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Soft Switching Hybrid Converter with Low
Circulating Current

Bor-Ren Lin. Senior Member, IEEE. Hui-Ru Chen and Yu-Bin Nian
Department of Electrical Engineering. National Yunlin University of Science and Technology. Yunlin 640, Taiwan

Absfract-In this paper, a new hybrid dc-dc converter with low
circulating current within the freewheeling interval, wide range
of zero voltage switching (ZVS) and reduced output inductors is
presented. The proposed hybrid circuit includes two three-level
pulse-width modulation (PMW) converters and a series resonant
converter with shard power switches in lagging leg. Series
resonant converter is operated at fixed switching frequency
(close to series resonant frequency) to extend the ZVS range of
power switches at lagging leg. The output of series resonant
converter is connected to the secondary sides of three-level
converters to produce a positive rectified voltage instead of zero
voltage. Hence, the output inductance can be reduced. The
reflected positive voltage is used to decrease the circulating
current to zero during the freewheeling interval. Therefore, the
circulating current losses in three-level converters and series
resonant converter are all improved. Finally, experiments are
presented for a 1.44KW prototype circuit converting 800V input
to an output voltage 24V/60A.

I. INTRODUCTION

Modem medium de power supplies based on three-level
de-de converters has been developed to have the functions of
low voltage stress of the switches. compact size and high

circuit efficiency for industry and traction applications [1]-[2].

The main advantage of three-level dc-dc converters [3]-[5] is
that zero voltage switching (ZVS) of all switches can be
achieved. However, the main drawbacks of conventional
three-level ZVS converters are high circulating current losses
during the freewheeling interval and narrow range of ZVS at
lagging-leg switches. The high circulating current increases
conduction losses on switches and transformer windings and
decreases circuit efficiency. In order to overcome these
disadvantages, active or passive circuits can be added on the
primary side or the secondary side [6]-[7] to reduce the
voltage oscillation on the rectifier diodes and decrease the
circulating current losses. However, the duty cycle loss is also
increased that will decrease the effective duty cycle on the
secondary side and the power losses of additional auxiliary
circuits are also increased. Resonant converter and full-bridge
converter with the shared active switches have been presented
in [8]-[9] to extend ZVS range of power switches at lagging
leg from zero to full load.

A hybrid soft switching de-de converter including two

three-level PWM converters and a LLC converter is presented.

The main advantages of the proposed converter are low
circulating current loss during the freewheeling interval, wide
ZVS load range at lagging-leg switches and low output filter
inductances. The output sides of three-level PWM converters
and LLC converter are connected in parallel. If the primary

side voltages of three-level converters are positive or negative,
energy is transferred from input voltage to output load
through three-level converters. If three-level converters are
operated at freewheeling interval, then energy is transferred
from input voltage to output load through LLC converter.
Hence, three-level converters and LLC converter transfer
energy from input voltage to output load within the whole
switching cycle. The positive rectified voltage instead of zero
can be generated at the secondary side using the clamp diodes.
Thus, the output filter current ripple can be reduced. The
positive rectified voltage is reflected to the primary side of
three-level converter to reduce the circulating current to zero
during the freewheeling interval. Half-bridge LLC converter
with split capacitors shares the same lagging-leg switches of
conventional three-level PWM converter. The adopted series
resonant frequency of LZLC converter is close to switching
frequency. Therefore, the ZVS operation of the lagging-leg
switches from zero to full load and low circulating current
losses on the primary side are achieved. Finally. experiments
with a 1.44kW laboratory prototype converting 800V to
24V/60A are provided to verify the theoretical analysis and
demonstrate the circuit performance.
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Fig. 1. System diagram of medmm power three-phase ac-de converter or de

fraction power converter.

II. CRcUIT CONFIGURATION

Fig. 1 shows the circuit diagram of the medium power dc-
dc converter used in three-phase ac/dc conversion or dc
traction system applications. In three-phase ac-dc converter.
three-phase PFC stage is operated to have high power factor.
low current harmonics and high dc bus voltage. The high
frequency link dec-de converter converts high dc bus voltage
Vy to low output voltage V;. The circuit diagram of the
proposed high frequency link de-de converter is shown in Fig.
2. The proposed circuit includes two three-level PWM
converters and a LLC converter with a fixed switching
frequency. Two three-level circuits are (Cyy. Cp. D,. Dy, Cy.
Cia. 81-8y. Cy. L. Ty, Dy, Dy and L,y) and (Cyy. Cap. Dy, Dy,
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Cp. Coan 51-Sy. Co. Ly, Ts. Ds, Dy and L), LLC converter
includes C-l. C,-g. Sg. 53. L,-;. T;. Dj. Ds. Dc. Dd and C;__[c.
Phase-shift pulse-width modulation is adopted to generate
four gate voltages and to regulate output voltage against input
voltage and load current variations. There are three voltage
levels on v, and v, LLC circuit is operated at the fixed
switching frequency and fixed duty cycle. Hence, the output
voltage of LLC converter vy is an unregulated output
voltage. The operated switching frequency f,, is higher than
the series resonant frequency f. in LLC converter so that the
lagging-leg switches S, and S; can be tumed on at ZVS from
light load to full load. The drawback of narrow load range of
the lagging-leg switches in conventional three-level converter
is overcome. The clamp diodes D, and Dy are commected
between the LLC output Cy; and the rectified points & and e
of two three-level converters, Clamp diodes D, and D are
conducting during the freewheeling interval to transfer energy
from LLC output v to three-level converter output V,. At
this moment. the rectified voltages v,,.,; and v, are equal to
vrre. The reflected voltages i1rVyeer; and iV, are applied
to L,; and L. respectively, to decrease the primary side
currents ir,y and ir,, to zero during the freewheeling interval.
Therefore, the high circulating losses problem in conventional
three-level de-dc converter is overcome in the proposed
converter. The voltage across output inductors Vi =Vrmn=Viye-
¥, instead of -¥, in the freewheeling interval so that the
output inductor current ripple can be reduced for the proposed
converter and the output inductances L, and L, can be
reduced at the given output current ripple condition.
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Fig 2. Circuit configuration of the proposed high frequency link three-level
ZVS converter.

