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Implementation of a Modular Full-Bridge DC/DC
Converter

B.R. Lin, Senior Member, IEEE, and Sheng-Zhi Zhang

Department of Electrical Engineering, National Yunlin University of Science and Technology. Yunlin 640, Taiwan

Abstract-In this paper, the modular multilevel de/de converters, by
integrating the full-bridge converters in series, are provided for
high power and high voltage de-based systems. Each circuit module
includes a full-bridge converter and a half-bridge LLC resonant
converter to implement the wide range of soft switching and low
conduction losses. The ZVS condition of the power switches at the
leading leg is implemented by the energy stored on the output
inductor. The ZVS condition of power switches at the lagging leg is
implemented by the LLC resonant converter. Therefore, all
switches can be turned on at ZVS from light load. A passive
snubber is adopted on the secondary side of full-bridge converter
to reduce the conduction loss during the freewheeling interval
especially at high input voltage and full load conditions. The
outputs of the full-bridge converter and resonant converter are
series connection. Therefore, emergy is tramsferred by both
converters at whole switching period. Two circuit modules are
connected input-series and output-parallel to effectively limit the
voltage rating of switches at Viu/2. Flying capacitor is adopted in
the proposed circuit to balance input voltages in each switching
cycle without the complexity control scheme. Finally, Experiments
with a 1920W prototype are provided to demonstrate the
performance of the proposed circuit.

Keywords—full-bridge converters; zero-voltage switching, LLC..

[. INTRODUCTION

Multilevel converters for ac motor drivers [l]. reactive
power compensators [2]. high voltage de distribution systems [3]
and de-based data storage systems [4] have been proposed and
studied for many years. The circuit topologies of multilevel
converters are based on the series-connected full-bridge circuits,
flying capacitor topologies or clamped diodes to reduce the
voltage stress of power semiconductors. For multilevel de/de
converters, soft switching three-level pulse-width modulation
converters have presented in [5]-[7] to limit voltage stress of
power semiconductors at V5,/2, decrease the switching losses
and increase the circuit efficiency. The phase shift pulse-width
modulation (PS-PWM) is adopted to generate the gate signals of’
power switches. The active switches at the leading leg can be
easily tumed on at zero voltage switching (ZVS) due to the
energy stored on the output inductor is reflected to the primary
side to discharge the output capacitance of switches. However,
the first shortcoming of the PS-PWM scheme is the narrow ZVS
load range of the switches at the lagging leg switches due to the
limited energy stored on the primary leakage inductor. The other
problem is the high conduction losses when the primary side is
operated at freewheeling state. To extend the ZVS range, a large
leakage inductance or an external resonant inductance [8] or
half-bridge converter [9] can be used on the primary side.
However, the large inductance will results in high duty cycle

978-1-4673-8473-5/16/531.00 ©2016 IEEE

loss and low effective duty cycle. Therefore, the lower turns
ratio transformer must be used. The lower tums ratio
transformer will increase the primary conduction losses. To
reduce the high circulating current losses, active components or
passive components [10] are adopted at the output side to reduce
voltage overshoots and oscillations across the output diodes.
Therefore, the primary current can be reduced to zero when the
converter is operated at freewheeling state.

A modular multilevel de/de converter is presented to achieve
low conduction loss and wide ZVS range. The proposed circuit
topology is input-series and output-parallel of two circuit
modules with one flying capacitor. Thus, the voltage rating of
power switches 1s reduced and low voltage rating switches can
be used in the proposed converter. One flying capacitor
connected between two circuit modules can be used to balance
input capacitor voltages. In each circuit module, full-bridge
converter with LZLC converter sharing the lagging-leg switches
can achieve the wide ZVS range of all switches. The passive
snubbers are used on the secondary side to decrease the primary
current to zero. Thus, the high conduction loss in conventional
PS-PWM full-bridge circuit is improved. The output voltages of
the LLC converter and the full-bridge converter are series
connection. Thus, energy can be delivered by both converters
during the entire switching period. Finally, experiments with a
laboratory circuit rated at 1920W are provided to show the
performance of the proposed circuit,

