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Abstract

An interleaved DC/DC converter with series-connected transformers is presented to implement the features of zero voltage
switching (ZVS), load current sharing and ripple current reduction. The proposed converter includes two half-bridge converter
cells connected in series to reduce the voltage stress of the switches at one-half of the input voltage. The output sides of the two
converter cells with interleaved pulse-width modulation are connected in parallel to reduce the ripple current at the output
capacitor and to achieve load current sharing. Therefore, the size of the output chokes and the capacitor can be reduced. The
output capacitances of the MOSFETS and the resonant inductances are resonant at the transition instant to achieve ZVS turn-on.
In addition, the switching losses on the power switches are reduced. Finally, experiments on a laboratory prototype (24V/40A)
are provided to demonstrate the performance of the proposed converter.
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I.  INTRODUCTION

Power factor correction (PFC) schemes have been widely
used in the front stage to reduce reactive power reduction and
to eliminate line current harmonics at the utility side. For a
three-phase 380V PFC converter, the DC bus voltage may be
higher than 600V. Therefore, MOSFETs with 600V of
voltage stress cannot be adopted in the second stage DC/DC
converter. To overcome this voltage limitation of MOSFETSs,
three-level DC/DC converters [1]-[4] have been proposed
with more power switches, split capacitors and clamp diodes.
Thus the voltage stress of the MOSFETSs can be reduced to
one-half of the DC bus voltage so that high frequency
MOSFETSs with 600V of voltage stress can be used in second
stage DC/DC converters. However, the main drawbacks of
three-level converters are their complicated control schemes
and high circuit costs. In addition, high circuit efficiency and
high power density are demanded for modern switching mode
power supplies. To achieve high circuit efficiency, light
weight and a compact size, power converters with
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soft-switching techniques [5]-[17] have been developed for
more than twenty years. Active clamped converters [5]-[8],
full-bridge phase-shift converters [9]-[10] and series resonant
converters [11]-[13] have been developed to achieve zero
voltage switching (ZVS) turn-on for switches. The
active-clamping topology is one kind of soft switching
technique to achieve ZVS turn-on by utilizing the energy
stored in the leakage and magnetizing inductances. Thus the
voltage rating of the power switch is clamped to the input
voltage and the clamping capacitor voltage. Full-bridge
phase-shift converters can achieve soft switching for power
switches with a PWM phase shift between the leading and
lagging legs. However, it is difficult to realize ZVS turn-on in
wide load ranges for MOSFETSs in the lagging leg due to the
limited energy in the leakage inductance. Resonant converters
can regulate the output voltage and realize ZVS turn-on with
a variable switching frequency. Although the switches can be
turned on with zero voltage switching (ZVS), the
disadvantages of the resonant converters are a variable
switching frequency and high voltage or current stresses on
the power semiconductors. This is especially true for high
voltage or high current applications. Asymmetrical
pulse-width modulation (PWM) [14]-[15] has been proposed
to realize the magnetizing flux reset. Thus the voltage spike
on power MOSFETS can be reduced to a safety region.
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This paper presents an interleaved DC/DC converter for
high input voltage applications. The main advantages of the
proposed converter are low switching losses, ZVS turn-on,
low voltage stress on the MOSFETS and less ripple current at
the output side. Two capacitors and two half-bridge
converters are connected in series in the primary side to
reduce the voltage stress of the MOSFETSs at one-half of the
DC bus voltage. The two converter cells are operated with
interleaved PWM to reduce the output ripple current. Thus
the size of the output chokes and the output capacitor can be
reduced. For each of the converter cells, there are two
asymmetric half-bridge circuit cells with the same MOSFETSs
to regulate the output voltage at a desired voltage level. The
transformer secondary windings of the two circuits are
connected in series to balance the primary winding currents.
Thus the size of the transformer core and bobbin is reduced.
Based on the resonant behavior by the output capacitance of
the MOSFETs and the resonant inductance, the MOSFETS
can be turned on under ZVS. The circuit configuration, the
principle of operation, the circuit characteristics and a design
example of the proposed converter are presented in detail.
Experiments with a 960W prototype are presented to verify
the effectiveness of the proposed converter.

