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Hybrid Three-Level and Half-Bridge DC-DC
Converter With Reduced Circulating Loss
and Output Filter Inductance

Zhiqgiang Guo, Student Member, IEEE, Deshang Sha, Member, IEEE, and Xiaozhong Liao, Member, IEEE

Abstract—A hybrid three-level (TL) and half-bridge (HB) dc-dc
converter is proposed in this paper. The TL dc-dc converter and
HB converter have their own transformers, respectively. Compared
with conventional TL dc—dc converters, the proposed one has no
additional switch at the primary side of the transformer, where the
TL converter shares the lagging switches with the HB converter.
In order to reduce the circulating current in the primary side, a
blocking capacitor is used to reset the primary winding current
of the TL converter. Moreover, the rectifier stage is composed of
four diodes in the center-tap rectification, forcing the circulating
current at the primary side to stay zero during the freewheeling pe-
riod. The magnetizing inductor of the HB transformer can extend
the zero voltage switching operation range of the lagging switches
even at light loads. Furthermore, the proposed converter can re-
duce the output filter inductance. Due to the advantages mentioned
above, the efficiency of the converter is improved dramatically. The
features and design guidelines of the proposed converter are given
in the paper. Finally, the performance of the converter is verified
by a 1-kW experimental prototype.

Index Terms—Phase shift, reduced circulating current,
three-level (TL), zero voltage switching (ZVS).

I. INTRODUCTION

UE to the voltage stress reduced to half of the input volt-
D age and the zero voltage switching (ZVS) of the switches,
the three-level (TL) dc—dc converter is widely used in high in-
put voltage applications. A series of TL dc—dc converters are
proposed in [1], [2]. The essential relationships among the fam-
ily of the TL dc—dc converter have been revealed in [3], and
the phase-shift controlled manner is employed in TL dc—dc
converters. However, it is difficult to achieve ZVS for lagging
switches especially at light loads. The switching noise and elec-
tromagnetic interference caused by hard switching degrades the
performance of the converter. Moreover, the circulating current
reduces the efficiency as the input voltage increases.
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In order to extend the ZVS of lagging switches, an external
inductor in series with the primary winding of the transformer
is employed [2]. However, the inductor leads to a large duty
cycle loss and a large ringing of the secondary rectifiers. An LC
network with an inductor and two capacitors is used to achieve
wide ZVS [4]. However, the additional inductor causes addi-
tional large circulating currents. An additional inductor with
two clamping diodes can be used to achieve ZVS for lagging
switches, and overshoot for secondary rectifiers can be sup-
pressed [5]. Nevertheless, it still results in large duty cycle loss.
Another approach for achieving ZVS for lagging switches is to
enhance the magnetizing current to charge and discharge the
junction capacitors by using two coupling inductors integrated
in one core [6]. Besides, a TL converter achieving the ZVS for
all switches is proposed in [7] by using two series-connected
transformers. For the sake of extending the ZVS range for lag-
ging switches, a TL dc—dc converter with an auxiliary coupling
inductor at the primary side is reduced [8]. The energy stored
in the auxiliary circuit is minimal at full loads and gradually
increases as the load current decreases. However, large circulat-
ing currents still freewheels at the primary side. Resonant TL
dc—dc converters have been proposed to regulate the output volt-
age with high efficiency by modulating the switching frequency
[9]-[11]. However, the switching frequency may vary in a wide
range especially at the light loads, which makes the magnetic
components and EMC design difficult. In order to overcome
the drawback of wide switching frequency variation in conven-
tional resonant converters, phase-shift control is extended to the
resonant TL dc—dc converter [12]-[14].

In order to reduce the circulating current and conduction loss,
a blocking capacitor is used to reset the primary winding cur-
rent. In order to avoid the current flowing to the reverse direction
during the freewheeling period, two diodes are series connected
with the lagging switches [15]. Although the circulating cur-
rent can be reduced, the conduction loss may not be optimized
because of more conduction loss caused by the two additional
diodes. Furthermore, the lagging legs will lose the ZVS con-
ditions. Therefore, insulated-gate bipolar transistor (IGBT) can
be used for lagging switches to achieve zero voltage and zero
current switching (ZVZCS). For ZVZCS TL dc—dc converters,
MOSFETs are used for leading switches to achieve ZVS, and
IGBTs are used for lagging switches to achieve ZCS [16]-[18].
However, using IGBTs limits the switching frequency of the
converter and the power density cannot be high. Most of the
researches on TL dc—dc converter focus on HB TL dc—dc con-
verters. Full bridge (FB) TL dc—dc converters are investigated in
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[19]-[21], but there are still some disadvantage to achieve soft
switching, high efficiency, and high-frequency operation for the
FB TL dc—dc converters.