II. CIRCUIT DIAGRAM

Fig. 1 illustrates the circuit diagram of the modular three-
level converter for high voltage de-based applications such as
de-based distributions and de-based data storage systems. The
circuit topology 1s based on the mput-series and output-parallel
of two circuit modules with one flving capacitor connected
between points ¢ and ¢ to autobalance input split capacitor
voltages vy and v at 15,/2. Each circuit module delivers one
half of the rated power to the output load. The voltage rating of
power switch is limited at J7/2. Therefore, the low voltage
rating switches can be used with the advantages of low turn-on
resistance and low conduction losses. Fig. 2 gives the main
PWM waveforms of the modular de-de converter. Switches Sy,
and 53, have the same time sequence, where x=1, 2, 3 and 4. The
PS-PWM scheme is used to generate the necessary PWM
waveforms of power switches S-S54 If switches Siy and S, are
in the on state and S5 and Sy are both umed off as shown in
Fig. 3(a). then the flying capacitor voltage vey =vey, with time
duration 7./2. In the same manner, the flying capacitor voltage
vevena 1f S11and Shp are in the off state and S14 and S» are
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turned on with the time duration 75,/2 as shown in Fig. 3(b).
Therefore, it can obtain that vew=venr=ve~Fiw/2 and no
additional active component or the complex control loop is
needed to balance the input spilt capacitor voltages. The
advantages of the proposed modular multilevel de/de converter
are low conduction losses due to low circulating current, wide
ZVS range due to resonant converter connected to the lagging-
leg switches, less output inductor current ripple and voltage
auto-balance ability.
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Fig. 1. Proposed modular multilevel de/de converter (a) circuit diagram.
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Fig. 2. kev PWM waveforms of the proposed converter in a switching cycle.

The circuit module 1 includes a full-bridge converter (S11-514,
C1-Cra, T11, L D Dha, Loy, Ca, Doy, Dy and Coyy) and a LLC
converter (51:‘ S13, Ciz, Cis, L2, Cry, Thz, Dis, Disand ColZ)- (Sll
and §)4) and (5); and 8)3) are in the leading-leg and lagging-leg,
respectively. Half-bridge LLC converter is worked at the
constant duty cycle and constant switching frequency. Therefore,
the output voltage V.12 is un-regulated. The energy stored on the
output inductor L,y is used to achieve ZVS of the switches Sy
and S)4 at the leading leg. The half-bridge LLC converter based
on the series resonant inductor £,z resonant capacitor € and
the magnetizing inductor L1z 18 operated at the inductive load

condition. Therefore, the primary fundamental current i, is
lagging to the primary fundamental voltage v and the ZVS of
the lagging-leg switches Sz and Sy; are easily achieved from
light load. The passive snubber circuit including C.y, D,y and
Dy 1s adopted on the secondary side to reduce the primary
current to zero at freewheeling state. When v,,=0 (freewheeling
state), the diode D,y conducts and the rectified voltage v =veo.
The reflected voltage nyyvy is applied to Ly, to decrease the
primary current i, to zero value. The output inductor voltage
Vial=Veel-Vonl instead of -vpn in the conventional full-bridge
converter so that the size of the output inductor L, is reduced.
Since the output voltages of the full-bridge converter and the
LLC converter are series connection. the resonant converter can
transferred energy for the entire switching period. Similarly,
module 2 has the same circuit characteristics as module 1.

+
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(a) (b)
Fig. 3. Voltage autobalance scheme (a) vo=viom (S and 85 on) (b) vg=veu: (S1a
and Sy on)

II1. OPERATION PRINCIPLES

In the proposed modular multilevel converter, all
components in each circuit module are identical L,=L.y,
Li2=Li23, Ci=Cya, Lor=Lo2, nuy=n21 and n12=n22. MOSFETs and
rectifier diodes are assumed 1deal. The voltages across Co11~Coxz
are constant. The output capacitances of switches
C=...=Cy»=C,;. Based on the conduction states of power
switches and rectifier diodes, there are seven topological stages
in each half of switching cycle. Fig. 4 illustrates the equivalent
circuits for each stage at the first half switching cycle.

Stage 1 [to-n): Prior to ro. S, S12, 8210 S22, D, D, Doy and Dy
conduct, The inductor currents ip1>0, ip12<0, ipn=0 and jp22<0.
811 and 85, are turned off at time fo. i1y (ip21) charges Chy (Cy)
and discharges Ci4 (C4). The energy stored on L,y (L,2) is used
to discharge 14 (C) to zero voltage. Therefore, the ZVS
conditions of Spy and Sy are expressed in (1) and (2).
respectively.

Loy + i) Lol)iill("o) 22C,, (Vi 12) =CoiVii /2
Vi

oss" in

(0
(Loyy 03 L,, )*';:1("0)2(1 (2)
Since all components in circuit modules 1 and 2 are identical
(Lr1=Leat, ip11=ipa1, Loi=Lo2 and ny=nz1), equation (1) and (2)
can be further expressed as (3) if the current ripple on L, and
L.» can be neglected,
(L ! "I:I +1, )I: 226,V 3)