II. CIRcUIT CONFIGURATION

Fig. 1 gives the circuit configuration of the proposed
interleaved DC/DC converter. The input DC bus voltage is
obtained from a three-phase 380V AC utility voltage with a
diode rectifier. The normal DC input voltage
V;,=480V~600V. Two input voltages and two half-bridge
circuits are connected in series at the high voltage side to
reduce the voltage stress of each switch at one half of the DC
bus voltage. The output sides of the two half-bridge circuits
are connected in parallel to reduce the current rating of the
transformer windings and to share the load current. The
interleaved PWM scheme is adopted to control the two
half-bridge circuits so that the ripple currents of the output
inductors are partially cancelled and the size of the output
magnetic core is decreased. There are several ways to solve
the problem of balancing two input capacitor voltages.
Two capacitor voltages can be balanced by a PFC
converter with two output voltage balance control or by
adding a balanced resistor parallel to each of the input
capacitors. Parallel balanced resistors are mostly used in
UPS systems with a half-bridge inverter. The components
of circuit 1 include Vi1, S1, S5, Ci, Cr2, C1, Cy, Ly, Lo, Ty,
T,, Dy, D, and L. Similarly, the components of circuit 2
include Vi, S3, S4, Ci3, Cr4, Cs, Cu, Lya, Lya, Ta, Ts, D3, Dy
and L. C, and R, denote the output capacitance and the
load resistance. C,~C, are the DC blocking capacitances.
The DC blocking voltages V¢;~V¢, are related to the duty
ratio of the active switch. L,~L,, are the resonant
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Fig. 1. Circuit configuration of the proposed interleaved

converter.
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Fig. 2. Key waveforms of the proposed converter.

inductances. L,~L are the magnetizing inductances of the
transformers T,~T,, respectively. D,~D, are the rectifier
diodes and L,; and L., are output inductances. C,;,~C,, are
the output capacitances of the MOSFETSs S;,~S,, respectively.
To balance the primary currents and to reduce the winding
turns of T, and T, the secondary windings of T, and T, are
connected in series. The voltage stress of S;~S, is clamped to
Vi./2. The center-tapped rectifier is adopted to have only one
diode conduction loss in the secondary side. The PWM
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signals of S; and S; are phase-shifted by about one-half of a
switching period to reduce the ripple current at the output
capacitor. The gate signals of S; and S, in circuit 1 are
complementary to each other with a dead time to achieve
asymmetric PWM operation. In the same manner, the gate
signals of S; and S, in circuit 2 are also complementary.
Since the asymmetric PWM scheme is used in the proposed
converter, the active switches S;~S, can be turned on under
Z\V/S at the transition interval.

I1l.  OPERATION PRINCIPLE

The theoretical waveforms of the proposed converter
during one switching cycle are shown in Fig. 2. The duty
cycles of S; and Ss, are 6, and the duty cycles of S, and S,
are 1-5. Before the system analysis, the following
assumptions are made:

- Input voltages Vi1 =Vinp=Vin/2;

- The power semiconductors S;~S, and D;~D, are ideal;

- Lm1:|—m2:|—m3:|—m4:|—ma Lr1:|—r2:|—r3:|—r4:|—r<<|-m and
L01:|—02:|—o;

- Turns ratio of transformers T,~T, is n=n,/ns;

- C;;=C;=C3=C=C, and C,=C,=C3=C,=C; >>C,;

- The energy stored in the resonant inductances L,, and
L., is greater than the energy stored in the resonant
capacitances C,, and C,, so that the ZVS turn-on of the
switches can be achieved.

The asymmetric PWM scheme is used to control switches
S,~S,. The two switch signals S, and S, are complementary
and have a short dead time. In the same manner, switches S,
and S, are also complementary. However, the gate signals of
S, and S; are phase-shifted by one-half of a switching cycle.
Based on the on/off states of S;~S, and D;~D,, there are
sixteen operation modes in a switching period. Since the
PWM waveforms of two circuits are symmetrical, eight
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operation modes in first half cycle are discussed and shown in
Fig. 3. Prior to ty, switches S, and S, are in the on-state and
the rectifier diodes D,~D; are conducting.