In order to reduce the output filter inductance, hybrid TL
dc—dc converters with more than one transformer have been
proposed [22]-[26]. The transformers are series connected at
the primary or secondary side to reduce the voltage across the
filter inductor during the freewheeling period. However, large
circulating current still freewheels at the primary side of the
converter [22]-[25]. In order to solve this issue, a blocking
capacitor is used to reset the primary circulating current in the
hybrid converter [26]. Furthermore, a two diode should be series
connected with the lagging switches to block the reverse flowing
path. Therefore, the converter has to work in ZVZCS mode
instead of ZVS mode.

In this paper, a hybrid TL and HB dc—dc converter with
reduced circulating current and output filter inductance is pro-
posed. A blocking capacitor is used to decay the primary cir-
culating current. However, the lagging leg switches also can
achieve ZVS by using the magnetizing inductor current of the
HB transformer. At the secondary side of the transformer, a
novel rectifier circuit configuration composed of four diodes is
proposed, which forces the circulating current decreasing and
equaling to zero instead of flowing to the opposite direction
during the freewheeling period. In [23]-[26], the rectifiers of
the hybrid converters are the same circuit, which is actually a
center-tapped full waveform rectifier. Although the proposed
converter has more diodes at the rectifier stage, the conduction
loss at the secondary side is not increased. Due to the two more
diode at the rectifier stage, the reverse flowing path at the pri-
mary side during the freewheeling period is cut off. Therefore,
the diodes connected with lagging switches are unnecessary.

This paper is organized as follows. The circuit and mode
operation of the proposed converter is described in Section II.
In Section III, the main features of the proposed converter are
analyzed. The design guidelines of the converter are presented in
Section IV. The experimental prototype with 550~600 V input
voltage and 50 V/20A output is built to verify the performance
of the proposed converter in Section V. Finally, the conclusions
are given in Section VI.

II. PROPOSED HYBRID TL PLUS HALF BRIDGE
DC-DC CONVERTER

Fig. 1 shows the circuit configuration for the proposed con-
verter, which is composed of a TL dc—dc converter and an HB
dc—dc converter. The divided capacitors Cy;, Cy2, and the flying
capacitor C,1 and C,4- are large enough to be treated as voltage
sources, i.e., Vog1 = Voas = Vin /2, Vosst = Viosse = Vi /4.
The output voltage regulation is implemented by the phase-shift
manner. ()1 and ()4 are leading switches; ()2 and Q)3 are lag-
ging switches. The TL converter shares the lagging switches
0> and @3 with the HB de—dc converter. C; — C} are junction
capacitors of the switches, and C; = Cy = C3 = Cy = C. T}
is the transformer of the TL converter and 7.5 is the transformer
of the HB converter. The turns ratio of the two transformers
T.1and T,o aren; : 1:1and ny : 1 : 1, respectively. L and
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Fig. 1. Proposed hybrid TL plus HB converter.
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Fig. 2. Key waveforms of the proposed converter.

Ly are the leakage inductors of 7',y and T',.,. The magnetizing
inductor of 7', is designed large enough, thus the magnetiz-
ing current during the switching period can be ignored. L,, 5 is
the magnetizing inductor of T'.5. C}, is the blocking capacitor
that is used to decay the primary current of 7', ; and reduce the
circulating current.

Fig. 2 shows the key waveforms of the proposed converter.
There are eight working stages in each half-switching period.

Stage 1([tg, t1]) [see Fig. 3(a)]: Prior to ¢y, @1, and Q)3 are
on, and ) and @, are OFF. The primary current in 7.1 stays at
zero. The primary current in 7', » is negative. The output filter in-
ductor current flows through D 3. Attime ¢, ()3 is turned OFF.
The voltage across the blocking capacitor is negative. The pri-
mary winding current in transformer 7', 2, including the current
reflected from the output current and the magnetizing current in
T,-, starts to charge and discharge the junction capacitors of Q3
and )9, respectively. The primary winding current of 7', starts
to increase. (J; and D, conduct to charge the flying capacitors
Css1 and C,go. Since Dp; and Dps are forward biased and
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Dprs and Dy, are reverse biased, the current in D starts to
increase and the current in Dp3 starts to decrease. The ampli-
tude of the magnetizing current I, is expressed as

‘/ill TS‘

Lo = 1
2= 6L, ey

where T is the switching period.

