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A Family of Multi-Mode Rectifiers

Qunfang Wu 'Y, Member, IEEE, Wenjie Zhao

Abstract—EXxisting applications, such as photovoltaic systems
and on-board power supplies, propose higher requirements for
the gain range, efficiency, and power density of isolated dc/dc
converters. However, the gain range of traditional isolated dc/dc
converters is limited and the efficiency diminishes significantly
when the input voltage mismatches. This article proposes a novel
method to derive a family of multi-mode rectifiers based on basic
structures, which is appropriate for many traditional isolated dc/dc
converters. Each one can operate in various modes by adjusting the
states of secondary switches. Combining the proposed rectifiers
with different types of isolated converters, the input voltage range
is widely expanded compared with conventional ones. Taking the
LLC resonant converter with one of the proposed rectifiers as an
example, a 250 W 38~120 V input, 500 V output prototype is de-
veloped and tested, with a peak efficiency of 98.196 %. Zero voltage
switching and zero current switching are realized to ensure high
efficiency. Compared with similar LLC converters with secondary
rectifiers, the proposed one’s own a much wider gain range and
higher efficiency with fewer devices. Experimental results corre-
spond to theoretical analysis and verify the effectiveness of the
proposed rectifiers.

Index Terms—TIsolated dc—dc converter, LLC resonant converter,
multi-mode switchable rectifier, wide input voltage range, zero
voltage switching (ZVS).

I. INTRODUCTION

of design specifications, the requirements in the gain
range and efficiency of isolated dc—dc converters have greatly
increased. For example, in renewable power systems such as
photovoltaic (PV) grid-connected systems, the output dc voltage
of PV panels is converted to the dc bus or dc microgrid by using
an isolated dc/dc converter. However, the output voltage of PV
panels varies significantly when the lighting intensity and the
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number of battery panels are different. Moreover, the voltage of
dc bus is usually high so that the turns ratio of the transformer
needs to be increased to fulfil the demand of the high output
voltage, which will increase the nonideality of the transformer,
the voltage requirements of secondary devices, the total volume,
etc. A commercial inverter product, for example, has a PV panel
output voltage range lower than 120 V, and a dc bus voltage of
500V, with a wide gain range. Thus, it is necessary to extend the
gain range, enhance full-range efficiency, reduce power density,
improve reliability and stability.

The modulation methods for traditional isolated dc—dc con-
verters include pulsewidth modulation (PWM), phase-shift
modulation (PSM), and pulse frequency modulation (PFM).
For traditional converters adopting a single modulation method,
the voltage gain range is limited and the efficiency diminishes
significantly when the input voltage mismatches, especially for
resonant converters. For example, the traditional LLC resonant
converter must operate around the resonant frequency and the
efficiency will be degraded if the switching frequency operates
far away from the resonant frequency.

Thus, in recent years, there have been many techniques in
expanding the gain range of traditional isolated dc—dc con-
verters, including hybrid control strategies, accurate analysis
and design methods, topological modifications, etc. Focusing
on the various converters with topological modifications, they
can be divided into three different subgroups, that is, primary
inverter, transformer, and secondary rectifier. Among them, the
most generalized and intuitive modifications are the secondary
rectifier structures. In [11], a simple voltage doubler rectifier is
used in the interleaved isolated Boost converter to realize a high
voltage gain. In [12] and [13], the secondary rectifier structure
is the controllable voltage doubler rectifier, which helps extend
the gain range and realize the ZCS of secondary diodes.

However, the PWM and PSM converters are unable or difficult
to achieve soft switching of all power devices, which limits the
efficiency improvement, while the resonant converter become
a popular choice in various applications for its high efficiency,
high power density, and simple structure. Thus, there have been
many studies on the secondary rectifiers of resonant converters
especially the LLC converter, which has been widely used in var-
ious applications and the typical application scenarios include
power supplies for servers, front-end converters for renewable
power systems, battery chargers for electrical vehicles, etc. [1],
[2]. Focusing on the studies of the LLC converter with rectifiers,
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Fig. 1.

in [5], [6], [7], and [8], various LLC converters with secondary
multimode rectifiers have been proposed. For example, in [6],
by changing the control strategy of the secondary switches,
the rectifier can be set to operate in two modes with smooth
mode switching, which extends the output voltage range. In [8],
the conventional full-wave rectifier is replaced by a reconfig-
urable voltage multiplier rectifier operating in type-4, type-5,
and type-6 modes, which can realize wide-range regulation of
input voltage with guaranteed efficiency.