Mode 1 [to<t<t;]: At time to, ip;=0. In this mode, S; and S,
are in the on-state. The primary voltages v n~-Vc:<0,
Vim2=Vin/2-V >0, Vim3=Vin/2-V3>0 and v u=-V,<0. The
magnetizing currents i, and i ns decrease and the currents
iLme and i s increase in this mode. In circuit 1, the secondary
winding voltages of T, and T, are negative and positive,
respectively so that diode D, is forward biased. The inductor
voltage Vi o1=(Vin/2-V+Ve1)/n-V,>0 so that the inductor
current i, increases in this mode. Power is transferred from
the input voltage source Vi, to the output load through S, T,,
Lo, C,, Dy, and Ly. In circuit 2, the inductor voltage
Vige=(Vin/2-V 3tV s)/N-V,>0 so that the inductor current i o,
increases in this mode. Power is transferred from V;,, to the
output load through Cs, L3, T3, S4, D3 and Ly,. This mode
ends at time t;, when S; is turned off.

Mode 2 [t;<¢<¢t,]: At time t;, S; is turned off. Since
ip-i1>0, C,, and C,, are charged and discharged,
respectively in this mode. Because C,; and C,, << C; and C,,
Ve and v, are approximately given as:

In this mode, i, and i, are almost constant. The operation
behavior of circuit 2 in this mode is the same as the operation
in mode 1. This mode ends at time t,, when vc =V and
Ver=Veo.

Mode 3 [t <t<t,]: At time t,, the capacitor voltages V¢ =V
and v¢p=Ve,. At this instant, the primary and secondary
winding voltages of transformers T, and T, are zero voltage.
Thus diodes D, and D, are conducting to commutate the
inductor current i ;. The output inductor voltage v 41=-V, S0
that the inductor current i ,, decreases. The diode current ip;
increases and the diode current ip, decreases. Capacitors C,;
and C,, are continuously charged and discharged in this
mode.
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Fig. 3. Operation modes of the proposed converter during first half of 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.
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i (L) =it
VCrl(t)zVCI—i_ Lr2(2) Lrl( 2)(t—t2),
2C,
_ iLrZ(tz)_iLrl(tz)
2C,

If the energy stored in L, and L,, is greater than the energy
stored in C,; and C,,, then C,, can be discharged to zero
voltage. This mode ends at time t;, when v¢,,=0. Then the
anti-parallel diode of S, conducts. The time interval in modes
2 and 3 is expressed as:

t-) @

Vera (1) = Ve,

2 (t) =i (t)
In order to achieve ZVS turn-on for switch S,, the dead time
ty between switches S; and S, must be greater than the time
interval Aty.
Mode 4 [ts<t<t,]: At time t;, v¢,=0. Since
iso(t2)=i (to)-i(t2)<0, the anti-parallel diode of S, is
conducting. Before the switch current is, becomes positive,
S, can be turned on under ZVS. Since D; and D, in the
secondary side are still in the commutation interval, the
resonant inductor voltages v 1=V;y/2-V¢c; and v ,=-Vo.
Thus i, increases and i, decreases in this mode. This mode
ends at time t, when diode current ip,=0. If the load current
I, is equally supplied from two circuits, then the inductor
current variation Ai, in this mode is approximately equal
to I,/n. The time interval in this mode is given as:
N L1,
N(Vin/2—-Ve1)
In this mode, switch S, is in the on-state and the inductor
voltage v o1 =-V,. No power is delivered from V;, to the
output load. Thus the duty loss of circuit 1 in this mode is
given as:

Aty =t; -t ~ @)

Aty =t, — 13 Q)

é‘l — At34 ~ LI’ IO fS
0ss,4

Ts n(Vin 12 _VCl)
where T and f, are the switching period and the switching
frequency, respectively.
Mode 5 [t,<t<ts]: At time t4, ip,=0 and D, is turned off. The
magnetizing voltages Vi ”RVin/2-Ve1>0,  Vimo=-Ve,<0,
Vimag~Vinl2-Ve3>0  and v u=-V<0. Therefore, the
magnetizing currents i, and i, increase and the
magnetizing currents i, and i ,, decrease in this mode. The
output inductor voltages Vo =(Vin/2-Vc1+V2)/n-V,>0 and
Viee=(Vin/2-V3+V 4)/n-V,>0. Thus the inductor currents i g
and i, increase in this mode. Power is transferred from V;,;
to the output load through C,, L.y, Ty, S5, Dy and Ly in
circuit 1. In the same manner, power is transferred from V;.,
to the output load through Cj, L3, T3, S4, D3 and Lo, in
circuit 2. This mode ends at time ts, when switch S, is turned
off.
Mode 6 [ts<t<ts]: At time ts, S, is turned off. Since
i r3(ts)-i 4(t5)>0, capacitors C,; and C,4 are discharged and
charged, respectively. The capacitor voltages v¢,s and v,y are
approximately expressed as:

®)

Vin irg(ts) —ira(ts)

Vera(t) z%_T(t—ts),
Vora(t) ~ ralls) Ziurale) ¢ ©®)

2C,

The inductor currents i3 and i 4 are almost constant in this
mode. This mode ends at time tg, when v¢s3=Ve; and
Ve=Ves.