Stage 2 ([t1,t2]) [see Fig. 3(b)]: At time #;, the drain-source
voltage of () reaches zero, and i, flows through the body
diode of Q. i, and 7, both increase linearly. The blocking
capacitor voltage v is charged by 7,,1. Q1 and D; still conduct
to charge the flying capacitors Cys; and Clgo. The output filter
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Topological stages with half-switching cycle: (a) [#g, t1], (b) [t1, 2], (¢) [t2, 3], (d) [3, 4], (e) [ta. t5], (D) [t5, 16 ], () [t6, t7], (h) [t7, t3].

inductor current ¢z, ; freewheels through Dy, and Dg3. The
current in D continues to increase, and the current in Dp3
continues to decrease. i1 and i, in this stage are expressed as

‘/in - 2”0[) (t)

t—t
5., (t—t1)

ip1 () = ip1(t) +

Vin
4Ly

ipg (t) = ipg (tl) + (t — tl) )
where v, () is the voltage across the blocking capacitor.

Stage 3 ([t2,t3]) [see Fig. 3(c)]: Attime fo, Q5 is switched on
with ZVS. i1 keeps on freewheeling through Dpr, and Dpg3.
ip1 and 7,9 still increase linearly as expressed in (2).



GUO et al.: HYBRID THREE-LEVEL AND HALF-BRIDGE DC-DC CONVERTER WITH REDUCED CIRCULATING LOSS AND OUTPUT FILTER

Stage 4 ([t3,t4]) [see Fig. 3(d)]: At time t3, Dp3 is reverse
biased and all the filter inductor current flow through D . The
TL transformer and the HB transformer transfer energy to the
output. The secondary winding current in 7', 5 is equal to that in
T . Ignoring the output current ripple, vcy is linearly charged
by ip1.ip1, ip2 and v, in this stage is expressed as

‘/7177, 2*1) t—t ‘/7',71,
eo(p) = L2t h) B
. Iy,
ip1(t) = T;
. I ‘/;‘TL
Zpg(t) = nL;_Im2+4L 2<t—t0). 3)

Stage 5 ([t4,t5]) [see Fig. 3(e)]: When @ is turned OFF at
t4, the voltages across the junction capacitors C and C are
charged and discharged linearly by the energy stored in the out-
put filter inductor Ly .i,; starts to decrease, so the current in
Dpy decreases and the current in Dy increases. The magne-
tizing inductor current in 7,5 is still linearly increasing.

Stage 6 ([t5,ts]) [see Fig. 3(H)]: When C reaches V4, /2 and
C, reaches zero, the body diode of @), is forward biased. 7,
freewheels through D; and Q». The voltage across Cj is applied
to the primary winding of 7'.;, which forces 7, to decrease
rapidly. The current in Dy, continue decreasing and the current
in Dy continues increasing.

Stage 7 ([ts,t7]) [see Fig. 3(g)]: At time tg, Q4 is turned
ON with ZVS. The primary winding current of 7°,; continues
decreasing and freewheels through D; and ). The current
in Dp; continues reducing and the current in Dy, continues
increasing.

Stage 8 ([t7,1s]) [see Fig. 3(h)]: Stage 9 starts when ¢, de-
cays to zero. D and Q still conduct to charge flying capacitors
Cys1 and Cyg9. Then Do carries all the filter inductor current,
and Dp; and Dp, are reverse biased. Therefore, the flowing
path of the secondary current in 7.1 is blocked. The filter in-
ductor current only can flow through Dpo and the secondary
winding of T, 5. Without current flowing in secondary winding
of T',1, the primary winding current in 7', keeps zero. The
voltage across Cj, stays constant in this stage. 4,2 and vpec in
this stage is expressed as

‘/ill
Vrec (t) - 4n2
. I ‘/in
ipo(t) = nLZf — Lo+ Y (t —to). %)