III. OPERATION PRINCIPLES

The duty cycle of power switches S;-S, equals 0.5 with the
fixed switching frequency f,. Phase-shift PWM scheme is
adopted to generate gate voltages of S;-S;. The gating signal
of S, (S;) is phase-shifted with respective to the gating signal
of S; (Ss). S; and S; are in the leading-leg and S; and S; are in
the lagging-leg. S§; (S;) and Sy (S;) operate complementarily
with a short dead time to avoid short circuit at high voltage
side. Before the discussions of the operation principles. some
assumptions are made to simplify the system analysis.
Switches 5;-5; and rectifier diodes D,-D,; and D;-Djs are ideal.
Tums ratios of T-T3 are my=ny=ip/ig=ny/h,  and
M= p/is=pa/ls. CI=Cr=Cr and  Coen = =Cpsq=Closs.

Vean=Vea=Ven+Vea=Vi/2. Ly=L.=L, and L,;=L,=L,. The
key waveforms for different operation modes are shown in
Fig. 3. Based on the on/off states of 5,-Ss. D,-D,; and D;-Dj.
there are six switching modes during each half switching
cycle. The equivalent circuits for different operation modes
are given in Fig. 4.
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Fig. 3. Key waveforms of the proposed converter during the first half
switching cyele.

Mode 1 [f; - #]: Prior to #y, power semiconductors Sy. Sy, D,.
D; and Ds are conducting. ir,; decreases and i, and i1,
increase. At time fp. S; is turned off. The primary side
currents i,y and iy, start to charge and discharge the output
capacitors C,.;; and C,..4. respectively. The energy stored in
output inductors L,; and L, is reflected to the primary side to
discharge C,..s. Thus. the ZVS condition of S; is easily
achieved and given as

2

., s C.
(L + 0Ly )ipy (tg) + (Lyg +13L, )iz (fg) 2 —2

&

Mode 1 ends at time #; when ve,,.;=V;,/2 and v¢,,.4=0. The
duration of this period is expressed in (2).

Cosx Vin g Ccs; Virﬂ

Aty =1 —1g =~ N e ; - .

i1 (to) +ir2(8)  ipomax /M1 1100 max /2
After the dead time (74a04~Alo1). S 1s turned on at ZVS.
Mode 2 [f - -]: At time #;. drain-source voltage of Sy (Vegsy)
reaches to zero. The primary cwrent i, flows through the
body diode of S, so that S, can be turned on at this moment
under ZVS. Since the output voltage of LLC converter vy ¢ is
areater than the secondary winding voltage of T; and T,
diodes D, and D, are forward biased. The rectified voltages
Vygernanld V..., are both equal to v The output inductor
voltages V7,1 =Via=Vire-Vo<0. Hence, ir,; and #p,, decrease
during this interval. The ac terminal voltages at primary side
Vap =V =V/2 and Ve =Ve=VF,,/2. and the reflected secondary
windings voltages 1,z and -1,v;; - are applied to L, and L,,.
respectively. The primary currents ir,q and ir,o are rapidly
reset to zero. The duration of this period is derived as

@
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In conventional three-level de-de converter. the primary
currents /g and i, are almost kKeeping at the same current
value as ir4(f;) and iz0(5) because vp,=vr,;=0. Thus. the
conventional three-level de-de converter has large circulating
current losses during the freewheeling interval. The large
circulating current will result in more conduction losses. In
this mode, the energy stored in Cr;e is transferred to output
load through D,, D,. L,; and L,,, the secondary side currents
iy and i, decrease, and diode currents ip. and ip, increase. LLC
circuit is operated at resonant mode to transfer energy from
input voltage to output capacitor Crre.
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Fig. 4. Operation modes of the proposed converter in a half switchmg cycle
(a) mode 1 (b) mode 2 (c) mode 3 (d) mode 4 () mode 5 (f) mode 6.

Mode 3 [f, - f;]: At time 7. the secondary side currents of
transformers 7 and 7> are decreased to zero. The primary and
secondary sides of 7; and 7; are disconnected and the rectifier
diodes D;-D, are all reverse biased. LLC converter
continuous to transfer energy from input source to output load
with ip =iz, and ip;=ireo.

Mode 4 [t; - #4]: At time 73, S5 is turned off. The primary side
currents ir,q. ir» and ip,s start to charge C,.» and discharge
C,.;3. Since LLC converter is operated at inductive load
(fow>f). the primary curent Jrs; is lagging to input
fundamental voltage. Hence. lagging-leg switch S; can be
easily turned on under ZVS at 1, from light load to full load.
Mode 5 [t, - #]: At time 7,, the drain-source voltage of S
(Veass3) Teaches to zero. Since ip,s(7y)>0, the body diode of S3
is conducting and S; can be turned on at this moment at ZVS.
The ac terminal voltages v,,=V;, and v,.=0. However. the
clamp diodes D, and D, are still conducting in this mode to
transfer energy from Cpre to output load. The rectified
voltages Vyeet =Vreet 7=VILC and inductor voltage
Vo1 =V2oa =V -V, <0. The output inductor currents 7y, and i,
decrease in this mode. LLC converter is resonant with
negative input voltage -ve,o. Thus, ir,5 decreases in this mode.
The clamp diode currents ip, and ip; are decreased. Both
three-level dc-dc converter and ZLC converter transfer energy
from input side to output load during this interval. The
primary side inductor voltages vr,=F,/2-vze>0 and
0. Therefore, i, increases and i
decreases, respectively. until i,,, equals ir,,/n,; and i;,, equals
-irgo/i2. Then D, and D, are turned off. The duration of this
period is given as