Mode 7 [te<t<t;]: At time ts, Vcs=Vcz and Ves=Ve4. The
primary and secondary winding voltages of T; and T, are
equal to zero voltage. Thus diodes D; and D, are both
conducting to commutate the inductor current i o, and the
output inductor voltage v,,,=-V,. The inductor current i o,
decreases. The diode current ip; decreases and ip, increases.
The capacitor voltages vz and vey in this mode are
approximately expressed as:

I a(te) =1 t
Vers(t) = Vs _WC ~1),

r

Vera(t) #Vey +M(t —tg) )
2C,
If the energy stored in L3 and L, is greater than the energy
stored in C,; and C,, then C,; can be discharged to zero
voltage. This mode ends at time t;, when v¢,;=0. The time
interval in modes 6 and 7 are expressed as:

CrVin
ira(ts) —iLra(ts)
In order to turn on S; under ZVS, the dead time ty between
switches S; and S, must be greater than the time interval
Atsy.

Mode 8 [t;st<tg]: At time t;, Vvee=0. Since
isa(t7)=i(t7)-i3(t7)<0, the anti-parallel diode of S; is
conducting. Before ig; is positive, switch S; can be turned on
under ZVS. In this mode, diodes D5 and D, in circuit 2 are
still in the commutation state. The inductor voltages
Vis=-V¢z and v 4=V;,/2-V¢,. Thus the inductor current i
decreases and i, increases. This mode ends at time tg, when

the diode current ipz=0. The inductor current variation Al 3

is approximately equal to 1,/n. The time interval in this mode
is given as:

Ll
Atyg =ty —t; ~ -2 9
w=le =y )
In this mode, switch Sz is in the on-state and the output
inductor voltage v, ,,=-V,. Thus the duty loss of circuit 2 in

this mode is given as:

5Ioss,8 = % ~ LOfS (10)
Ts NVes

The operating modes of the proposed converter in the first
half of a switching cycle are complete. The operation modes
9-16 of circuit 1 are symmetrical to the operation modes 1-8
of circuit 2. In the same manner, the operation modes 9-16 of
circuit 2 are symmetrical to the operation modes 1-8 of circuit
1.
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Fig. 4. Main key waveforms of the simplify main operation
modes in converter 1.

IV. CIRcUIT CHARACTERISTICS

Since the transition intervals at the turn-on and turn-off
instants are much less than the turn-on time of the power
switches, the transition intervals at modes 2, 3, 6, 7, 10, 11,
14 and 15 are neglected in the analysis of the circuit
characteristics. However, the effect of the duty cycle losses at
modes 4, 8, 12 and 16 needs to be considered when the
switch is in the on-state and the rectifier diodes at the
secondary side are in the commutation mode. Fig 4 shows the
main four operating modes in the circuit during one switching
cycle. From the volt-second balance on the primary windings
of T,~T,, the capacitor voltages V¢~V ¢, are expressed as:

L- SV, &V,
" Vo =Vey =— "

11

where & is the duty cycle of S; and S;. Based on the key
waveforms shown in Fig. 4 and the voltage-second balance
on the output inductor L, at steady state, the DC voltage
conversion ratio of the proposed converter can be obtained.

Vo +Vf _ 20 - 252 + 5(5loss,16 - 5Ioss,4) - é‘Ioss,l(S
Vv

where V; is the voltage drop on diodes D;~D,. Since
Olsss—Oloss 16 the final output voltage of the proposed
converter can be obtained from (5) and (10)-(12).