III. ANALYSIS OF THE CONVERTER
A. DC Conversion Ratio

In practice, the voltage across the blocking capacitor is very
low. Therefore, in order to simplify the analysis, it can be negli-
gible. Moreover, ignoring the duty cycle loss, the dc conversion
ratio of the converter in continuous conduction mode can be
derived from the volt-second balance for the output filter, which
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Fig. 4. DC conversion ratio versus duty cycle.

can be written by

Vgn Vgn VEH
-V, | D ~V,)1=D)=0 (5

where D is the duty cycle. Based on (5), the dc conversion ratio
of the converter is expressed as

vV, D 1
M=-2=—" 4 —, 6
V;n 2”1 i 4”2 ( )

Fig. 4 shows dc conversion ratio versus duty cycle for different
no when ny = 4. As seen, for different ns, the curves of the
conversion ratios are parallel lines. As seen in (6), the lowest
conversion ratio for the proposed converter is 1/4n,, which
means the lowest conversion ratio is determined by the turns
ratio of T',.5.

B. Voltage of the Blocking Capacitor

During one complete switching period, the time duration dur-
ing ty—t3 and t4—t7 is rather short. Therefore, the maximum volt-
age across the blocking capacitor is approximately expressed as

1 (Y1, I;DT,
bomax ~ T —dt = ——. 7
ven- 20, /t;; ni 4n, Cy, @

In terms of (7), the maximum voltage of the blocking ca-
pacitor is associated with the load current, duty cycle, and the
capacitance of Cj,. Larger capacitance of Cj, can reduce its max-
imum voltage, but too low voltage can not allow i, to be reset
to zero. Therefore, C, should meet the following condition:

" ALy DT Ins/m ®)
Cb_max 4”1017 k1 (1 — D)TS/2
Rewriting (8), the maximum value of Cj, is expressed as
D(1— D)T?
Cpy < ————=. 9
b SLi )

Moreover, U¢p,_nm q. should not be larger than V4, /2, otherwise
the working stage of the converter may become abnormal. The
minimum value of C}, should meet the following condition:

I, ¢ DT,
4n1 Cb

where V), is the maximum allowable voltage, which is less
than V;,, /2. Therefore, the minimum value of C}, is expressed

<Vn (10)

VCh_max ~
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C. ZVS Condition of Switches

In order to achieve ZVS for leading switches, their junction
capacitor voltage should drop to zero before the switch is turned
ON. In this working stage, the leading switches are charged and
discharged by the primary currents in 7', and 7T'.o, which are
all reflected from the energy stored in the output filter inductor.
Conventionally, the leading switches are easy to achieve ZVS
even at light loads.

For the conventional TL dc—dc converter, the ZVS of lagging
switches is achieved by the energy stored in the leakage inductor.
For the proposed converter, the ZVS for lagging switches is
achieved by the primary currentin 7', o, which include the energy
stored in the leakage inductor and magnetizing inductor of 7', 5.
At heavy loads, the energy stored in the leakage inductor of T, 5
is large enough to achieve ZVS. However, at light loads, the
energy stored in the leakage inductor is too low to achieve ZVS.
In this case, the magnetizing inductor current should be large
enough to charge and discharge the junction capacitors of the
lagging switches. Ignoring the low leakage inductor current of
T, at light loads, the equivalent circuit in Stage 1 is shown in
Fig. 5.

Moreover, the initial state in this stage is vc2(0) =
Vin/2,v¢3(0) =0, and 4,1 (0) = 0. According to Fig. 5, the
primary current in 7’1 and voltages across Cy and C' are ex-
pressed as

Z.pl = Ipno — Lo COS[Wm (t - tO)]

‘/;7" IT’L .
ve, (t) = =5+ = 50— - sinfum (t = 10)]
I .
ve, (t) = 20; - sinfwp, (t — t9)] (12)
m

where w,,, = 1/4/2CLj. In order to achieve ZVS for the lag-
ging switches, the voltage across Cs should be discharged to
zero within the dead time, which is given by

v Vvin ImQ sinw. 1
c2 — - m ldead
2 2Cw,,
Vin Vin T

13)

= — — o=~ —Sinwp tgead < 0.
2 320,50y, m dead
Hence, the magnetizing inductance L,, o for the ZVS condi-
tion should be designed as follows:
(14)

S .
Lm 9 < SINWy, tdea‘d

T.
16Cw,,
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Fig. 6. Primary winding current of the transformers and the currents of the
primary semiconductors (a) Conventional TL converter, (b) Proposed converter,
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where tqcaq 1S the dead time between Q2 and Q3. As seen in
(14), the ZVS condition is independent of the loads. With the
aid of the magnetizing inductor of the 7', 5, the ZVS of lagging
switches can be ensured within a wide load range.