Vi aVire-Vin/2

Lyigm(ts)/my 2L,

v, " ) 7 gz B0y 7
Vi I2—npvire m(Vy —2myize)

rLol,miﬂ

Atys=1t5—1y = (4
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Mode 6 [f5 - f5]: At time #5, diode currents ip.=ip;=0, i;~ir.
and i,=iy,,. Then, diodes D, and D, are turned off. The energy
is transferred from input voltage to output load through three-
level de-de converter. The output inductor voltages
Vi1 =Vi/(2ny)-V>0 and vi,.=V;,/(2n,)-V,=0. Both inductor
currents 77,y and ir,» increase in this mode. This mode ends at
time fs when Sy is twrned off. Then, the circuit operations of
the proposed converter in a half switching cycle are
completed.

A Vo

— Duty loss
b e A
. O R | I

— VT

7 0 e _

pri - ; 4{7 \Jj’n' r ;
add ‘T—'—'—V. 7
/ L/

Circulating current Circulating current
(a)
Fig. 5. Duty cycle loss and circulating current (a) conventional three-level
converter (b) proposed converter.
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IV. Crcurr CHARACTERISTICS

The features of the proposed converter are low duty cycle
loss, low circulating current, low output inductance and more
effective energy transfer. The duty cycle loss and the primary
circulating cwrrent of the conventional three-level de-dc
converter and the proposed converter are shown in Fig. 5. It
can be seen that there is a large circulating current flowing
through the transformer and power switches in the
freewheeling interval (1,,=0). This circulating current results
in high conduction losses at the primary side especially at full
load and low duty cycle conditions. However, this drawback
is improved in the proposed converter. During the
freewheeling interval, a positive rectified voltage instead of
zero voltage at the secondary side is reflected to the primary
side to rapidly reduce the primary current to zero. Hence, the
primary circulating current in the proposed converter is
minimized. In order to extend the ZVS range of lagging-leg
switches. the large value of leakage inductance or external
series inductance is usually adopted in conventional three-
level converter. However, the large leakage inductor or
external series inductor will also increase the duty cycle
losses due to the time requirement from negative to positive
primary cwrent or from positive to negative primary current.
Thus, a lower tums ratio of transformer is needed to
compensate the duty cycle loss. However. a lower turns ratio
of transformer will result in the higher primary side current
and higher voltage stress on the secondary side. Thus, the
conduction losses at primary and secondary sides are also
increased. In the freewheeling interval, the primary current in
the proposed converter is increased from zero instead of
negative current value to positive current value. Thus, the
commutated time shown in (4) in the proposed converter is
much less than that in conventional three-level converter.
That means that a higher turns ratio of transformer can be
used to reduce the primary side current and the voltage stress
of rectifier diodes.

In conventional three-level converter, the output
inductance is given as
Aan " %(0'575217')Tﬂt _ Vmé‘eﬁ(]f‘?é‘aﬁ)fm (5)

L 2nlL,

where 8 (<0.5) is an effective duty cycle and » is the furns
ratio of isolation transformer between primary winding turns
and secondary winding turns. In the proposed converter.
energy is transferred from input voltage to output load
through LLC converter in modes 2-5 and three-level converter
in modes 1, 2. 5 and 6. Hence. energy is transferred from
input voltage to output load within the full switching cycle.
The LLC converter is operated as an unregulated de-de
converter with the switching frequency close to series
resonant frequency. Thus, the lagging-leg switches S; and S;
are tumed on at ZVS from zero to full load. The circulating
current of the ZLC circuit 1s also minimum due to f,=f.. The
designed dc voltage gain of LLC converter equals the ac
voltage gain of LLC converter at series resonant frequency.
1.e. My rrc=4n3Virc/V;,=1. The output average voltage of LLC
converter can be derived as
Vige =V, /(403) (6)
The ZVS turn-on condition of leading-leg switches S; and S,
is achieved by the primary inductances L, and L, and the
output inductances L,; and L, given in (1). Since the charge
and discharge time of S,-S, are negligibly small compared to
the other time intervals, only modes 2. 3. 5 and 6 are
considered in the first half switching period in order to obtain
the output voltage of the proposed converter. Apply the flux
balance to (L, and L,;) and (L,, and L,,). the average
capacitor voltages Ve and Ve are obtained as
Ver=Ver =V, /2 M
In mode 5. the ac terminal voltages v,=F;, and 1,.=0.
However, diodes D, and D; are conducting in this mode. The
rectified voltages Vieer1=Veeers=Vize. The duty cycle loss in
mode 5 can be obtained as
55 s Af—’t—i / Ts = 2LrlfLolfm‘ - 4I‘rlllolfr’w
m (Vi = 2npvpe)  mVp(2—ny /ng)
The effective duty cycle in the primary side is given as &5
&. &is the duty ratio of the proposed converter when (S; and
Sy) or (S; and S;) are in the on-state. Based on the flux
balance on output inductors L,; and L,,. the output voltage ¥,
of the proposed hybrid converter is derived as:

(]

(8)

1 S
Vy = OV Iy + (1= 28,5 Wipe = (—+——— Fin (9)
] aff ¥ in it ( ejj") LLc (4”3 n 2”3) in

From (9). the voltage conversion ratio is given as

g, g,
MDC:E:L;,LJ?’_LJ (10)
Vi 4n3  ny 2ny

In steady state. the average output inductor curents are
assumed balanced. I;,,=I;,=I,/2. The ripple currents of L,
and L,; are approximately derived as

o (Vo - VLLC‘)(O-S - é‘cﬁ )T.m'
Aipgy = Aipgy = I

‘0

an

Substituting (6) and (10) into (11) yields
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¥