Although existing modifications for secondary rectifiers have
some enhancements, the input voltage gain range and efficiency
of the isolated dc—dc converters with existing rectifiers still
cannot fully meet the demand in practice. To realize both the
wide gain range and the all-around high efficiency, a family
of multimode switchable rectifiers is proposed, which applies
to many isolated PWM, PSM, and PFM dc—dc converters. The
novelties and contributions of the article are as follows.

1) A novel derivation method of multi-mode rectifiers based
on basic structures is proposed with a family of zero-
switch, single-switch, and double-switch circuits.

2) Combining the LLC resonant converter with the multi-
mode rectifiers, a family of converters with soft-switching
of all power devices in different modes and a wide input
voltage range is proposed for various applications.

3) The proposed a family of multimode rectifiers can be
expanded to be combined with PWM, and PFM converters
with a wider input voltage range than conventional ones,
which provides references for the selection of primary
converters and appropriate rectifiers in practical applica-
tions.

The rest of this article is organized as follows. Section II
illustrates the derivation process of a family of multi-mode
rectifiers. Section IIT compares the three types of converters with
one of the rectifiers. Section IV provides a detailed analysis
of the principles taking one of them as an example. Experi-
mental results and comparisons are given in Section V. Finally,
Section VI concludes this article.

Derivation processes and examples of single-switch multimode rectifiers.
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Fig.2. Composition of the double-switch circuit.

II. DERIVATION PROCESS OF RECTIFIERS
A. Basic Structure

The proposed two types of basic structures can be seen in
Fig. 1(a) and (h), which correspond to the odd and even structures
respectively. The classification aims to ensure that the voltage
of output capacitor C, is positive at the top and negative at
the bottom when C,, is moved to the far right as the output. The
infrastructure of the two ones is consistent, as shown in Fig. 1(a).
The incremental voltage multiplier is a combination of stages
one by one, which means the new series combinations of one
capacitor and one diode are continuously being connected to the
previous capacitor and the input port, which makes the voltage
of capacitors increase step by step.

In detail, when the input port of the structure is an ac sinusoidal
voltage Vi, (t) with the peak value of Vj,, the capacitors will be
charged repeatedly through diodes in each positive and negative
half cycle. Based on the two novel basic structures, basic circuits
with an arbitrary voltage of C, can be derived easily. For the
example of the odd structure, the number of capacitors and
diodes is odd. When the desired voltage of C, is 3V, three
capacitors and diodes (Cy, Dy, Ca, D2, C,, D3) will be needed
to construct this circuit. After several switching cycles, C; will
be charged to Vi,, Cy will be charged to 2V;,, and C, will be
charged to 3V;,. As a result, circuits with any odd voltage of C,,
can be obtained from the odd basic structure easily. Similarly,
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TABLE I
PART OF THE SINGLE-SWITCH CIRCUITS
Multiples 1/2 1/3 2/3 1/4 2/4 3/4 1/5 2/5 3/5 4/5
Diodes 3 3 4 5 4 5 6 6 5 6
Capacitors 2 3 3 4 4 4 5 5 5 5
Switches 1 1 1 1 1 1 1 1 1 1
basic circuits with any even voltage of C, can be obtained based modes
on the even structure, where the diodes are opposite to the odd upper part lower part 11 VSR
one. 1 VIR 1 VIR & 101 VOR|
0 VSiR 0 VSR <10 VOR|
B. Zero-Switch and Single-Switch Circuits 00 VDR
Based on the basic stmc'tures, basic'ci'rcuits with any sing%e Fig.3. Schematic diagram of working modes.
output voltage can be obtained. Combining two of these basic
circuits derived from the basic structure, a family of zero-switch

circuits with a single output voltage can be obtained. For exam-
ple, the voltage-quadruple rectifier (VQR) can be composed of
two basic circuits with an output voltage of 2V,,.