D. Current Stress of the Primary Semiconductors.

The primary winding currents in the transformers of the con-
ventional TL converter and the proposed converter are shown
in Fig. 6(a) and (b). Fig. 6(c) shows the currents of the primary
semiconductors. As seen in Fig. 6(a), ignoring the duty cycle
loss and output current ripple, the primary winding rms current
in the conventional TL dc—dc converter can be expressed
as

rms
pl_c

RS oy (15)

Therefore, the rms current in leading switches Q; and

. . ! D .V,
Q4 is approximately evaluated as [){"7\/5 =~ e vnbM.

pl_c
Furthermore, the rms current of the lagging switches Qs and
Q3 is expressed as I)]1°./ /2. The current freewheels through
the clamping diode and lagging switch during the freewheeling
interval. Ignoring the output current ripple and duty cycle loss,

the rms current in the primary clamping diodes for conventional
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TL converter is expressed as

Ts 2
NI frd i ’ Vn dt
'!D1,D2_conv = Ts DL nR,
v, 1-D Vo
_ — —nM. (16
ni R, 2 nmR, V 2 1

As seen in Fig. 6(b) and (c), for the proposed converter, the
primary winding current amplitude of 7', is equal to V, /n1 R,
During Stage 5-8, the current flows through the leading switch
and clamping diode to charge capacitors Cy4; and Cség, and

VU Vin /Vm —
o 4no QTLDRO

Therefore, ignoring the output current rlpple and duty cycle
loss, the rms current flowing through the leading switches for
the proposed converter is approximately evaluated as

the current is approximately equal to

STms
1Q1,Q4

[ (ot

0 n1 RO 27l2R0
1 +( 1 N 1 )D
8n§ 2n% 2niny

2 TT Vv 2
dt 2 dt
) +/ DLy (2n2R ) >

Il
Pl
>

J|s
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Fig. 7. Equivalent circuit of the secondary side in Stage 4.

During Stage 1-8, the magnetizing inductor current is ex-
pressed as

V;n
Im 9+ ——

1
4L'm 2 ( 9)

iL m2 (t)

The rms current in the lagging switches for the proposed
converter is evaluated in Eqn. (20) as shown at the bottom of
page.

The rms current in the primary semiconductors is related with
the turns ratio of the two transformers. In order to minimize
conduction loss, the turns ratio of the two transformers should
be optimized, which will be discussed in detail in Section I'V.

~ Vo \/12 N (% n 1 ) <2n1M— ”71) an E Voltage Stress of the Secondary Diodes
R, \ 8nj 2ny  2ning 2n9 . . o .
The equivalent circuit of the secondary side in Stage 4 is
The rms current in the clamping diodes is expressed as shown in Fig. 7, where Cpr3 and Cpgy are the junction ca-
pacitance of D3 and Dp 4. Output filter inductor is supposed
1 v 2 v large enough, so the output filter inductor current can be viewed
s =1/ — / (") dt = —="—. (18) asa current source. The initial state in this Stage is vp3(0) =
Ts 0 2ny R, 2\/§n2R0 ’UDR4(O) :O,is(O) ZILf, and iDRg(O) :iDPA(O) =0.
As seen in (17), the rms current in the clamping diodes of ; (/?)S:rl:l\t:r%tteflb) rs = Cpri =Cp,vepa(t),veps(t), and
the conventional TL dc—dc converter is related with the duty ** y
cycle and output power. In order to reduce the conduction loss, Vin  Vin
the duty cycle should be large enough. Comparatively, the rms vpra(t) = < n’1’ + 2n2) [1 — cos(wy (t —t3))]
current in the clamping diodes of the proposed converter is
. . , ! V; Vi
relz?ted with the turns ratio of T, 5 and output poyver. As seen, as vprs(t) = in 4 Yin [1— cos(wn (t — t3))]
no increases, the rms current in the clamping diodes decreases. 2nq 219
Therefore, in order to reduce the conduction loss, the turns ratio v v 1
of T, should not be designed too low. If ny is too low, T;» is(t) = oy 5 5
- - ni - 2ny ) (nfLk1 +nj L) wy
will transfer more power to the load, which may cause more
conduction loss. x sin(w, (t —t3)) + Irs 21
ms 1 Do v, ) v, 2 e ) v, 2
ZQQ.Q3_ Tis /() (ann +7«Lm2(t)+ n2R{,> dt‘i’/D% <1L7712(t)+ anO) dt
_ (L 1\ ¥eD _ VWTDA-D) VP | VGT
B 2n1  ny ) mR? 16L,,0m1 R, 2n3R2  1536L2,,
1 1 ny V2 Vo Vin T V2 V2T?
~ - . b o 1— {a in
\/(zm N nQ) (m“M 2n2) 1 R (2”1A 2 12) ( 2m Mg ) 16L,,mR,  2n3R? ' 1536L2,