in
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Stage 1 ends at ; when ve4=ve24=0. The time duration at stage
1 1s given in (4).
— (‘o.i.tVirr . 2!?[Co_t.:l;irr
'ipl("D) ‘!a
The dead time between Sy (S31) and Sy (S24) must be greater
than Ary, to achieve ZVS of §14 and 5.4,
Stage 2 |t - 12]: Capacitors Ciq and Cyy are discharged to zero
voltage at time . Therefore. v3=14.=0 and diodes D) and D>
conduct. The inductor voltages vz, =veer-Vo<0 and via=veea-
Va21=0 so that i1 and iz decrease. Since f,11(1) and ipi(n) are
both positive. the anti-parallel diodes of Sy3 and Sy conduct.
Therefore, the ZVS of 815 and Si4 1s achieved at 7,. The reflected
secondary windings voltages -nyjve, are applied to Ly and L sy,
respectively and the primary currents i, and i rapidly
decrease to zero at time f. Thus, the conduction losses at
freewheeling state are removed. The time interval in this stage
is given as Afy, =1y =1, = L1, /(207 v, ) . The energy stored
on capacitors C,y and C,; is transferred to the output load
through (L, and D.y) and (L.> and D,), respectively. The LLC
converters are still worked at resonant mode to delivered power.
Stage 3 [t - 6]z At time 1, the rectified currents 7,1 and in
decrease to zero. The capacitor currents i =-izo) and iec2=-igo.
The primary currents 1 =ig,11=0 and iy21=iz,21=0 in this stage.
There is almost no circulating current loss in the primary side of
full-bridge converters. In this stage, vie1=veer-Fou=<0 and
vier=veer-Foar<0 so that iz and iz, are both decreasing.
Stage 4 [t3 - 5] Atss, switches Sy and 5z tum off. Since ip12(:)
and i,a(r:) are both negative. 7.2 (i) charges Ca (Csa) and
discharge C1z (C2:). Since the L1.C converters are working at the
inductive load, the primary currents 7,12 and 7,2 are lagging to
the input fundamental voltages vy and v, Therefore, the ZVS
turn-on of 833 and Ss; are easily achieved at 1.
Stage 5 [ts - 15]: At time 14, the capacitor voltages of C: and (a3
are decreased to zero. Since fpa(f)-ipn(ia)=<0 and foa(rg)-
1p21(15)<0. the output diodes of §y; and Sy conduct. Therefore,
the ZVS turn-on of Siz and S:: are achieved. The rectified
currents i, and iy increase. Since i,1<ir01 and i2<ize2, the clamp
diodes D, and D,; conduct. The primary inductor voltages
V1= Ve Vil2<0 and v =nyvee-Vi'2<0. The pnmary
currents ip) and iz both decrease. The LLC converters are
resonant with vae=1e=Vu/2. The primary side currents 7,12 and
iy increase m this stage. The primary currents i,y and #
decrease until i,11=-iro1/m1 and fp21=-irex/n21. The duration time

“4)

Aty

in this stage is give as Aty =15 —1, = LI, {(n,V,, = 2nfive) -

In this stage, the primary voltages v,=v4=-V3/2 in the full-
bridge converter and the rectified voltages vii=vee and via=vea.
The duty cyele loss at stage 5 is  given as
G5 =Atys 1T, = LI £, l(nyV;, = 2nfvey) -

5
Stage 6 [ts - ts]: At 15, the rectified currents 7, =i, and 7,:=i12
so that D,y and D are reverse biased. The reflected primary

ductance L./(m)* and C;; are resonant with the resonant
frequency [y =y, (274/L,,,C.,) . Therefore, diodes Dy and
Dy conduct in this stage and iz, and 77, increase. The half of a

resonant period 1/(2fz) should be less than the minimum
effective duty cycle time (dgin7/2) in order to reduce the

capacitor currents ic. and ic2 to zero before Syy and Sy are
turned off. The rectified voltages viy=vee 1+ Fon and va=vea+ Vo
The primary currents ip11=-(izo1+ice1)/m and ipn1=-(irez+ice
in this stage.

Stage 7 [ts - t7]: Attime fs, iq~ige; and iz =ipen so that diodes Dy,
and Dy are both reverse biased. The rectified voltages
V=Vl (2m1 Y>veer and via=V,/(2n21)>veez. Thus, diodes Dy and
D, are reverse biased. The output inductor voltages
Vear= Vi (2011)-Ver1>0 and vioo=Vi/(2n21)-Va21>0 so that iz, and
ire2 increase. At r7, Sy and Say turn off and the circuit operation
for the first half switching period is ended.
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Fig. 4. Operation stages of the proposed converter m the first half of the
switching eyele (a) stage 1 (b) stage 2 (¢) stage 3 (d) stage 4 (¢) siage 5 (f) stage
6 (g) stage 7.