Yo [50-5)-2ilols) Ly, (13)
n nv;

in

(12)

in n

V, =

From (13), the output voltage V, is related to the duty cycle 6,
the input voltage V;,, the switching frequency f;, the resonant
inductance L, and the load current I,. In the steady state, the
average output inductor currents I .=l 4=I,/2. The ripple
currents on output inductors can be expressed as:
. . VoOiossals 2V L1
AILol _ AILoZ ~ 0 loss,4's _ orlo
L, novi, L,
The peak currents of L, and L, are given as:

(14)

. . | VL |
I ot,max = lLo2,max = ?o_i_néov—.rl_o (15)
inko

Since the average currents on capacitors C,~C, are zero, the
average magnetizing currents Iy, 11~1 14 are obtained as:

Ion 1= in 135 D)16/(2N0), n 2= 1m1a=(1-20)1,/(2n)  (16)
The ripple currents of L,;~L4 can be expressed as:

AiLm ~ VC1(5_5|OSS,16)TS — 5(1_5)V|nTs _ Lrlo (17)
L, 2L, nL,
Thus the maximum magnetizing currents can be obtained
from (16) and (17).

. . (25—1)|0 5(1—5)VinT5 L1,
Itmimax = 'Lm3,max = on + aL -

m 2nL,,
. . @-29)I O(L- O\, T LI
ILm2,max = ILm4,max = n &+ aL ns 2I’:L0 (18)

m
The average and root-mean-square (rms) currents on the
rectifier diodes D;~D, are expressed as:

IDl,av = ID3,av z(1—5)|0/2, ID2,av = ID4,av z6]0/2'

m

iDl,rms = iD3,rms ~ I?Om’ iD2,rms = iD4,rms zl70\/5(19)
In modes 1 and 5, the voltage stresses of rectifier diodes
D,~D, can be expressed as:
VD1stress = VD3stress ~ 2(1- 5)Vin In,
Vb2stress = VD4 stress ~ 20Vip In (20)

The peak current of switch S, at time t; is approximately
expressed as:
iSl, peak = iSS, peak ~ iLr2,m::1>< - iLrl,min
zl_o+ 2V,L,. 1, N @-20)1, N o=V Ts L1y (21)
n o n2V,L, n 2L, nL,,
Similarly, the peak currents of S, and S, are expressed as:

iSZ,peak = iS4,pek ~ 2iLol,max In+ iLml,max - iLm2,min

lo, Molily  (26-Dl,  SA-6)Vy T, Lil, (22)
n o n?ov,L, n 2L, Ly,
The rms currents of switches S;~S, can be approximately
expressed as:

iSl,rms = iSs,rms ~2(1- é‘)lo\/g/n )

iSz,rms = i54,rms ~ 25]0 V1-051/n (23)

The voltage stresses of S;~S, are clamped at V;,/2. At time t,
in mode 3, the inductor currents i, (t,) and i_.,(t,) are
approximately given as:

I Lol,max

i (t2) =3 (tg) =— Lmd,min

o Vobilg  (25-Dlg  50-0VuT, Lo’
2n n2sv,L, 2n 4L, 2nL,,

! Lol,max

~
~

i|_r2 (tz): iLr4(t10) = Lm2,max
I, N VoL, 1, +(1—25)I0 +6(1—§)VmTS _ L1,
2n nzé\/inLo 2n 4L, 2nL,,

(24)
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Similarly the inductor currents i ,3(tg) and i 4(tg) in mode 7
are approximately given as:

IL02,mz:1><

irs(ts) =i (ty) = + 1 m3,max

o Volily  (20-Dl, 50-0VuT, Lo’

“2n 2oy, L, 2n 4L, 2nL,,
. . iLo2,
ira (te) =ipro (tia) = == +1 L4 min
(25)
I, VoLl +(1—25)|0 0(d-0)V;, T, . L1,
T2 nfev,L,  2n 4L, 2nL,,
The ZVS conditions of S;~S, are given in (26).
2
(1-5)C,V,2 S & Viy
Lr,Sl— .2 P v =r,§2 = .2 .2 ’
i (ty) +i5r (tg)] i (t) +ik (t)]
2 2
Lr,Ss (1_ 5)Cer r.S4 &rvin 26)

il (te) +ilra(te)] , - 2ilia(ty) +ilra(to)]

Since iprs(te)=iLr(tia), Tira(te)=iLra(tes), iLs(tao)=iLa(t2), and
iLra(tio)=in(ty), the ZVS condition of S;~S, can be further
expressed as:

2 2
Lr > max{ &rvin (1_ 5)Crvin

2iZ1(t) + g2 ()] 2AiZ(ta) + 22 ()]

}@7)

V. DESIGN PROCEDURE AND EXPERIMENTAL
RESULTS

A prototype circuit with the design procedure is presented
in this section. The specifications of the prototype circuit are
V;,=480~580V, V,=24V, and 1,=40A. The circuit efficiency
is assumed to be 90%. The switching frequency of the
proposed converter is f;=100kHz. The nominal input terminal
voltage Vinnom 1S 530V. The maximum duty cycle of switches
S; and S; is equal to 0.48 at the minimum input voltage
V;,=480V and the full load condition. The maximum duty
cycle loss in modes 4 and 16 is assumed 15% under a full
load with a duty cycle 6=0.5.