(20)
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where w,, = 1/\/2013 (n? Ly + n3Lys). Therefore, ignoring
the reverse recovery of the body diode, the maximum voltage of
2V, Viy

Dpry and Dy, isequal to 7 4 &, and the maximum voltage

of Dro and Dp3 is equal to YT + ‘7% The voltage stress of
Dpgro and Dpy is lower than Dy and Dyy.

IV. DESIGN CONSIDERATIONS

This section introduces a design example of the proposed
converter with 550 ~ 600V input voltage and 50V/20A out-
put. Therefore, the rated load resistance is 2.5¢2. A switching
frequency of 100 kHz is adopted.

A. Turns Ratio of the Two Transformers

In order to design the two transformers, the power ratio of
the two transformers should be chosen to the desired value. As
illustrated in Section III E, in order to reduce the conduction loss,
T, » should not transfer too much power to the load. Therefore,
the power ratio of the two transformers is initially selected as
2. At full loads, T, provides approximately 300 W power.
Therefore, the turns ratio of 7,5 is expressed as

o VinILf - 550 x 20

. — = 9.16.
AP;, 4 x300

n2

(22)

Therefore, the turns ratio of 1’5 is designed as 9:1:1.

At the minimum input voltage, the duty cycle of the converter
is initially chosen as 0.7. Therefore, in terms of (6), the turns
ratio of T'.1 is expressed as

D 0.7
"= = o =554 (23)
2(&, _47112) 2x (55— 709)

Consequently, the turns ratio of 7', is designed as 5.5:1:1.
At the minimum input voltage, the effective duty cycle is 0.69.
At the maximum input voltage, the effective duty cycle is 0.61.
For the conventional TL dc—dc operating within the same duty
cycle range, the turns ratio of the transformer can be expressed
l%m 0.7x550

=00 = 3.85. Therefore, it can be selected as

B. Filter Inductor and Current Ripple

For conventional TL dc—dc converter, the voltage applied on
the filter inductor is Vi, /2n; — V, during the power transmis-
sion, while the value is -V, during the freewheeling period.
Therefore, the current ripple of the filter inductor Aip s . is
given by

Te‘/;n1_2 %‘/1112 V;)V;n
sVin (1= 20 Vo /Viu)2m Vo /Vin (24)

Nips, =
"S- inL;

Asseenin Fig. 8, for the proposed converter, ignoring the volt-
age across the blocking capacitor, the voltage applied on the filter
inductoris Vi, /2n; + Vi, /4ny — V, during the power transmis-
sion. During the freewheeling period, the value is Vi, /4ny-V,.
The current ripple of the filter inductor for the proposed con-
verter is expressed as
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Fig. 8. Idealized rectifier voltage v o (a) conventional TL converter (b) pro-
posed converter.
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Fig. 10. Magnetizing inductance of 7', o versus the leakage inductance of
Tr1.
Aipp =
Ts‘/in (1 - 2nl VO/Vin + ”1/(2712» (2’)’L1 Vn/Vvin - 711/(2112))

(25)

4ni1 Ly

For the desired output current ripple Al ; = 0.5A and the
turns ratio of the transformer designed in Section IV A, the out-
put filter inductance versus input voltages is shown in Fig. 9. As
seen in Fig. 9, compared with the conventional TL converter,
the filter inductance of the proposed converter is dramatically
reduced. Furthermore, the filter size and copper loss of the in-
ductor can be reduced. Eventually, the filter inductance Ly is
designed as 130 pH.