IV. SYSTEM ANALYSIS

In the adopted modular converter, each circuit module
transfers one-half of the rated power to the output load by both
full-bridge converter and full-bridge resonant converter, LLC
resonant converter is controlled at the constant duty cycle
(6=0.5) and constant switching frequency so that the output
voltages 712 and P are unregulated. Based on the
fundamental frequency analysis, the voltages
Vo= Voao= Vo (4012)=V; /(dir22). The  operating  switching
frequency £, is close to the series resonant frequency by L. and
Co, foy=1/27,L,,C,, . Therefore, the primary current of the

resonant converter is reduced. Since the resonant converter is
worked at the inductive load, the ZVS turn-on of the lagging-leg
switches Sy, 813, S22 and 8»; is easily achieved from light load.
The energy stored on L, and Lo is used to achieve ZVS turn-on
of the leading-leg switches S11, S14, S21 and Sz, The charge and
discharge time of §;,-554 can be neglected compared to the other
time intervals. Thus, modes 2, 3, 5, 6 and 7 are considered in the
following to discuss the circuit characteristics. In stage 6, the
average  capacitor  voltages Ve =Fu/(2m)-Vorp and
Veer=Vil(2021)-Voar. Applying the flux balance on the output
inductors L, and L.z, the output voltages 15, and Vo are
obtained as
Vi _ Vin

iy (1- 8+ 85) 4::11(1—5(75,)

where the effective duty cycle dy=d-&, and &is the duty ratio
when 5, and 5, are in the on-state or 5,5 and 54 are in the on-
state. The output voltages I, is given in (6).
|8 Vi
Y U in 4 L 6
o el T el A (1=3,5)  4myy )
From (6), the de voltage gain of the proposed modular de/de
converter is derived in (7).
M, + (1=
My =V,IV, = Pz + (1= O )my 7
dayyinp (1= 8,4)
The respective output powers of full-bridge converter and half-
bridge resonant converter are expressed as

(&)

i;]r.rll - I')cull =

Vied,
Pris B o inta 8
Suull =bridg 4?11](1—6@@() ( )
VoI
Pratfbridge = 4:;'; )

Based on the circuit configuration, the voltage rating of §;,-524
is limited at I,/2. The output inductor current ripple Ai,; and
Air2 can be obtained in (10).
Atpoy =gy =V Ve X0.5=8,4)T, /L,
. Vv, (10)
=y = 2N05=8,)T, I Ly
iy
The output inductances L, and L,; can be obtained if the ripple

currents Af, | and A, ,are given.

~Lu 05— 80T, / Ay

Loy =L = (21,
2y,

(1
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Based on the main PWM waveforms in Fig. 2, the theoretical
average current and voltage stress of the rectifier diodes D11-Daq
are

(12)

(13)
. — - — T
VDl1stress = ‘Dll,sln:ss = VDalstress = VD22 stress = [J'J.l UT] ( 14)

; i o s S

Viisauess = Vilasess = VDassuess = VD2gsuess = 2Vony = Vo (2012) (15)

The average current and voltage stresses of the diodes D, -Din
are expressed as

: oo s iy s D)
pirav = hi2,av T1p21av = D22.av a, /2

Ipisav = iptaar = Ipzsav =iposar =1, /4

Ipatav = 1Da2.av = ipbLav = ippr.ay = (1—28)1, /2 (16)
r Vﬁir
VDalstress =+ = Vpp2stress = Vo1l = PP Y (17)
1 eff
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Fig. 5. Measured waveforms of the gating voltages of 8,,-5,4 at full load

2us,

Fig. 7. Measured results of the leading-leg switch 5y, at 3% load.

V. EXPERIMENTAL RESULTS

Experiments based on a laboratory prototype are presented to
show the performance and effectiveness of the proposed
modular de/de converter. The prototype circuit is realized with

the electric specifications:  J5,=750V~800V, V,=48V,
Lonar=30A,  Poroe=1920W, and fi=100kHz (switching
frequency). The power ratings of the two half-bridge converters
and two full-bridge converters are assumed as S00W and
1200W, respectively. Thus, each resonant converter is rated at
400W and full-bridge converter is operated at 600W rated
power. The output current of each resonant converter is
1,/2=40/2=20A.. Therefore, the output voltages V12 and I,z are
400W/20A=20V. Fig. 5 gives the experimental waveforms
Viilg=Vsiags for 100% loads. The gating signals of S21-524 are
the same as the gating voltages of §;-S;4. The experimental
waveforms vsi) g, Vsiids. and isp at 30% load are illustrated in
Fig. 6. Before switch Si1 is turned on, the drain current is
negative to discharge the output capacitor of §1;. Thus, the drain
voltage can be decreased to zero before the gate voltage is high
voltage level. The ZVS tum-on of 8, is achieved from 30%
load to full load. Fig. 7 shows the experimental waveforms
Vsizgs Vsizg. and is at 5% load. Since the LLC resonant
converter and full-bridge converter share the lagging-leg
switches, it is clear that the ZVS tum-on of 512 is achieved from
5% load to full load. Fig. 8 shows the measured waveforms v,
Vics Verls Veds Ve Verz and dpy~ip22 at full load. There are three
voltage levels on vy, and v,y and two voltage levels on v, and
ver. At the freewheeling state. the primary currents ipi and iy
are decreased to zero. Thus, the conduction loss at freewheeling
state is removed. The primary currents i, and i,2; are the quasi-
sinusoidal currents. Fig. 9 shows the experimental voltage
wavelorms v, vemz and ver Based on the measured results,
three capacitor voltages v, vew: and vep are balanced. The
measured circuit efficiencies are 92.1%, 94.2%, 95.3% and
93.5% at 480W (25% load), 960W (50% load), 1440W (75%
load) and 1920W (full load), respectively.