Moy
2n,4

Vo (1= 28,5 )~
”l

2L,
Compared to the conventional three-level converter, the
proposed converter has less inductor current ripple. It means
that the output inductances L, and L, in the proposed
converter can be reduced at the given inductor current ripple
case. Hence, the core size and copper loss of the output
inductors are also reduced in the proposed converter. If the
defined ripple currents Air,; and Air,, are given. then the
output inductances L,; and L,» can be obtained from (12).
Based on the charge balance on (. C,. C,; and C,,. one
obtains the average magnetizing currents Iy, =Irn:=I,s=0.
The ripple currents of L,,;-L,,; are derived as

Aji.ml — A‘i]_mz = Vmo‘eﬁ"rmv "‘I‘(zlml) (13)

A"‘LmB = Vm TS\\’ "‘.‘(Sl'mi) (14)

Based on (13) and (14). the maximum and minimum
magnetizing curents of 7,-7; are given as:

Aipy = ANipyy = (12)

"‘Lml.max = iLmE,max = Virf(yeﬂrmv ""l(4‘[ml) (15)
‘;Lml,nljn = ilml,mjn = 7Vu15@ffrnv (4Lm1) (16)
"’Lmlmax = Vm T:w ":‘(1 6Lm3 )i fLmi,min = _Vin T:w "".(I G‘LmS) Qa7

The average diode cwrrents and voltage stresses of Dy-Dg. D,
and Dj in steady state are expressed as:

iptav = ipo.av = ipsav =ipsay =, /2 (18)
fDS,:{v = ;;Dﬁ,z:v = ch,nv = fDa’,m’ = (05 o J)‘Ta 12 (19)
‘lDl,stresls = ‘.DZ,stress = "‘Dl-;tre‘;s . ‘.D4.-;tres-s = P;’n ""”1 (20)

VD5 stress = VD6 stress = 2V 100 = Vin /(2m3) 21)

“Dc,smzss — "‘Drf,stress = Vm‘ ""I(z;"l) e VLLC (2,))

=(2n5 —n )V, /(dmng)
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Fig. 6. Measured results of the gate voltages of §,-5, (a) ,,=800V and 50%
load (b) ¥,=800V and 100% load.
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Fig. 7. Measured results of the mput split capacitor voltages vey and vep, and
the resonant capacitor voltages Ve, +Ve. at F;,=800V and full load.
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voltages and primary side currents at F;,=800V and full load.
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V. EXPERIMENTAL RESULTS

Experimental results of a laboratory prototype are
provided in this section to demonstrate the performance of the
proposed converter. The specifications of the proposed
converter are FR=750V-800V. F,=24V. I, ,..s00A,
[, =100kHz. First, the output voltage of LLC converter is
assumed as 20V. The resonant frequency of ZLC converter is
designed at f=~f,. Thus. the circulating current of LLC
converter is less than the circulating curent of the converter
operated at f;,,<f,. The DC gain of LLC converter at f, is equal
to unity. The turns ratio of T3 is 10. The assumed maximum
effective duty cycle 4 is 0.4. The primary and secondary
winding turns of 7; and 75 are selected as 74 turns and 5 turns,
respectively. The magnetizing inductances of T; and T are
3mH. The necessary primary inductances L,,=L,,=24uH. In
LLC converter. the series resonant inductance L,;=120gH and
resonant capacitances C,;=C,»=11xF. The primary inductance.
primary winding turns and secondary winding turns of T; are
600uH, 60 turns and 6 turns, respectively. The allowed ripple
current on L,; and L,» is about 2% of rated load current. The
output inductances L,; and L., are 12uH. The MOSFETs
IRFP460 with Fpe=500V. Ip,m=20A. Rps.,=0.27Q and
C,s=480pF at 25V are used for switches §;-5;. Fast recovery
diodes SBR40U100 with Frey =100V and I7=40A are used as
the rectifier diodes D;-Ds. D, and D,. The selected clamped
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diodes D, and D, are RHRP3060. The selected input split
capacitances are Cyu=Cp=220uF/450V. dc blocking
capacitances C,=C>=20uF and the output capacitances are
Cr1c=50uF and C,=66004F. Phase-shift PWM IC UC3895 is
adopted to achieve the load voltage regulation and PWM
generation of S;-Sy. Experimental results are provided to
verify the operation principles and performance of the
proposed converter. The experimental results of the gate
voltages of $;-Sy at 50% load 100% load with 800V input are
shown in Fig. 6. Fig. 7 shows the measured waveforms of the
input spilt capacitor voltages vg, and ve, and the resonant
capacitor voltages v +veo at full load. Tt can be seen that
these three voltages are balanced. Fig. 8 illustrates the
experimental results of the ac side wvoltages v, and v
resonant capacitor voltages ve,; and v,, and the primary side
currents ir,q-ir,s at full load. It is clear that there are three
voltage levels on v, and v;,.. The primary currents ir,q and iz,»
decrease to zero during the freewheeling interval. Therefore,
the circulating current losses are improved in the proposed
converter. Fig. 9 gives the measured results of the gate
voltages, drain voltages and drain currents of S; (leading-leg
switch) and 5, (lagging-leg switch) at different load
conditions. It can be seen that S; (leading-leg switch) can be
turned on at ZVS from 25% load and S, (lagging-leg switch)
can be turned on at ZVS from 17% load. Fig. 10 shows the
test results of the secondary side currents at 100% load. When
the ac side voltage v,,=F, and 0. three-level converters
transfer energy from input voltage to output load (i;~0 and
i.>0). On the other hand. LLC circuit transfers energy from
C,; and C;, to output load (ip.>0 and ip;>0) when the ac side
voltage v,,.=V,,/2.
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Fig. 9. Measured waveforms of the gate voltages, drain voltages and drain
currents at 800V input (a) S; (leading-leg switch) at 25% load (b) S> (lagging-
leg switch) at 17% load.

