns ratio of the proposed hybrid 

forward converter is larger than that of the parallel hybrid 
converter at the same input and output. In addition, it reduces 
the primary side currents and the primary conduction loss. The 
current stress of the proposed converter is lower than that of 
the parallel hybrid converter, and the coefficient of utilization 
of the core of the transformer is larger.  

Since the maximum duty cycle of the proposed hybrid 
converter is larger than 0.5, its turns ratio is less than that of a 
parallel hybrid converter with the same output and input 
voltage. For instance, when the maximum input versus the 
minimum input is 2 (Vin_max/Vin_min=2), the duty cycle of the 
two-phase parallel hybrid structure is 0.25-0.5. Meanwhile, 
for the proposed structure, the duty cycle range is about 
0.33-0.66. Therefore, the turns ratio of the proposed converter 
can be less than that of the parallel hybrid converter, which 
also leads to less conduction loss of primary side.  

B. Output Current Ripples  
Because of the interleaving control, the effective 

frequency on the output inductor is double the frequency of 
the switches. The current ripple of the parallel hybrid forward 
converter is described in (7). Equation (8) shows the current 
ripple of the proposed hybrid rectifier with two intervals 
divided according to the input voltages range corresponding 
to case 1 and case 2. In order to make the comparison clear, 
the key variables of equations (7) and (8) are both the input 
voltage Vin in that the input voltages are the same for different 
converters and the duty cycles and turn ratios are different. 
According to (7) and (8), the ripples between the two 
schemes are plotted in Fig.7.  
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where n1 is the turn ratio of the transformer for the parallel 
hybrid forward converter.  

( )

( )ï
ï

î

ï
ï

í

ì

×<£÷÷
ø

ö
çç
è

æ
×
×

-÷÷
ø

ö
çç
è

æ
×

-
×

££×÷÷
ø

ö
çç
è

æ
×
×

-
×

=D

Oinin
in

O

O

inOS

ininO
in

OOS

HL

VnVVif
V
Vn

Vn
V

L
VT

VVVnif
V
Vn

L
VT

I

min_

max_

_

2
11

2
5.0

       (8) 

 
Fig. 6. Equivalent circuits of the proposed hybrid rectifying 
circuit when D>0.5. 
 

 
Fig. 7. Current ripples of the proposed hybrid forward converter 
and the parallel hybrid converter (Vo=12V, L=30uH, 
Vin_min=36V, Vin_max=72V, Ts=10 us). 
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C. Voltage Stresses of the Switches 
The primary voltage stresses for the switches are 

determined by the duty cycle like the conventional active 
clamp forward converter. According to the volt-second 
balance of the transformer winding (D*Vin=VC*(1-D)), a 
general description of VC1 and VC2 can be derived in (9). For 
the converters in Fig. 1, voltages VC1 and VC2 of clamping 
capacitors C1 and C2 are assumed to be the same because 
their duty cycles are almost the same and VC1=VC2=VC. With 
different turns ratios, n1 for the parallel hybrid converter and 
n for the proposed converter, the voltage stresses for the 
switches of the converters are derived in (10) and (11), 
respectively. VS-H represents the voltage stress of the 
proposed hybrid converter and VS-P represents the voltage 
stress of the parallel hybrid converter. Fig. 8 shows that the 
voltage stress of the proposed converter is a bit higher (10%) 
than that of the parallel hybrid converter. However, its effect 
is low on selecting the switches. For the stacking hybrid 
forward converter, the voltage stresses of the primary 
switches are identical to the proposed hybrid converter.  
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D. Voltage Stresses of the Diodes 

According to the determined turn ratio n, the maximum 
duty cycle Dmax and the output voltage Vo, the voltages 
across the diodes of the proposed hybrid converter can be 
derived in equations (12)-(14). The voltages across D1 and D3 
of the parallel hybrid converter in Fig. 1(a) are similar to the 
voltages of D2 and D4 in equations (12) and (14) in the 
interval of (nVo, Vin_max). However, their turns ratio should be 

substituted with n1 and voltage is in the whole range. The 
voltage stresses of the two converters are compared in Fig. 9.  
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IV. SIMULATIVE AND EXPERIMENTAL 
VERIFICATIONS 

A prototype of the proposed hybrid converter was built to 
verify the theoretical analysis. Based on the design 
considerations mentioned above, the key components are 
shown in Table I. Fig. 10 shows the schematics of the 
complete compensation circuit. Although the converter has 
two cases where input voltage varies, the compensation 
circuit can meet the regulation requirements in the whole 
input voltage range. This characteristic makes the design of 
the control loop easy. In order to verify the improvement of 
the proposed hybrid forward converter, a prototype of the 
parallel hybrid forward converter was also built. The input 
voltage is from 36V to 72V and the output is 12V/20A. The 
key parameters of the prototypes are listed in Table I.   