TL_

%
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Fig. 8. Measured results of the ac side voltages and primary side currents at full
load.
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SO MR-

Fig. 9. Measured results of the inpur split capacitor voltage and flying capacitor
voltage at full load.

VI. CONCLUSION

This paper studies a modular multilevel converter to have the
advantages of low voltage stress of switches, wide ZVS range of
all switches and low conduction losses at freewheeling state.
The series full-bridge converter is adopted at high voltage side
to limit the voltage stress of switches at 77,/2. Therefore, the low
turn-on resistance power MOSFETs are used to reduce the
conduction losses. LLC resonant converter and full-bridge
converter share the lagging-leg switch to extend the ZVS range
from low load to full load. The primary currents can be reduced
to zero at freewheeling state due to a passive snubber circuit is
used on the output side. The output voltages of LLC converter
and full-bridge converter are connected in series, Thus, the
output power can be transferred by both converters. The flying
capacitor is adopted on the primary side to balance input
voltages. Finally, experiments with a laboratory prototype rated
at 1920W are presented to show the performance of the proposed
circuit,
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Analysis of a New Resonant Converter with
Auxiliary Windings to Extend Input Voltage Range
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Abstract-The resonant converters have been developed for
medium-power applications due to the high circuit efficiency and
high power density. However, the switching frequency is related to
the voltage gain of resonant converter. Therefore, the resonant
converter is usually limited at narrow input voltage applications.
To overcome this limitation, the auxiliary winding and switch are
adopted at the secondary side to provide a high voltage gain under
low input voltage case or to extend the hold-up time when AC
power is turned off. Thus, the switching frequency variation can be
reduced for the wide input voltage case. The operation principle,
circuit characteristics and design procedure of the proposed
converter are presented in detail. Experiments are provided to
verify the effectiveness and demonstrate the circuit performance.

Keywords—power converters; hold-up time; ZVS.

I. INTRODUCTION

In modern power converters for data storage systems, server
systems or telecommunication systems, compact size and high
circuit efficiency are usually demanded. Two stage AC/DC
converters are normally adopted to draw a sinusoidal line current
from utility line and provide a stable DC output voltage against
the line voltage and load current vanations. The boost-type
bridge or bridgeless power factor correctors are adopted in the
front stage to provide a stable DC bus voltage for second stage
use and meet the international harmonic standard EN61000-3-2
class-D. Zero-voltage switching (ZVS) DC/DC converters are
normally used in the second stage to provide a stable DC output
voltage for server and data storage power umits. Full-bridge
converters [ 1]-[4] with phase-shift pulse-width modulation (PS-
PWM) scheme are adopted for power level more than 1kW.
However, the drawbacks of the phase-shift full-bridge converter
are high circulating current, narrow ZVS range of lagging-leg
switches and Iugh voltage oscillation on rectifier diodes. Thus,
the circuit efficiency is low especially at light load condition.
Half-bridge or full-bridge LLC resonant converters [5]-[8] can
be used in the power level less than 1kW with the functions of
full range of ZVS for power switches and zero-current switching
(ZCS) for rectifier diodes if the switching frequency is less than
the series resonant frequency. Therefore, the high circuit
efficiency can be achieved for server systems. However, the
hold-up time [9]-[10] is demanded for the data storage and
server systems to allow AC power dropout with one cycle of line
frequency. During the hold-up time, the energy stored in the high
voltage DC bus capacitor is released to keep the output capacitor
at the desired voltage level by variation the duty cycle (PWM
scheme) or switching frequency (PFM) of the DC/DC
converters. Therefore, it is better that the DC/DC converter can
work at a wide input voltage range to reduce the cost and power

978-1-4673-8473-5/16/$31.00 ©2016 IEEE

density. The low inductor ratio between the magnetizing
inductance and series resonant inductance is selected in LLC
resonant converter to achieve a high voltage gain at hold-up time
stage. The low magnetizing inductor will result in high
circulating current losses and reduce the circuit efficiency. To
solve the hold-up time problem, the additional boost converter
with backup capacitor [10] 1s used to keep high DC bus voltage
stable. The additional power switches in the secondary side [11]
and the additional hold-up circuit in the primary side [12] have
been proposed in the full-bridge converters to extend the hold-
up time and increase the circuit efficiency. However, the control
scheme in these hold-up time circuits is very complicated and it
18 not easy to be mplemented using the commercial analog
PWM IC.