VI. CoNCLUSION

A new ZVS de-de converter is presented in this paper. The
proposed converter includes two three-level PWM converters
and a LLC converter. In the proposed converter. three-level
converters have less circulating current losses with the help of
clamp diodes D, and D; to obtain the rectified voltages
Vyeer 1=Vreer 7=V 11c 10 freewheeling intervals so that the primary
side currents can be decreased to zero in the freewheeling
interval. LLC converter operates at f,=f with minimum
circulating current losses and helps lagging-leg switches to

turn on at ZVS from light load to full load. The energy is
transferred from input to output load within the whole
switching cycle. Hence. the proposed converter has more
effective energy transfer. The output inductances L,, and L,,
are reduced due to the less voltage across the output inductors
in freewheeling interval. Compared to the conventional three-
level PWM converter. the proposed converter has less
circulating current losses, wide range of ZVS turn-on for
lagging-leg switches and the reduced output inductors.
Finally, experiments with a 1440W prototype circuit are
provided to verify the performance of the proposed converter.
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Fig. 10. Measured results of the secondary :ﬂde currents at full load.
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Abstract- A new DC/DC converter with parallel circuits is
presented for medium voltage and power applications. There are
five pulse-width modulation (PWM) circuits in the proposed
converter to reduce current stress at low voltage side for high
output current. These five circuits have the same power switches
so that the switch counts are reduced compared with the
conventional parallel converters. In order to reduce the
converter size, conduction loss and voltage stress of power
semiconductors, the series connections of power MOSFETs with
high switching frequency instead of IGBTs with low switching
frequency are adopted. Thus, the voltage stress of MOSFETS is
clamped at half of input voltage. The switched capacitor circuit
is adopted to balance input split capacitor voltages. Asymmetric
PWNM scheme is adopted to generate the necessary switching
signals of MOSFETs and regulate output voltage. Based on the
resonant behavior at the transition interval of power switches,
all MOSFETs are turned on under zero voltage switching (ZVS)
from 50% load to 100% load. The circuit configuration,
operation principle, converter performance and design example
are discussed in detail. Finally, experimental verifications with a
1.92KkW prototype are provided to verify the performance of the
proposed converter.

L INTRODUCTION

Modermn switching converters for medium input voltage
[1]-2] have been developed for DC traction system. rapid
transit systems or medium power applications with three-
phase AC input. Multilevel converters [3]-[6] have developed
to lessen voltage stress of power devices and increase the
switching frequency so that the converter size can be reduced.
However, power devices in these topologies are operated at
hard switching and the switching losses are increased if the
high switching frequency 1s adopted. Therefore. soft
switching techniques were proposed for multilevel converters
[7]-[15] to improve circuit efficiency. In [7]-[11], the
auxiliary circuits are adopted in three-level converter with
asymmetric or phase-shift pulse-width modulation (PWM) to
achieve zero voltage switching (ZVS) or zero current
switching (ZCS) for power switching or extent the ZVS load
range. In [14], three-level converters with resonant circuit
were developed to have zero voltage switching (ZVS) on
power devices and zero current switching (ZCS) on rectifier
diodes. The variable switching frequency is adopted to
control DC voltage gain and regulate output voltage. The
ripple current at output capacitor is much larger than that of
the conventional three-level converter. Three-level resonant
converters with duty cycle control were presented in [15] to
have soft switching on power devices with fixed switching
frequency. However, these control schemes have high circuit

efficiency if the duty cycle is close to half of switching period.

If the input voltage is increased, then the duty cycle is

decreased and the conduction losses are increased. Thus, the
converter cannot be maintained at high circuit efficiency at
different loads or input voltage cases. For medium voltage
and load current applications, parallel three-level converters
are needed if the high load usuvally adopted to distribute the
load power into several sub-circuits with low current rating of
power semiconductors and passive components. However,
parallel topologies normally need several control umits to
individually control each sub-circuit. Hence. there are too
many power switches and control units in conventional
parallel converters.

A new soft switching PWM DC/DC converter is presented
in this paper to achieve the functions of 1) less switch counts
compared with the conventional parallel three-level DC/DC
converters, 2) ZVS turn-on for all power switches, 3) small
size, light weight and low current stress of passive
components, 4) low voltage stress of power switches, and 5)
the balanced input split capacitor voltages. In order to reduce
the component size to meet the compact size demands for
medium power applications, the high frequency link DC/DC
converter with parallel topology is used in the proposed
converter. The proposed converter includes five DC/DC sub-
circuits with shared power switches to distribute the total
power into each sub-circuit. Hence. total switch counts are
reduced compared with the conventional parallel converters
and each circuit only have one-fifth of total power rating.
Asymmetric PWM scheme is adopted to generate the
properly gating signals of all power switches to achieve ZVS
operation. Finally. experiments are presented for a 1.92FW
prototype circuit converting 800V input to an output voltage
24V/80A for industry power supplies or battery chargers.