Furthermore, by adding an extra switch and diode to basic
circuits, two-mode single-switch circuits can be developed, as
shown in Fig. 1. For the circuit with the output voltage of
3Vin, which can operate in voltage-triple rectifier (VTR) mode,
through adding extra components, it can be converted to two
single-switch circuits, as shown in Fig. 1(b) and (¢). In Fig. 1(b),
this circuit can operate in voltage-doubler rectifier (VDR) and
VTR modes, which means it can operate in multiples of 2 or
3. Besides, in Fig. 1(c), it can operate in voltage-single rectifier
(VSiR) and VTR modes, which means it can operate in multiples
of 1 or 3.

These two circuits constitute type III together, which means
the maximum voltage they can generate is 3V;,,. Similarly, other
types of circuits can also be derived and part of the single-switch
circuits are aggregated in Table I, where the first row represents
the multiples of the output voltage that can be realized and others
show the number of devices needed.

It is worth noting that the extra diode can be saved in convert-
ers with multiples of 1/3, 2/4, 3/5, etc. The diodes in intrinsic
circuits can play the same role as the extra diode.

C. Double-Switch Circuit

Based on the two-mode single-switch circuits, two single-
switch circuits can be combined to form a double-switch circuit.
As shown in Fig. 2, two circuits with the function of 1 or 3 can
be combined into a double-switch circuit. In this case, the upper
part can operate in VSiR and VTR modes, while the lower part
can also operate in VSiR and VTR modes by adjusting the state
of the switch.

Here, 0 and 1 are introduced to indicate the state of each
switch, where 1 means the switch is turned ON and O indicates
the switch is turned OFF. As shown in Fig. 3, when the two
switches are both turned ON, the two parts operate in VTR mode
and thus the double-switch circuit operates in voltage-sixfolder
rectifier (VSR) mode. When switches are 10 or 01, the circuit
can both operate in VQR mode, which means only one of them
needs to be selected.
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Furthermore, a series of double-switch switchable rectifiers
can be obtained by combining two single-switch circuits previ-
ously derived, as shown in Fig. 4. In Table II, a comparison of de-
vice quantity and multiples among the proposed double-switch
circuits is made. Among them, the circuit with the multiple of
4/5/6 has been proposed in [8] and the circuit in [7] with the
multiple of 3/5/6 is similar to the structure with the multiple of
3/4/5/6.

The zero-switch and double-switch mutimode rectifiers can
be connected to the secondary side of isolated dc—dc converters
with normal operating. However, the single-switch circuits in
Fig. 1(b)—(g) and (i)—(1) are not recommended to be directly
connected to the secondary side. Because some of the single-
switch circuits offer no path for current to return when the switch
is off and some cause errors in circuit operation.

III. COMPARISON OF CONVERTERS WITH RECTIFIERS

A comprehensive comparison of the resonant converter, PWM
converter, and PSM converter has been given in Table III. The
typical converters of the three types of isolated dc—dc converters
are the LLC, flyback and phase-shifted full bridge (PSFB) con-
verter. Besides, the multimode rectifier is the one mentioned in
Section II, which can operate in VDR, VQR, and VSR modes.

The converters with the new rectifier all own a wide input
voltage range. The input range of flyback and PSFB with the
rectifier is much wider than LLC because these two types of
modulation methods can achieve wider voltage gain. Besides,
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TABLE II
FAMILY OF DOUBLE-SWITCH CIRCUITS

Combination method ~ 1/2+1/2 1/2+1/3 1/2+2/3 1/3+1/3 1/3+2/3 2/3+2/3 1/2+1/4 1/2+2/4 1/2+3/4
Diodes 6 6 7 6 7 8 8 7 8
Capacitors 4 5 5 6 6 6 6 6 6
Switches 2 2 2 2 2 2 2 2 2
Multiples 2/3/4 3/4/5 3/4/5 2/4/6 3/4/5/6 4/5/6 2/3/5/6 3/4/5/6 4/5/6
TABLE III The upper half part

COMPARISON OF THREE TYPES OF ISOLATED DC-DC CONVERTERS G005 T Ds T _;