The simulation results of the drive and the drain-to-source 
voltages are shown in Fig. 11. Fig. 12 shows the switching 
waveforms of the proposed converter at different input 
voltages. Fig. 12(a) shows the drive voltages and the drain to 
source voltages of the switches when D<0.5 for the two 
phases, respectively. Fig. 12(b) shows the voltages of the 
same components when D>0.5. The measured results are 
almost identical to the simulation results. ZVS on is achieved 
for all of the switches at different duty cycles because of the 
primary active clamp topology. The simulation results of the 
voltages across the transformer secondary windings and the 
rectifier’s output voltage Vrec at different duty cycles are 
shown in Fig. 13. Fig. 14 shows the measured results for 
these voltages at different duty cycles. They are almost 
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Fig. 8. Primary voltage stresses of proposed converter and 
parallel hybrid converter.  

 

Fig. 9. Voltage stresses comparison among three rectifiers (from 
left to right: proposed, parallel hybrid and stacking hybrid). 
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identical to the theoretical waveforms in Fig. 3 and Fig. 4, 
respectively. 

The voltages across diodes D1-D4 are shown in Fig. 15 
and Fig. 16. The simulation results are shown in Fig. 15, and 
the measured results are in Fig. 16. It is obvious that when the 
duty cycle is about 0.5, there is almost no current ripple in the 
inductor because VREC is almost a DC voltage except for some 
spikes caused by a little asymmetry between the two phases. 
When the duty cycle (D) is higher than 0.5, voltage VREC has 
a platform during the (1-D) interval, which increase the 
steady state gain. 

It is verified that the proposed converter can work in 
different input voltage ranges with one compensation circuit. 
Fig. 17 shows the output voltage ripples at load steps between 
75% to 25% full load. There is small difference in the 
overshoots of the output voltages between the different input 
voltages. This is caused by the different duty cycles and 
operating modes at different input voltages. However, it is 
acceptable with a compensation circuit for the proposed 
converter in the whole input voltage range.  

The efficiencies under a full load for the two prototypes are 

shown in Fig. 18. The efficiency improvement is about 1% 
for the proposed forward converter compared with the 
conventional parallel hybrid forward converter. The reduction 
in the conduction loss of the proposed converter is also 
verified in Fig. 19 especially under a heavy load. The 
efficiencies of the two prototypes are almost the same under a 
light load with different input voltages. With a load increase, 
the conduction loss increase in the parallel hybrid converter is 
higher than that of the proposed converter. Hence the 
efficiency of the conventional parallel hybrid converter is less 
than that of the proposed converter under a heavy load. 

 

V. CONCLUSIONS 

TABLE I 

KEY COMPONENTS OF THE PROPOSED CONVERTER AND 
CONVENTIONAL CONVERTER  

 Proposed  Parallel rectifier 

Switches:Q1-Q4 IRF640 IRF640 

Rectifier diodes MBR3060 MBR3060 

Transf
ormer  

Core PQ26/25(TP4A) PQ26/25(TP4A) 

Turn ratio 11:3 11:4 

Magnetizing 
inductance 

0.29mH 0.29mH 

Lo 31μH 75uH 

 

 
Fig. 10. Control scheme and compensation circuit of the proposed hybrid two-phase forward converter. 
 

 
(a) D<0.5.                 (b) D>0.5. 

Fig. 11. Simulation results of drive and Vds waveforms of 
switches Q1 and Q2 at different duty cycles. 
 

 
(a) D<0.5.               (b) D>0.5. 

Fig. 12. Measured drive and Vds waveforms of switches Q1 and 
Q2 at different duty cycles. 
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A two-phase hybrid active clamp forward converter with a 
hybrid HWR is proposed. The secondary side windings of the 
transformers can be auto-regulated between series and 
parallel conditions with pulse width modulation and 
interleaving control. With the hybrid rectifier, the conduction 
loss and the size of the filter of the proposed converter can be 

reduced when compared with those of the conventional 
parallel rectifier. Furthermore, with the series-parallel 
auto-regulated characteristic, the duty cycle can be extended 
and the ripple is less than that of the conventional parallel 
hybrid rectifier. Although the equivalent states of the hybrid 
rectifier are different in different duty cycle ranges, the steady 

 
(a) D>0.5.                          (b) D=0.5.                         (c) D<0.5. 

Fig. 13. Simulation results of voltages across secondary windings and of output voltage of rectifier at different duty cycles. 
 

 
(a) D>0.5.                       (b) D=0.5.                         (c) (D<0.5). 

Fig. 14. Measured voltages across secondary windings and of output voltage of rectifier at different duty cycles. 
 

 
(a) D>0.5.                             (b) D=0.5.                          (c) D<0.5. 

Fig. 15. Simulated results of voltages across the diodes at different input voltages.  
 

 
(a) D>0.5.                       (b) D=0.5.                            (c) D<0.5. 

Fig. 16. Measured voltages across the diodes r at different input voltages.  
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state gains are identical, which leads to a simple 
implementation of the compensation circuit for a closed loop. 
Experimental results verified the theoretical analysis, and the 
efficiency of the proposed converter can be improved. Its 

output inductance is much less than that of the parallel hybrid 
rectifier. 
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