11 CIRCUIT CONFIGURATION

For medium input voltage applications such as DC
traction systems or three-phase AC/DC converters, input
voltage of DC/DC converters will be higher than 750V. Thus,
the voltage stress of power switches should be greater than
800V. Power MOSFETs with high voltage stress have large
turn-on resistance and the conduction loss on MOSFETS is
increased. To solve this problem, the series half-bridge
circuits are proposed in Fig. 1. The voltage stress of
MOSFETs is clamped at 77,/2 so that MOSFETs with 600V
voltage stress can be used in the proposed converter for 750V
input applications. The circuit components at high voltage
side have input voltage V. input split capacitors Cy-Cj,
power MOSFETs §;-S; with their body diodes and parallel
capacitors C,4-C,y, DC blocking capacitors C5-Cp, resonant
inductors L,i-L,s. and transformers 77-75. At low voltage and
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high current side, five center-tapped rectifiers are connected
in parallel to reduce the current stress of transformer
windings. rectifier diodes D)-Dy, and output filter inductors
Ly-L,s. Five ZVS circuits are adopted in the proposed
converter to share load current. Circuits 1. 2 and 4 are based
on the half-bridge topology with split capacitors. Circuits 3
and 5 are based on half-bridge topology with transformer
connected to high voltage side and ground point. respectively.
Power MOSFETs S, and S5 have same PWM waveforms with
duty cycle 8 However, MOSFETs S, and Sy have same PWM
waveforms with duty cycle (1-8). The components S-Sy, Cj-
Cy, Cs and C; establish a switched capacitor circuit [16].
Therefore. input split capacitor voltages are balanced.
VarPer Ve Ve VestVer=V/2. Asymmetric PWM is used to
generate PWM signals S;-S; and regulate output voltage at
the desired voltage level.
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Fig. 1. Circwit configuration of the proposed ZVS converter with medium
input voltage.
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Fig. 2. Key waveforms of the proposed converter.
III. OPERATION PRINCIPLES

In the proposed converter, asymmetric PWM scheme is
used to control output voltage. The following assumptions are
presumed to simplify the circuit analysis. Transformers 73-T5
have the same magnetizing inductances Z,, and same turns
ratio n=iy/n,=ny/ns. S1-Ss have the same output capacitances
C=Cr=C3=Cy=C.. Voltage VertVer=VesTVes=Vinl2.
G2 G2 E2C G0, Ji==lzL,
and L,1=L,»=L,3=L.,4=L,s=L,. The main PWM waveforms of
the proposed converter are given in Fig. 2. The corresponding
equivalent circuits for each operation mode are shown in Fig.

10

3. Before time 7, S; and Sy are in the off-state and diodes D;-
Dy are all conducting.

Mode 1 [t; - t;]: Mode 1 begins at 7, when diode currents of
D,, Dy. Ds. Dy and Dy, are decreasing to zero. The voltage
stresses of §; and Sy are equal to vetve and vetig.
respectively. In this mode. veeter=vetves. However,
VegtVerVestves In mode 5. It can be derived that
VeV e Ve Ve VesTVer=V/2 In steady state. Thus, the
voltage stresses of S, and S, are equal to V,/2. In this mode,
the primary side currents ir,q. ir,2. irq and ir,s increase and
i1 decreases. Power is transferred from input voltage 77, to
output load R, in this mode.

Mode 2 [t, - 1;]: Mode 2 begins at time f, when S; and S; are
turned off. In this mode. 7ri(r)>0. ina(f)>0. irs(t)<0,
irna(t1)=0 and ir,s(r,)>0. Thus, C,; and C,5 are charged and C,,
and C,4 are discharged rapidly so that i,q4-ir,s and iz,;-ir,s are
almost constant in this mode.

Mode 3 [t; - £;]: Mode 3 begins at f, when v =ve=Ves.
Ve =Ver Ves: Vaa=Ves=Ver and Vg =vey=ves. The primary
and secondary winding voltages of 73-T5 equal zero voltage.
In this mode. Dy-Dy, are conducting. ip;. ips. ips. ip7 and ipo
decrease. and ip. ips. ips. ipg and ipyy increase. The output
inductor voltages and the
inductor cwrents iy, -ir,s all decrease. Since ir,q(5)>0,
ina(B)>0, ina(f)<0, iry(t)=>0 and ips(1)=0, C4 and C,; are
contimuously charged and C,, and C,, are continuously
discharged. C,, and C,4 can be discharged to zero voltage at
t; if the energy stored in L,4-L,s is greater than the energy
stored in Cp-Cha.

Mode 4 [t; - 1,]: Mode 4 begins at time 7; when v¢,,=¢,,=0.
Verr=Ver HVer and ves=Ves ey, Since ipq(#:)=0. ina(t)>0.
i,a(1:)<0, ir,4(f3)>0 and 7r,5(f3)=0, the anti-parallel diodes of
S, and S, are conducting. Therefore, S, and S, can be turned
on at this moment to achieve ZVS. In this mode, rectifier
diodes D;-Dyp are still conducting. The inductor voltages
V= Ve Voo=Ves. Vos=VertVea-Ves. Voa™Ves: Vis—Ves and
Vo1 =VIo2=V0o3 =V1os=V1o5=-V,. Therefore, 7r,; increases, and
tr1e i120 T1pas i10s A0 F151-i105 all decrease in this mode.

Mode 5 [t - t;5]: Mode 5 begins at time ¢, when /p;. ips. ips.
ip7. and ipe are decreased to zero ampere. Thus, Dy, Ds. Ds.
D5, and Dy are turned off. The voltage stresses of S; and S;
are equal to v+, and vz gy, espectively. The voltage
across Cy and C; is equal to ves+vey. In this mode. the
primary side cwrrents ip,q. ire. irg and ip,s decrease and irs
increases. Power is transferred from input voltage V;, to
output load R, in this mode.

Mode 6 [t; - t;]: Mode 6 starts at time 75 when S; and Sy are
turned off. Since ir,4(#5)<0, ir,(15)<0. i1,3(75)=0. ir4(f5)<0 and
irs(t5)<0, C,; and C,; are discharged and C,, and C,4 are
charged lmearly so that all inductor cumrents are almost
constant in this time interval.