8l L, f, 16PL, f,
nVi, 77Vir21

Oloss = 5Ioss,4 + 5Ioss,16 ~ <0.15 (28)

From (29), the resonant inductance of L, can be obtained as :
L < nvirz]’miné‘]oss _ O.gx 4802 X 0.15

r 16P, f, 16 x 960 x 100000

The actual resonant inductance L,=18uH is used in the

prototype circuit. From (13), the turns ratio of T,~T, is
obtained as:

n= [5max - Omax )Vin,min +

\/[gmax(l_5ma><)Vin,min]2 _4(\/0 +Vf )IoLr ff ] (30)
IV, +V{)~8.315

where V;=0.65V. A TDK EER-42 magnetic core with
A.=1.94cm” was used to design the transformers T, ~T,. The
primary turns of T,~T, with AB=0.2T are given as:

~20.254H  (29)

N. . > V015 — 5max (1_ 5max )Vin /2
PN A ABS A B,
In the prototype circuit, the primary winding turns n,=25 and
the secondary winding turns ny=3. It is assumed that the
magnetizing ripple current on L., is 0.7A. The magnetizing
inductacne can be obtained from (17).

2L, 1
amax(l_émax)vin,minTs - I; :
L. =
" 2Ai 1,
The actual magnetizing inductance L, of T;~T, in the
prototype circuit is 750uH. From (13), the minimum duty
cycle at the maximum input voltage and the full load
condition is obtained as:

1—\/1— 2n(Vo +V¢) 8L, f,
5min -

~15.4 (31)

~733uH (32)

V. nv.

in,max
2
In (14), the ripple current on Ly, and Lo, is set to 10%. Thus
the output inductances L,; and L, can be obtained as:
L > VL, 1, _
né‘maxvin,minAlLo

in,max ~0.29 (33)

~ 94H (34)

The actual output filter inductance L,=L,,=L,;=204H. Based
on (19) and (20), the average currents and the voltage stresses
on the rectifier diodes are given as:

IDl,av = ID3,av = (1_ 5min)|o 12=14.2A,

ID2,av = ID4,av =Omaxlo/2=9.6A,
VDstress = VD3stress = 2(1= O )Vin,max /n~98.8V ,
VD2 stress = VD4stress = 25ma><vin,min /n~66.8V (35)

U30D20C diodes with Vgg=200V and 1-=30A are used for
D,~D, at the secondary side. Based on (24), the rms currents
and the voltage stress of S;~S, are given as:

iSl,rms = i53,rms ~ 2(1_ 5min)|o 5min In~ 3'67A’
iSZ,rms = iS4,rms ~ 2é‘maxlo 1- é‘max In~3.32A

Vsistress = Vs2,stress = VS3,stress — V'S4 stress :Vin,max 12=290v (36)
In the prototype circuit, IRFP460 MOSFETSs with V=500V,
I5.ms=20A, Rpson=0.27Q and C.s,=480pF at 25V are used for
switches S;~S,. In the proposed circuit, the power switches
S,~S, are desinged to have ZVS operation from 50% load to
the full load condition under a nominal input voltage. The
duty cycle at 50% load and the nominal input voltage can be
given as:

_ 2n(Vo +Vf) _ 8|-r|0,50% fs

Vin,nom

50:
50% 2

1- 1

nVi n,nom

~0.3 (37)

The output capacitance C,s of the IRFP460 MOSFETS is
480pF at 25V. The equivalent output capacitance C, at
V;,=530V is given as:
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Fig. 5. Measured waveforms of the switch gate-to-source
voltages at full load and (a) V;,=480V (b) V=530V (c)
Vi,=580V.