C. Magnetizing Inductance of the HB Transformer

With the specification of C' = 200pF, Ty = 10 us and tgeaq =
100ns, the magnetizing inductance of 7', versus the leakage
inductance Ly interms of (14) is shown in Fig. 10. As seen, with
the increase of Ly, the magnetizing inductance L, » increases.
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In this case, the magnetizing current in 7’5 can be reduced,
and the circulating current is reduced as well. However, larger
Ly causes larger duty cycle loss. Therefore, there is a tradeoff
between the duty cycle loss and magnetizing current in 7;5.

In this paper, the leakage inductance L is chosen as 8 pH.
Therefore, the ZVS condition for lagging switches is L;,2 <
173 pH. Eventually, the magnetizing inductor L,, 5 is designed
as 170 uH.

D. Current Stress Comparison of the Primary
Semiconductors

According to the turns ratio of the transformers and magne-
tizing inductance L,,o in this section, the rms currents of the
switches in per unit versus the input voltages in terms of (17) and
(20) are shown in Fig. 11. As seen in Fig. 11, the current stress of
the proposed converter is lower than the conventional TL con-
verter. As analyzed in Section IV A, in order to achieve the same
conversion ratio with the same duty cycle range, the turns ratio
of T',1 for proposed converter is larger than the conventional
TL converter, so the current amplitude in the primary winding
of T',.1 is lower than the conventional TL converter. Hence, the
current stress of leading switches is lower than the conventional
TL converter. Fig. 6(a) illustrates the circulating current of the
conventional TL converter. During the freewheeling period, the
lagging switches and clamping diodes have to handle higher
circulating currents, causing more conduction loss. Fig. 6(b) il-
lustrates that 7,1 is reset to zero when the output inductor works
in the freewheeling period, reducing the rms current of the lag-
ging switches. Although the primary winding current in 7',
flows through the lagging switches and clamping diodes, the
current stress is also lower than the conventional TL converter.
Fig. 12 shows the rms current in the clamping diodes in per unit
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versus the input voltage. Due to the reduced circulating current,
the rms current in the clamping diodes is lower than that of the
conventional TL converter.

E. Blocking Capacitor C),

The maximum voltage across the blocking capacitor is desired
to be less than 100 V. According to (9) and (11), the capacitance
Cy should meet the following requirements:

I gDT, 20 x0.69 x 10 x 107

Cy > = 125.4(nF
"7 v, 4% 55 x 100 (nF)
O < D(1—D)T?  0.69 x (1 —0.69) x (10 x 107%)?
b 8L, N 8 x 8 x 100
= 334(nF).
(26)

Then Cj, is chosen as 150 nF.

V. EXPERIMENTAL VERIFICATIONS

In order to verify the performance of the proposed converter,
a 1-kW prototype is built. The specifications of the proto-
type are given as follows: Vi, = 550V ~ 600V, V, = 50V,
ny = 55, N9 = 9, C(“ = Cdg =20 ,uF, Cssl = CSSQ =4.7
uF, C = 200pF, C, = 150nF, L,,» =170 pH, L; = 130uH,
C, = 220uF. The switching frequency is 100 kHz. Each primary
switch is FDP18N50. The primary clamping diode is DSEP12—
12A. Rectifier diodes Dy and D p 4 are FFH30US30DN, whose
forward voltage drop is 1 V. Rectifiers Dpy and Dps are
MBR20200CT, whose forward voltage drop is 0.8 V. A RCD
snubber circuit is used to reduce the voltage spike of the rectifier
diodes. The snubber circuit is composed of a 620 2 resistor, a
10 nF capacitor, and a diode. The experimental results are shown
from Fig. 13-Fig. 15.

Fig. 13 shows the key waveforms at different input volt-
ages and output power, where P is the output power. Fig. 13(a)
shows the experimental waveforms when Vi, = 550V and
P = 1000W. Fig. 13(b) shows the experimental waveforms
when V;, = 600V, and P = 1000W. With the increase of the in-
put voltage, the duty cycle of the proposed converter decreases.
Fig. 13(c) shows the experimental waveforms when Vi, = 550V
and P = 200W. The current amplitudes of i,; and 7,5 are both
reduced as the output power decreases. As expected, current
1p1 in the three mentioned cases are all reset to zero during the
freewheeling period, which minimizes the conduction loss in
the primary side circuit.