Mode 7 [tg - t-]: Mode 7 starts at time s when vy =ve=Ves.
Ve =Ver Ves. Vaa=Ves=Ver and  Vey=ves=ves. Thus, the
secondary voltages of 73-T5 are equal to zero voltage so that
diodes D,-D,, are conducting, ip,. ips. ipg. ip7 and ipg increase,
and ips. fps. ips. ipg and ipyp decrease in this mode. The output
inductor voltages v7,1-vr,s are equal to -¥, so that inductor
cwirents i, -ir,s are decreasing. Since ir(7s)<0, ira(fs)<0.

VIl =VIod VL3 VIod = Vo5~ Vs
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fL,-g(ff.) >(, fL,,;(fs)‘-iO and ij:rj(fﬁ)<.0. (,1 and C,-j are
continuously discharged. C,; and C,; can be discharged to
zero voltage if the energy stored in L,;-L,s is greater than the
energy stored in C,-Cy.
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Fig. 3. Operation modes of the proposed converter m a switching cycle (a)
mode 1 (b) mode 2 (c) mode 3 (d) mode 4 (e) mode 5 (f) mode 6 (g) mode 7
(h) mode 8.

Mode 8 [t-- t,471.]: Mode 8 starts at time #; when v, =ve,:=0.

Vo=V TV and Ve =V ey SIICe i (5)<0. ip,o(f)<0.
ir3(1)>20, ipa(t7)<0 and ip,s(77)<0, the anti-parallel diodes of
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Sy and S3 are conducting. §; and S; can be turned on at this
moment to achieve ZVS. Since diodes D-Dy, are still
conducting, the inductor voltages can be obtained as vy, =ves.
Via=Ves. V= Ve VsTVer Ve Ves and
Viol = V102 V103 = Viea =Vies = V. ThUS, if,q. ipa. iz, Ir,s ICTEASE
and 7;,; and 7y,-i1,5 decrease in this mode. At time 7+7,. ip,.
ips. ips. ipg and ipje are decreased to zero ampere. Then the
circuit operations of the proposed converter in a switching
cycle are completed.

Vi =Ves.

V. CONVERTER PERFORMANCE ANALYSIS

There are eight operating modes in the proposed converter
for every switching cycle. The transfer power from input
voltage to output load through five PWM circuits is related
to duty cycle of power MOSFETs. Each circuit provides
one-fifth of rated output power. The duty cycle of §; and S;
is ¢ and the duty cycle of S; and S, is 1-8 In generally, the
charge/discharge times of C,,-C,, in modes 2, 3. 6 and 7 are
less than the time interval in the other modes. To simplify
the system analysis in steady state, only modes 1. 4. 5 and 8
are considered in the following. Based on the volt-second
balance on (L,4 and L,,), (L,; and L,5). (L5 and L,3). (L4 and
L,4) and (L,s and L,s) in steady state, the average capacitor
voltages Fei-Fes can be derived as:

Ver =Ves =Ves =Ver =(1-0), /2 89

Ver =Vog =Ves =Veg = 0V /2 (2)
It can be obtained that Fey+Ver=Ves+Ves=VFes+Ver=Vi/2.
In mode 4. the inductor current variations Afpq-Airs are
equal to 21,/(5n). The time interval in mode 4 is given in (9).

2I,L, 2I,L 21,L
AT34=.’4—T3¥ atr _ o=r _ atr

Smvey  Smvey  Sn(vep Vs —Ves) 3)
2,1, 20, 4ALL
- S5iveg - S5Hv g - Snovy,

In mode 4, S,. S, and D;-Dy, are conducting so that no power
is delivered from input voltage to output load. The duty loss
in mode 4 is obtained in (10).

Aty ALLF
5 _ T4 Tetrds 4
Closs.4 T, S5novy, “
Similarly. the duty loss in mode 8 can be expressed as
5!955,8 — ArTU — 210]:-1'-]{; =— 410ers (5)
T, Snvey sn(1-8)V,,

In operation mode 1, v, =Vey/N-F,. Vipo=Ves/ =V, Vigz=Ves/i-
Voo Vigeve/n-V, and vy ,=(vestveveg)/i-F,. In operation
mode 4, 17,1 =012 = V103 Ve =105 =-F,. I operation mode 35
Vo=V -V Vo= Ves/n-V,. Vis=(Ver Ve Ves) -V
Vrag=Veg/n-V, and vp,s=veg/n-F,. In operation mode 8.
Viol=Vier V103 = Vies=Vies—V,. Based on the wvolt-second
balance on L,-L,s. the DC voltage gain of the proposed
converter in steady sme is obtained as

v, = Frlols _y, ©
where V7 1s the \Glh ge drop on dlode of Dy-Dyo. Applying the
current-second balance on capacitances C;-Cy. the average
magnetizing currents of L,,;-L,,s can be obtained.