WITH THE RECTIFIER r Ut Vi |

T N KD |

LLC Flyback PSFB
Modulation PFM PWM PSM
Modes 2/4/6 2/4/6 2/4/6
Turns ratio 0.25 0.5 0.1
Input voltage (V) 38~120 20~150 38~170
Output voltage (V) 500 500 500
Output power (W) 250 250 250
Current stresses of
diodes (A) 0.5 0.5 0.5
Max voltage stresses
of diodes(V) 500 200 200
Max voltage stresses
of capacitors(V) 1000 500 500
Max voltage stresses
of switches(V) 1000 500 500
. . Hard
Primary switches ZVS ON oo ZVS ON
switching
Secondary switches Hard Hard Hard
Y switching  switching  switching
. Hard Hard
Secondary diodes ZCS OFF switching _ switching

the max voltage stresses of the components in flyback and PSFB
are the same with or smaller than those in the LLC due to the
differential transformer output voltage.

However, the power devices of flyback are all hard switching,
which will cause significant losses. Besides, only the primary
switches in PSFB realize soft switching, which means losses of
secondary diodes will be large if more diodes are used. So, for
Flyback and PSFB, new rectifiers with few diodes are proper
choices, including some of the zero-switch, single-switch, and
double-switch rectifiers. For the LLC converter, the soft switch-
ing of primary switches and secondary diodes are both realized.
So, it is easy to ensure the peak and all-range efficiency.

IV. ANALYSIS OF PROPOSED CONVERTERS

Combining the multimode rectifier mentioned in Section II
with the LLC resonant converter and choosing a full-bridge
structure as an example to explain the operating principle in
detail.

A. Topology Description

The circuit configuration of the proposed LLC converter can
be seen in Fig. 5, where the secondary side is changed from
the conventional full-wave rectifier to the new structure. The
01, 02, O3, and Q4 constitute the primary full-bridge structure
and the resonant tank consists of the L,, L,,, C,, which are the
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Fig.5. Topology of the proposed LLC converter with one of the double-switch
circuits.
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Fig. 6. Equivalent circuit modes. (a) VDR mode. (b) VQR mode. (c) VSR
mode.

same as the LLC converter. The new rectifier is composed of
two symmetrical upper and lower parts with two MOSFETS, six
diodes, and six capacitors. It is connected to the primary side
through a transformer with a simpler composition and fewer
turn ratios. Besides, the turns ratio of the transformer is 1:k.

B. Voltage Gain

The secondary rectifier consists of two single-switch circuits
that can be set to work in three modes: VDR mode; VQR
mode; and VSR mode. According to the input voltage, the
converter can switch among three modes by adjusting the states
of the switches. When the switching frequency f; is equal to
the resonant frequency f,, the detailed description of the three
modes can be seen as follows.

1) VDR Mode: As shown in Fig. 6(a), Q5 and Qg are both
turned OFF so that C; and Cs are not involved in the
operation. Besides, C5 is charged to Vi, through D4, D3,
D5 and Cg is charged to kVy, through Do, Dy, Dg. In this
mode, the output voltage V, is 2kV;, which is two times
the output voltage of the full-bridge LLC converter with
center-tapped full-wave rectifier.

2) VOR Mode: As shown in Fig. 6(b), Qs is turned on and Qg
is also turned OFF so that C; participates in the operation.
Besides, Cg is still charged to kV;, through Doy, Dy, Dg.
Significantly, in the upper half part, Cs is firstly charged to
kVi, through Dy, and then C is charged to 2V through
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D3, Cs. Finally, Cs is charged to 3kV;y, through Dy, D3,
and D5 and thus the output voltage V, in this mode is
4kV;, which is two times the output voltage of the circuit
in VDR mode.

3) VSR Mode: As shown in Fig. 6(c), Os and Qg are both
turned on so that C; and Cs participate in the operation.
The operating principles and output voltages of the upper
and lower half part are the same as the upper half part in
VQR mode. Thus, Cs and Cg are both charged to 3kV;,
and the output voltage V,, in this mode is 6kV;,, which is
three times the output voltage of the circuit in VDR mode.