Fig. 14 shows current in )4, current in clamping diode D1,
gate signal, and drain-source voltage of switch (4. Fig. 14(a)
shows ZVS of the leading switches at heavy loads. Fig. 14(b)
shows the ZVS of the leading switches at light loads. Before ()4
is turned on, the current in (4 is negative. The junction capacitor
of @4 is discharged until the current flows through its body
diode. Fig. 15 shows current in J3, primary winding current
in T, gate signal, and drain-source voltage of switch Q3.
Fig. 15(a) shows the ZVS of lagging switches at the heavy load.
Fig. 15(b) highlights the ZVS operation of lagging switches at
the light load. As seen in the experimental results, before Q)3 is
turned on, the current in Q3 is negative. The junction capacitor
of Q3 is also discharged until the current flows through its body
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TABLE I
MAIN COMPONENTS AND THEIR VOLUME

Conventional TL converter

Proposed converter

Output Inductor core

Output inductor volume 79 599 mm?
Transformer core EE47/20/16
Transformer volume 62040 mm?

Fly capacitors 630V 2.2uF

Fly capacitor volume
Output capacitor
Output capacitor volume

Kool Myt 77 195 (with 27 turns)

28 mmx 19 mmx 11 mm (5852 mm?)
100 V 220 pF (electrolytic capacitor)

Kool My 77 715 (with 29 turns)
58 353 mm?

T E40/27/12+-140/7.5/12
T E33/23/13+4-133/5/13
T 34 000 mm?;
T,y  23925mm’

250 V 4.7uF 2ea
24 mm x 19 mm x 11 mm (5016 mm?> 2ea)

1307 mm?

=#—Proposed converter
at V=550V

Proposed converter
at V=600V

vy
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at V=350V

=
w

=
(51

o

Efficiency (%)

=r=Conventional TL converter
at ¥, =600V

=

=#=Converter in [23]
at V=550V

=
<

=&=Converter in [23]
T T T T T T T T T T T g [
122 183 243 306 367 426 487 548 610 671 732 791 832 913 975

Power (W)

=
)

Fig. 16.  Efficiency for the proposed converter, the conventional TL converter,
and the converter in [23].
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Fig. 17. Calculated power loss distribution at rated load when Vi, = 550V.

the fly capacitor in the proposed converter is split into two. Al-
though the voltage rating of the flying capacitor is reduced, the
total volume of the flying capacitor is a little bit larger than
the conventional one. However, synthesizing the volume of the
major components, the power density of the proposed converter
still can be improved.

The measured efficiency curves for the proposed converter,
the converter in [23], and the conventional TL converter are
shown in Fig. 16. Compared with the conventional TL con-
verter, due to the reduced circulating current, the efficiency of
the proposed one is greatly improved. At V5, = 600V, the max-
imum improvement at light loads is 4%, and the improvement
at heavy loads is more than 2%. For the converter in [23], al-
though the ZVS of the switches is achieved, circulating currents
still freewheels at the primary side of the transformer during the
freewheeling period. Therefore, the efficiency of the proposed
one is higher than the converter in [23].

Fig. 17 shows the comparison of the calculated power loss
distribution at full load when Vi, = 550V. Due to the reduced
circulating current, the switches conduction loss, the clamping
diodes conduction loss, and the transformer copper loss are all
reduced. By using smaller volume of the cores, the transformer
core loss is reduced. The lower voltage rating diodes, such as
Schottky diodes, are used for Drs and Dps, whose forward
voltage drop is lower. Therefore, the conduction loss in the rec-
tifier stage is reduced. To sum up, the efficiency of the proposed
converter is higher than the conventional converter.

VI. CONCLUSION

In this paper, a hybrid TL and HB dc—dc converter by sharing
the lagging switches to reduce the circulating current and output
filter inductance is proposed for higher efficiency. Since the
switches only undergo half of the input voltage, the proposed
converter is suitable for high input voltage applications. The
magnetizing inductor of the HB transformer can extend the
ZVS of the lagging switches. The blocking capacitor together
with the secondary novel-rectifying configuration can reset the
circulating currents at the primary windings. Compared with
the conventional TL dc—dc converter, the current stress of the
switches and clamping diodes are all reduced, resulting in lower
conduction loss. The good performance and design method has
been verified by a 1-kW experimental prototype.
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