A new LLC series resonant converter with additional
secondary windings 1s presented to provide high voltage gain
under low input voltage case (AC power off) for server or data
storage system applications. The proposed converter has the
advantages of wide input voltage range, less switching
frequency variation range, ZVS turn-on of all switches and
possible ZCS turn-off of rectifier diodes and longer hold-up time
when AC power 1s off. The low mductance ratio used in
conventional LLC converter to obtain high voltage gain is not
necessary needed in the proposed converter. Thus, the high
circulating current drawback in conventional LLC converter can
be improved. An input voltage detector circuit is used to select
the secondary winding turns in order to obtain the proper voltage
gain with narrow switching frequency varation. The circuit
diagram, operation principle and circuit characteristics are
discussed in detail. Finally, experiments with an 1000W
prototype circuit are provided to demonstrate the circuit
performance.

II. CIRCUIT DIAGRAM

Figs. I(a) and I(b) give the circuit diagram of the
conventional half-bridge and full-bridge LZC resonant converter
for medium power applications. The advantages of the LLC
converter are wide ZVS range of power switches and possible
ZCS operation of rectifier diodes when the switching frequency
is less than the series resonant frequency by L. and C.. However,
the drawback of conventional resonant converter is wide
switching frequency variation if the wide mput voltage range 1s
necessary. To overcome this problem, the low inductor ratio (the
magnetizing inductance versus resonant inductance) and quality
factor are usually adopted to obtain high voltage conversion gain
under the minimum input voltage case. The low inductor ratio
will result in high circulating current losses at the primary side
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s0 that the circuit efficiency is decreased. Fig. 2 gives the circuit
diagram of the proposed resonant converter with wide input
voltage operation and less switching frequency variation. 1, and
V', are input voltage and output voltage, respectively. 5;-5; are
MOSFETs. Cg-Csy are the output capacitances of §)-5,
respectively. . and L, are the series resonant capacitor and
resonant inductor, respectively. D1-Dy are the rectifier diodes, T
is the isolated transformer with primary winding turns N, and
two secondary turns Ny and Nz, S, 1s a power switch. When
input voltage 1s at high voltage level, S, is turned off. On the
other hand. S, is turned on if the input voltage 77, is at low
voltage level. C, is output filter capacitor and R, is load
resistance. Frequency modulation scheme is adopted to regulate
output voltage. S, is turned on to increase the DC voltage gain
s0 that the wide input voltage can be used in the proposed
converter with less switching Irequency varation. Based on the
resonant behavior during the transition interval, power switches
51-5y are all turned on at ZVS. Since the resonant frequency is
higher than the switching frequency, the rectifier diodes are all
turned off at ZCS. Thus, the reverse recovery loss of rectifier
diodes 1s removed.

Fig. 1. Circuit diagram of the conventional LLC resonant converter (a) half-
bridge resonant converter (b) full-bridge converter.

SgFzea S
iy C, L 3
-‘I";.g ari

o+

Fig. 2. Cirewit diagram of the proposed resonant converter with wide mput
voltage range and less frequency vanation.

III. OPERATION PRINCIPLES

Fig. 3(a) shows the equivalent circuit diagram when input
voltage 1s operated at nominal input voltage case (or high
voltage level). Switch S, is turned off. The secondary rectified
voltage [vas [=F,. The DC voltage gain of the proposed converter
is equal to N, V(N Vi, wom). When input voltage is decreased to
minimum voltage level or low voltage level such as hold-up time
case, the switch S, is turned on (Fig. 3(b)). Thus, the DC voltage
gain of the proposed converter equals N, Vo/[(Ni+Noa) Vi jon].
Compared to the conventional resonant converter with the
voltage gain NpFa/(N:Vi o) at low voltage case, the proposed

on Intelligent Green Building and Smart Grid (IGBSG)

converter has much less voltage gain. That means the large
inductor ratio or high quality factor can be used in the proposed
converter. Therefore, the proposed converter has less circulating
current losses and narrow switching frequency variation or
longer hold-up time.

i

v_‘+ :
Sugdres Sug

(b)
Fig. 3. Equivalent circuit of the proposed converter operated at (a) high input
voltage range (b) low mput voltage range.
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Fig.4. Main PWM waveforms of the proposed converter.
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Each switch in the proposed converter is turned on with a 50%
duty ratio. Therefore the output voltage regulation is controlled
by a frequency modulation technique. All of the active switches
are  ideal and have the same output capacitance
(Cs1=Caa=Cx=Cs=Cyy). Fig. 4 gives the key waveforms in a
switching cycle. There are six operating stages for each
switching period when the switching frequency is less than the
series resonant frequency. The equivalent circuits for each of the
operating stages are shown i Figs. 5 and 6 for the nominal input
voltage and the hold-up time case (low input voltage case).
respectively. When input voltage 1s in the nominal voltage level
such as 7,=390V, switch S, is turned off. Then, the DC voltage
gain under the nominal input voltage case is Npbo/(Noi Vi o).
Prior to #, only rectifier diode D conducts.