Thus, the voltage gains of the proposed LLC converter when

fs s equal to f,- can be seen as follows:

2kVi, VDR mode

4kVy, VQR mode . (1)
6kVy, VSR mode

‘/:7:

Besides, the curve of the voltage gain versus the f;, by using
the first harmonic approximation method is shown in Fig. 7. The
voltage gain of the proposed converter and the equivalent input
resistance of the resonant tank is

m
M(fa) = . :
V0= =) @]+ [(1- ) 2 +1]
2)
. ]- jwnRach
= nLr . " 3
Z=Wnle + Jwn Gy Rae + jwn Ly, ©)
where
m=2 Q.= 225" VDR mode
A
m=4 Q.= 42R" VQR mode
A
m=6 Q.=62—= VSR mode
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TABLE IV
COMPARISON OF CURRENT AND VOLTAGE STRESSES

Shang etal. [8] Alaqletal. [7] Proposed
Modes 4/5/6 3/5/6 2/4/6
Output voltage Vo Vo Vo
Output power P, P, P,
Current. stresses of Io Io I
diodes
Max voltage stresses ;5 203 Vol2, Vo
of diodes
Max Voltage‘ stresses V2 2.3 Vol2,2Vo
of capacitors
Max voltage stresses
of switches Vol2 2Vo/3 2V,
L, fm L, 8k*U,*
L, = - fn="7,2 =1 =, Roc = ———. 4
n LT f’!’L fr o CT, ac 7T2 Po ( )

C. Voltage and Current Stresses

The stresses of the different rectifiers with LLC converter are
necessary to be calculated and simulated. The detailed compari-
son between the proposed one and other rectifiers with the same
resonant tank, V, and P, is given in Table IV.

The voltage and current stresses are difficult to be accurately
calculated in steady-state, so the stresses are roughly determined
through simulation. The current stresses of diodes in all the
rectifiers are /, when V,, and P, are the same. The max voltage
stresses of diodes, switches, and capacitors of the proposed one
are V,, 2V,, and 2V, which are larger than the others. However,
only Cy, and Cy withstand a high voltage as 2V, in VDR mode
while the voltage stresses of other capacitors are V,/2, which is
the same as or smaller than others. Besides, in VDR mode, only
the voltage stresses of Dy, and D, are V,, while the others’ are
V,/2. The current stresses of switches are difficult to describe
quantitatively while the current is within 2/, in simulation.

The voltage and current stresses of components in the rec-
tifiers are related to the operating mode, circuit structure, etc.
Adopting the proposed derivation method, a family of multi-
mode rectifiers can be obtained. Thus, many rectifiers of them
may exhibit lower stress characteristics, which decreases the
costs and improves stability.

V. EXPERIMENTAL RESULTS AND COMPARISON

Finally, a 250 W prototype of the proposed LLC converter
adopting PFM was implemented for experimental verification.
The circuit parameters are listed as follows: Vi,,: 38—120V; V, =
500 V; P, =250 W; f,. = 100 kHz; f; = 60-120 kHz; k: 46:100;
L,.=16 uH; C, = 159 nF; L,, = 60 uH; C1—Cs = 1 uF. The
steady-state waveforms of the converter in three modes can be
seenin Fig. 9(a), (b), and (c), respectively, and the architecture of
the experimental circuit can be seen in Fig. 8. In these modes, the
ZVS ON of primary switches and the ZVS OFF of the secondary
diodes are both realized. Fig. 9(d) shows the transition waveform
from VQR to VDR mode. It can be seen that the smooth mode
transition is achieved.
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Fig. 9. Experimental waveforms. (a) Vin = 39 V in VSR mode. (b) Vi, =
50 V in VQR mode. (¢) Vi, = 116 V in VDR mode. (d) Experimental voltage
waveform of mode transition from VQR mode to VDR mode.
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Comparator

Fig. 10.  Control block diagram of the proposed converter.

The control block diagram of the proposed converter is shown
in Fig. 10. The output voltage is regulated with closed-loop
control by varying the switching frequency of the Q1~ Q4
switches in each mode, while the operation mode and structure
of the proposed converter are determined by the duty cycle of
the switches Q5 and Qg. Determine the required operating mode
of the proposed circuit by comparing the input voltage with the
threshold voltage, so the duty cycle of Q5 and Qg is obtained.