(1-28)1,
S5n

(M

[Lml - ‘TLmZ - ILm4 _Ilmﬁ -

26-D1I
Tpps = ﬁi)o ®)
5n
The ripple curents on L,,;-L,,5 are illustrated as:
Ver(8 = 8yss )T, 8(1=8)W, T, —4L,1, /(5n) ©
L, 2L,
The ripple current on L,-L 5 are expressed as:

Aig,, =

(A-8)1-28)V, , 4L 1 S, AL,1, 1,
[ 2n 512 Je- Snl,, (1- 5)) s
Aip, = (10)
L,
The average diode currents are expressed as:
Ipy=Ips=Ips=Ip;=Ips=al,/5 an
Ipy=Ips=Ips=Ipg=Ipe=01-)1,/5 (12)
The voltage stresses of D)-Dj are expressed as:
‘lDl,m'ess = “D3,5!n’ss = “DG,S.’TESS = “DT.sIress = 1‘.Dg,srns'.s‘s
- Wes _ ‘%n (13)
n n
"‘DZ,sf'ress = ‘lD4 stress = 1A.DS.sz‘ms.s = "‘DS,sﬁ‘es.r = 1‘D10,srress
W (-0 (14)
n n
The root-mean-square (7ns) currents of S-S, are
approximately expressed as:
o a-a1, 5 .
S1mns =I8%ms = n VJ (13)
; . O
152 5ms = Is4.ms = Zo 14"1—5 (16)

The voltage stresses of 5;-S; are equal to V;
are appromuntely given as:

w2 At b, ipasins

i () =10 () =ig, () =igs(H)
L A-28)1,  80-8)V, T, —4L,1, /(5n) an
sn ar,
L, ((=00-20Wy ISy s LLS )T,
5n 2n? 3 sn¥, (1-6) 2L,
) (26 -11, 5(1—5)!/,-”1"5 —4L.1,/(5n)
ira(t) = -
Sn 4L, (18)
_Lo_[U*Q( —20)V 4L I, [ 4L 1, f; )L
5 on? n’ 5n¥,(1-38) 2L,
At fs, ipp-izys are approximmely expressed as:
i1(ts) =g () =i (ts) =ips(fs)
_ (1—25)1 5(1—(5‘) T, —4L,1, /(5m) (19)
5n 4Lm
[(1 al- 16)1’/}” +4I_]_Igfsj(57 AL, I, fs ) T,
Sn on? Sn SV (1=8) 2L,
20— - . — /(5
iaa(ts) = ( 5_ DI, | 80=8)VyT, —4L,1, /(5n)
S5n 4L, (20)
+]_0_[(175)(1:25)Vm +4Lrlgfs](5_ .4‘['?‘Iofs ) Ts
5n 2n” 5n sV, (1-38) 2L,

Capacitors G,y and Cpq can be discharged to zero voltage if
the energy stored in Ly-L,s at time f; is greater than the
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energy stored in Cy3-Cy in modes 2 and 3. The ZVS condition

of S, and Sy can be given as
C-?'Vfi ‘.‘I. 2
T iLzrl (n)+ "Em (n)/4+ ffr} ()
Similarly, the ZVS condition of §y and S5 can be obtained as
EVih

@1)

Bt P2 (1) +il (1) A+i2 4(t5) @2)
r *L-"' ‘ ‘1&?5{,’5"" Iz
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o |
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Fig. 4 Measured PWM waveforms of $;-5; at full load and 7,=800V.
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V. TEST RESULTS

A laboratory prototype with 1.92kW rated power was
constructed. The electric specifications of the prototype are
Ver=750V-800V, V=24V, [,=80 A and switching frequency
f=100kHz. Fig. 4 shows the measured PWM waveforms of
51-Sy at full load. S; and S; have the same PWM waveforms,
and S, and S; have the same PWM waveforms. The test
results of gate voltage, drain voltage and drain current of §)-
Sy at 50% load are illustrated in Fig. 5. The drain voltage is
decreased to zero before power MOSFET is turned on.
Therefore. power MOSFETs S;-Sy are all turned on under
ZVS from 50% load. Fig. 6 gives the test results of primary
inductor currents ipq-izs at full load. It is clear that five
inductor currents ir,i-ir,s are balanced each other. When S
and S; are twrned on, igy. ifm, i and ips increase and ips
decreases. On the other hand, iz, iz, i and ips decrease
and /g3 increases when S; and S; are turned off and S, and S,
are turned on. Fig. 7 gives the measured capacitor voltages
Yo tVor. Yostvos and vastvgy at full load. It is clear that
these three voltages are balanced to Fi/2. The measured
output inductor currents iz, - ir,s and the total output inductor
cwirent iz, Hipotizatizestizgs at full load are given in Fig. 8.
These five output inductor currents iz, - izys are balanced.
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Fig. 6 Measured results of the inductor currents 77,1z, at full load.

& V(‘vl‘i‘vd ]

i .

: ve3tves ;I§

: : %2

: iR
B 1 E
aafrrrfr o] bbb
i VesTVer ]

f ¥ s

g | FiE
B ] &

C2us

Fig. 7 Measured capacitor voltages Ven+Ver, VastVers and Ves+vey; at full
loadV.

263



E ' il -
£ A H o Lol _I{
. . 1=
L oo g2 ™
: st <
23k P e
g P T~ e e RS
b AR
N . lLod 2
- - el T
- e by o3 S
. . - é
Sor Lol T8 o3t tines 4
2 2 i T
oo I ]
o s
FIN N T T T T T T Y I VIR S N B A A I IR A A

Fig. 8 Measured the secondary side currents at full load.

VL

A new DC/DC converter with five APWM circuits is
presented for medium voltage and high load curent
applications. The series half-bridge circuits are adopted to
limit the voltage stress of MOSFETs at V;/2. Switching
capacitor circuit is used to balance input spilt capacitor
voltages. Five APWM circuits with the same power switches
are adopted at the primary side to reduce the switch counts.
Each circuit provides one-fifth of load power to secondary
side so that the current stress of passive components and
transformer windings are reduced. Compared to the
conventional parallel three-level DC/DC converter, the
proposed converter has less power MOSFETs counts. APWM
scheme is adopted to generate switching signals of MOSFETs.
Based on the resonant behavior by output capacitances of
MOSFETSs and resonant inductances at the transition interval,
all MOSFETSs can be turned on at ZVS form 50% load to full
load. The system analysis. converter performance and design
example of the proposed converter are discussed in detail.
Finally. experimental verifications are provided to verify the
effectiveness of the converter.

CONCLUSION
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