Cr = 2 Cos |~ = = x 480 | —=>_ ~197pF (39)
R PR 530/2

From (24) and (25), the inductor currents i . (t,), iLo(ts),
ir1(ts) and ipo(tys), at 50% load and Js00,=0.3 can be
obtained as:

. Io,SO% Vo I-r I0,50% (2550% - 1) I 0,50%
i (ty)=— on 2 + >
n n 550%Vin,nom Lo n
_ 550% (1_ 550% )Vin,nost n Lr I 0,50% ~—2.06A
4L, 2nL,
. I 0,50% Vo I-r I 0,50% (1_ 2550% ) I 0,50%
i (ty) = 2 +— + 5
n n 550%Vin,nom Lo n ,
500 L= 5006 Winrom s Lr 1o 50%
" 50% ( 50/) innom’s  r 0,50% ~2.02A
4L, 2nL,,
. I 0,50% Vo I-r I 0,50% (2550% - 1) I 0,50%
i (te) = + +
2n N2,V L 2n
50% Y in,nom ~o
n 550% (1 - 550% )Vin,nost _ Lr I 0,50% ~1.1A
4L, 2nL,,
- I 0,50% Vo I-r I 0,50% (1 - 2550% ) I 0,50%
ira(tg) =— 2 + 2
n n 550%Vin,nom Lo n (39)
Os0os (L — Ocgy Vi T | I [P
_ 50A>( 50A>) in,nom ' s X r 10,50% ~—11A
4L 2nL

m m

In order to achieve ZVS of S;~S, from 50% load to the full
load under a nominal input voltage, the necessary resonant
inductance L, is obtained as:

S500CeVin (1= 350%)CVia

, ~8uH (40)
ﬁ%ﬁﬁﬂh®H2MMMHﬁdmf :

L, > max{:

From (29) and (40), the selected resonant inductor L,=18uH
can meet the ZVS condition of S;~S, from the 50% to the
100% load conditions. The selected capacitance of C,~C, is
0.47uF. The capacitance of the output capacitor C, is
5400uF.

Experimental results with the circuit parameters derived in
the previous section were provided to verify the effectiveness
of the proposed converter. The measured PWM signals of
S;~S, under a full load and different input voltages are
shown in Fig. 5. The PWM signals of S; and S; are
phase-shifted by one-half of a switching cycle. Fig. 6 gives
the measured gate voltage, the drain voltage and the switch
current of switches S;~S, under half and full loads with a
nominal input voltage. The drain voltages decreased to zero
before switches S;~S, are turned on. Thus, S;~S, are turned
on under ZVS from a half load to a full load.

Fig. 7 illustrates the measured waveforms of the inductor
currents iy ~i 4 under full load and a nominal input voltage.
When switch S, is in the on-state, the inductor current i,
decreases and i, increases. On the other hand, the inductor
current iy, increases and i, decreases if switch S, is in the
on-state. Fig. 8 gives the measured waveforms of v¢i, Ve,
Ves and veg under the full load condition. Fig. 9 gives the
measured waveforms of Vg g, ip1, ip; and i under the full
load condition. Fig. 10 shows the experimental results of i,
iL02 and i o1 +i e under the full load condition. Fig. 11 shows
the measured efficiencies of the proposed converter at
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Fig. 7. Measured waveforms of inductor currents i ,~i 4 at
full load and nominal input voltage.
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Fig. 8. Measured waveforms of v¢y, Vea, Vez and v, at full load
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I> load condition.
I;
i VI. CONCLUSION
J1<
’IS An interleaved DC/DC converter with series-connected

transformers is presented to achieve the following functions:
1) ZVS turn-on for all of the power switches, 2) magnetic

Fig. 6. Measured waveforms of the gate voltages, drain flux reset using the asymmetric PWM scheme, 3) low
voltages and switch current at nominal input voltage V;,=530V voltage stress of the power switches with a series half-bridge
and (a) S; and S, with 480W load (b) S; and S, with 480W load converter, and 4) a low ripple current at the output capacitor

(c) Sy and S, with 960W load (d) S; and S, with 960W load . with the interleaved PWM scheme. Two split capacitors and
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Fig. 10. Experimental results of i 41, i 02 and i o1 +i g at full
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Fig. 11. Measured efficiencies of the proposed converter at

different loads with nominal input voltage condition.

two half-bridge converter circuits connected in series are
used in the proposed circuit to limit the voltage stress of the
power switches at one-half of the input voltage. Thus the
MOSFETSs can be used in high input voltage applications to
achieve a high switching frequency, a low converter size and
a high circuit efficiency. Two half-bridge circuits are
operated with the interleaved PWM scheme so that the
resulting ripple current at the output capacitor can be
partially cancelled. Finally, experimental results are
provided to verify the effectiveness of the proposed
converter.
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