Stage 1 [t - f1]: Since <0, Cy and Csy are discharged to zero
voltage at time ro0. Therefore, switches Sy and Sy are turned on at
this moment to achieve ZVS. The voltage v,,=17,. In this stage,
the primary current i,>ip, so that diode D) conducts. The
magnetizing voltage vp,=mV, where m=Ny/N;. Thus, the
magnetizing current iy, increases linearly. Resonant inductor L.
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and resonant capacitor C, are resonant with the applied voltage
Vigr1 V.

Stage 2 [t - 12]: At .. the primary current iy=ir,. Therefore, the
diode current ip, is decreased to zero and [} can be turned off at
ZCS. The reverse recovery loss of Dy 1s removed. In this stage,
C,, L. and L,, are resonant. Since L,>>L.. the primary current i,
1s almost constant n this stage.

Stage 3 |t - 65]: At 1, §) and S, are turned off and the rectifier
diode D> conducts. Since iy(#2)=0. Cs2 and Cs; are discharged and
Cs and Csy are charged. If the energy stored in L, and L, is
greater than the energy stored in Cg~ Csy, then Cs; and Cs; can
be discharged to zero voltage at time 1 and the anti-parallel
diodes of 53 and 53 conduct.

Stage 4 [ts - 4]: At time 1, Cs; and Cs are discharged to zero
voltage. Since 7,(73) is positive, the anti-parallel diodes of 5> and
S5 conduct. Therefore, 8> and S: can be tumed on at this moment
to achieve ZVS. In this stage, vas=-F;, diode D> conducts, the
magnetizng voltage vy,=mF,, and iz, decreases linearly.
Resonant inductor L, and capacitor C, are resonant with the
applied voltage -7, +n 7, and the primary current i, decreases.
Energy is transferred from I, to R, through transformer 7" and
diode D,

Stage 5 [ta - 1s]: At £y, the primary current i,=ip,,. Thus, the diode
current ip: 15 decreased to zero and - can be turned off at ZCS.
The reverse recovery loss of Ds is removed. In this stage, Cr. L,
and L, are resonant. Since L,>>L,, the primary current i, is
almost constant m this stage.

Stage 6 [fs— to+Ts]: At time 15, S2 and Sz are turned off. Since
ip(#5)<0, Cs; and Csy (Csz and Csz) are discharged (charged). If
the energy stored in L, and L,, is greater than the energy stored
in Cg~ Csy, then Cg; and Cyy can be discharged to zero voltage
at time f,+7, and the anti-parallel diodes of S, and S conduct.
Then, the circuit operations in a switching period are completed.
When input voltage is drop in the hold-up stage. Switch S, is
controlled at the on-state to decrease the necessary vollage gain
and reduce the switching frequency variation. The DC voltage
gain under the hold-up stage is N, V/[(No+Na) Vo). Fig. 6
shows the equivalent operation stages of the proposed converter
at hold-up stage. The operation behaviors at hold-up stage are
similar to the nominal stage with the secondary winding turns
Nsi+Nsz instead of Ny,

—

Sk Vb

-

(d)

i+

Fig. 5. Operanion stages of the proposed converter at high iput voltage range (a)
stage | (b) stage 2 (c) stage 3 (d) stage 4 (e) stage 3 (f) stage 6.
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Fig. 6. Operation stages of the propoesed converter at low input voltage range (a)
stage 1 (b) stage 2 (c) stage 3 (d) stage 4 () stage 5 (f) stage 6.

IV. SYSTEM ANALYSIS

The charge and discharge times in stages 3 and 6 are much
less than the other stages. Thus, the circuit behaviors in stages 3
and 6 can be neglected in the steady state analysis. In stages 1
and 4, the converter is resonant at series resonant frequency

f,=12rLC, .
frequency f,, =1/2m/(L, +L,)C, in stages 2 and 5. The

power flow through the resonant tank is related to the switching
frequency. All of the harmonics of the switching frequency are
neglected in the following analysis. Based on the fundamental
frequency analysis of the series resonant converter. the AC
voltage gain of the resonant tank is given as:

However, the converter is resonant at

S/ Y ’1+k1— Op+@rde—Ly (1)
G (f)= g f,‘l[ ( I I+ (f fs)
Where R, =80°R, /7%, f.=1/27JL.C, . O=.[L/C,

k=L./Ly.. 1=Nu/Nsi (when S, is off) or Np/(Nsi+ Nea) (when S., is
on) and f; is the switching frequency. The AC voltage gain G..(f.)
is related to the switching frequency in (1), Therefore, the output
voltage ¥, can be regulated by the variation of the switching

frequency f.. The DC voltage gain of the proposed converter is
expressed as
i, +Vp)
I,}I'I'
where I'p is the voltage drop on [)-Dy. The turns ratio of
transformer can be obtained from (1) and (2) if the inductor
ratio k. quality factor O, switching frequency f.. series resonant
frequency f- and input voltage 75 are given. If the operated
switching frequency f<f. then the magnetizing current
variation of transformer 7"is obtained in (3).
V. +V,
e =20eV0) o
ILJHJrr
where /,, s the peak current of magnetizing inductor. Therefore,
the peak magnetizing inductor current /,, is obtained as:
_nV,+Vp)