Fig. 11 shows the input voltage range in three modes and
the threshold voltage should be set to 49 and 68 V according
to the efficiency. When the input voltage is lower than 49 V,
the converter will operate in VSR mode. Besides, when the
input voltage is lower than 68 V and larger than 49 V, the
converter will operate in VQR mode, meanwhile, the mode
transformation accompanies the turning ON of Q5. When the
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Fig. 12.  Loss distribution under the operating conditions with (a) Vi, =38V,
Vo = 500 V in VQR mode, total loss: 5 W. (b) Vi, = 120V, V, = 500 V in
VDR mode, total loss: 10 W.

input voltage is larger than 68 V, the converter will switch to
VDR mode. From the curves of the measured efficiency versus
input voltage, the proposed converter operates efficiently in a
wide input voltage range, with a peak efficiency of 98.196% and
valley efficiency of 95.18%. The peak efficiency is higher than
any other existing converters and the valley efficiency is still up
t0 95.18% which is higher than those in [7] and [8]. Fig. 12 shows
the loss distribution of the experimental prototype. The losses
of diodes and switches account for the most significant parts,
which are 92.9% and 88% in Fig. 12(a) and (b), respectively.
The conduction losses of the six secondary diodes are more than
20% and even up to 42.9% of the total loss. However, the output
current is quite small so the efficiency of the entire prototype in
these operating modes is higher than 96% which still performs
well. Besides, when Vj,, increases, the switching losses of power
switches will increase, which causes a decrease in efficiency.
So, when Vi, is 120 V, the switching losses of power switches
account for 48% of the total loss, which is much higher than
those in Fig. 12(a). The calculated results are consistent with
the measured results.

Besides, the required number of devices is relatively large
when the rectifier can be set to work in many modes. Therefore,
if the gain range required in some industrial scenarios is not
so wide, a simpler voltage multiplier is more appropriate, such
as VDR and VQR, which are also included in the derivation
method.

Fig. 13 shows the curves of the measured efficiency versus
output power under different input voltages. As the output power
decreases, the efficiency of the converter also decreases in three
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Fig. 13. Measured efficiency versus output power with Vi, = 39 V in VSR
mode, Vi, =50V in VQR mode, Vi, = 116 V in VDR mode.

TABLE V
COMPARISON WITH EXISTING MULTIMODE CONVERTERS

Shang et al. [8] Alagl etal. [7] Alaqletal. [S] Proposed
Modulation PFM PFM PFM PFM
Secondary diodes 8 8 7 6
Secondary capacitors 6 6 5 6
Secondary switches 2 2 2 2
Modes 4/5/6 3/5/6 3/4/5 2/4/6
Turns ratio 0.25 0.48 0.53 0.46
Input voltage (V) 25~51 30~80 35~90 38~120
Output voltage (V) 760 500 500 500
Resonant frequency
(kHz) 100 100 100 100
Output power (W) 300 250 250 250
Frequency range (kHz) 75-100 70-110 67-100 60-120
Peak efficiency (%) 96.1 96 98 98.196
Valley efficiency (%) 94.3 94.5 95.5 95.12

modes. However, the valley efficiency is still up to 95% when
Vin =116 Vand P, =75 W.

A comprehensive comparison between the proposed topology
and other similar topologies with multimode rectifiers under
PFM is made, as given in Table V. As indicated, the proposed
converter exhibits a much wider input voltage range with fewer
secondary diodes and capacitors, which is a better alternative
for wide input applications including PV systems.

VI. CONCLUSION

In this article, a novel method to derive a family of LLC
converters with multimode switchable rectifiers based on basic
structures is proposed, which is appropriate for many isolated
dc—dc converters. Each rectifier can operate in various modes by
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adjusting the states of secondary switches. Combining the LLC
converter with one of the rectifiers, a 250 W 38-120 V input,
500 V output prototype of one example is developed and tested,
with a peak efficiency of 98.196%. Compared with similar LLC
converters with secondary rectifiers, the proposed one’s own a
much wider gain range with fewer devices.
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