- 2 LI’JJJ{;'

The voltage rating of switches 5)-Sy is limited to input voltage
Vin. Due to the resonant tank by L,. L,, and C, are operated at the
inductive load. The ZVS operation of switches §;-5, is naturally
achieved.
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V. EXPERIMENTAL RESULTS

In this section, the test results are provided to demonstrate
the performance of the proposed converter with wide input
voltage range and less switching frequency variation to extend
the hold-up time when AC power is off. A 1kW rated power
prototype was implemented in the laboratory. The output
voltage and the load current are 48V and 20.8A. The input
voltage range is from 200V to 400V. The selected series
resonant frequency f, is Y0kHz and the inductance ratio k=L,/L,,
is selected as 0.25. When input voltage is less than 280V, the
power switch S, is turned on to provide high voltage gain in
order to reduce the switching frequency varation. The turns
ratio NV,:N,;:N;;=42:6:6. The selected series resonant inductance
L. and resonant capacitance . are [20uH and 235nF,
respectively. The magnetizing inductance L, of transformer I’
is 480uH. The power MOSFETs 5;-5; are FQA24N50. The
rectifier diodes Dy-Dy are MBR40200PT. The PMOS
IRF9540N is adopted for §,. The output capacitance ), is
2200uF.
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Fig. 7. Measured gate voltages of 5;-5; at full load and (a) V5=400V (b)
V=280V

W 100V Wch2 500V OM4.00us A Chi £ 6.00
ChX 1.00kV NCh4) 5.00 A O

(a)
Telc 3 i
':,I v"n‘l,,g.t
f 4

ﬁ 10,0V &Ch2 o0V AM4.00us A Chl S 600V

cha[ 100KV NChd| 10.0 A

(b)
Fig. 8. Test waveforms of gate voltage vi g, input voltage ¥, resonant capacitor
voltage v and resonant inductor current iy, at full load and (a) F,=400V (b)

Vu=280V.

Since the adopted resonant converter 1s operated at the
inductive load, the power switches S-Sy are operated at ZVS
turn-on from light load to full load within wide range of mput
voltage. In the normal stage, the input voltage variation is from
280V to 400V and the power switch S, 1s off. Fig. 7 shows the
measured gate voltages of S;-55 at 400V and 280V input case
and full load. Fig. 8 gives the test wavetorms of gate voltage
Vsigs, INput voltage 7, resonant capacitor voltage ve- and
resonant inductor current 7z, at full load and different input
voltage case. It is clear to see that the switching frequency of the

converter is less than the series resonant frequency when
V=280V, Fig. 9 illustrates the experimental waveforms of the
rectifier diode currents at full load. The rectifier diodes are
turned off at zero-current switching and the reverse recovery
current losses of fast recovery diodes are improved at J,=280V
case. In the hold-up stage, the power switch S, is turned on to
provide high DC voltage gain. The input voltage can be worked
from 200V at hold-up time stage and extend the hold-up time
when AC power is off. Fig. 10 shows the measured results of the
proposed converter under the hold-up stage (7, is decreased) at
200V input case and full load. Fig. 11 gives the measured results
of the hold-up time operation waveforms with and without the
second secondary winding turns Ns: under the full load
condition. There is a 30ms hold-up time in the conventional
resonant converter with minimum input voltage 320V. In the
proposed converter, power switch S, is turned on to provide high
DC voltage gain and extend the hold-up time when the input
voltage is decreased to 280V under the hold-up stage. The hold-
up time in the proposed converter at full load condition can be
extended to 50ms. Therefore, the proposed converter has wide
input voltage range (200V-400V) and longer hold-up time. The
measured circuit efficiencies of the proposed converter at
V=400V are 92.8%, 94.6% and 93.3% under 20%, 50% and
100% loads, respectively.
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Fig. 9. Experimental waveforms of the rectifier diode currents at full load (a)
V=400V (b) I,=280V.
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Fig. 10. Measured results under the AC power off (held-up stage) at 200V input
case and full load (a) vgy g, Vin, v and g, (b) vy 0. ipa. ips and ipa+ipy
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Fig. 11. Waveforms of the hold-up time operation at full load (a) conventional
LLC resonant converter without Ny windings (b) the proposed converter.

VI. CoNCLUSION

A new resonant converter is presented solve the hold-up time
problem and extend input voltage range. The LLC series
resonant converter with additional secondary windings is
proposed to extend the hold-up time problem. At hold-up time
stage. the higher secondary winding tumns are used to obtain
higher voltage gain so that the switching frequency variation
range can be reduced. Thus, the adopted converter can be
operated at the wide input voltage range without using very low
inductance ratio and low quality factor in the conventional LLC
converter. Thus, the circuit efficiency in conventional LLC
converter can be mmproved in the proposed converter, The
validity of the proposed converter was verified by experiments
with 1000W prototype.
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