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High-Efficiency Three-Level DC-DC Converter
With Reduced Circulating Current and
Rectifier Voltage Stress

Keon-Woo Kim
Byoung-Hee Lee

Abstract—This paper proposes a high-efficiency three-level (TL)
dc—dc converter with reduced circulating current and rectifier volt-
age stress by using coupled inductor in the rectifier circuit. Because
of decreased circulating current, the conduction loss in the primary
circuit is reduced. In addition, since the rectifier diodes with low for-
ward voltage drop can be employed due to the small voltage stress,
the conduction loss of rectifier diodes can be reduced. Therefore, the
efficiency can be increased due to the reduction of the conduction
losses in the primary circuit and rectifier diodes. The character-
istics of the proposed converter are analyzed and compared with
other TL converters. The validity of the proposed converter is veri-
fied by the experimental results of the prototype with 540-600 VDC
input and 750 W (48 V/15.625 A) output.

Index Terms—Coupled inductor, reduced circulating current,
small rectifier voltage stress, three-level (TL) converter.

I. INTRODUCTION

VER the past several years, high input voltage dc—dc con-
O verter has become a very important issue in medium to
high-power applications such as fuel cell systems, ship-electric-
power-distribution system, and high-voltage charging system,
etc. [1]-[4]. Generally, insulated-gate bipolar transistors (IG-
BTs) and metal-oxide-semiconductor FETs (MOSFETS) are uti-
lized for the primary switches. First, IGBTs are preferred for
high input voltage application due to high-voltage blocking ca-
pability. However, IGBTs cannot be utilized with high switch-
ing frequency. Second, although MOSFETs can be used with high
switching frequency, high-voltage-rating MOSFETS result in high
cost and poor efficiency. Therefore, to achieve high efficiency
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with high switching frequency, decreasing the voltage stress of
the primary switches and using MOSFETs are the best candidates.

In order to decrease the voltage stress of the primary switches,
three-level (TL) dc—dc converters are widely used [5]-[14]. TL
dc—dc converters are very suitable in high input voltage applica-
tions because the voltage stress of the primary switches becomes
half of the input voltage. However, in TL dc—dc converters,
there are two significant problems. At first, the large circulating
current in the primary circuit causes a large conduction loss.
Because the circulating current flows through the primary
switches and clamping diodes without transferring the power, it
results in large conduction loss in the primary circuit. Second,
high-voltage-rating rectifier diodes lead to large conduction
loss. Due to the resonance between the leakage inductor and
parasitic capacitor, rectifier diodes have large voltage ringing,
and the voltage across the rectifier diodes becomes high.
Because high-voltage-rating diodes have large forward voltage
drop, it results in large conduction loss in the rectifier diodes.
Thus, it is necessary to minimize the circulating current and
voltage ringing across the rectifier diodes for high efficiency.

In order to reduce the circulating current and voltage ring-
ing across the rectifier diodes, many research works have been
studied [15]-[21]. The work in [15] reduces the circulating cur-
rent in the primary circuit. However, the converter requires ad-
ditional switches and still has large voltage ringing across the
rectifier diodes. Research in [16] decreases the voltage ringing
across the rectifier diodes. However, the converter still suffers
from the large conduction loss due to the circulating current,
and this scheme only can be utilized in full-bridge TL convert-
ers. In [17]-[19], the voltage stress across the rectifier diodes is
decreased, and the circulating current is reduced in the primary
circuit. The converters utilize MOSFETS for leading switches to
achieve zero-voltage switching (ZVS) operation and IGBTs for
lagging switches to achieve zero current switching operation.
However, IGBTs suffer from the current tailing phenomenon,
and they limit the switching frequency. The works in [20]-[21]
reduce the voltage stress across the rectifier diodes, and the cir-
culating current is decreased in the primary circuit. However,
lagging switches cannot achieve the ZVS operation under light-
load condition. Although large leakage inductance can extend
the ZVS range of lagging switches, it leads to large duty cycle
loss.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Conventional TL dc—dc converters. (a) DHBC TL dc—dc converter.
(b) Converter in [26].

Furthermore, the aforementioned studies [15]-[21] all have
the clamping diodes in the primary circuit, which increase the
cost and complexity of the circuit. Thus, to remove the clamping
diodes, dual half-bridge cascaded (DHBC) TL dc—dc converter
is suggested as shown in Fig. 1(a) [22]-[24]. In DHBC converter,
one dc-blocking capacitor is added, but two clamping diodes are
removed in comparison with the conventional TL dc—dc con-
verter. Due to low cost and compact circuit structure, DHBC
converter is widely used for industrial applications. However,
DHBC TL dc—dc converter still has the circulating current in
the primary switches and large voltage ringing problem across
the rectifier diodes such as the conventional TL dc—dc converter.
Therefore, to decrease the circulating current and voltage ring-
ing across the rectifier diodes, several studies have been studied
[25], [26]. In [25], the circulating current is reduced, and the
soft switching of the primary switches can be achieved from full-
load to light-load conditions. However, there is still large voltage
ringing across the rectifier diodes. The work in [26] added two
diodes in the rectifier circuit as shown in Fig. 1(b). It decreases
the voltage stress across the rectifier diodes and the circulating
current in the primary switches. However, because only half of
the circulating current is removed, the circulating current flows
through either Q5 or Q3. Also, the ZVS operation of the lagging
switch cannot be achieved under light-load conditions.

In this paper, high-efficiency DHBC TL dc—dc converter is
proposed by using a coupled inductor in the rectifier circuit.
The circulating current flowing through the primary switches is
decreased, and the voltage ringing across the rectifier diodes is
reduced. Because the circulating current in the primary switches
is decreased, the conduction loss in the primary switches is re-
duced. In addition, because of using the rectifier diodes having
low forward voltage drop, the conduction loss of the rectifier
diodes is reduced. Therefore, due to the small conduction losses
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Fig. 2. Proposed DHBC TL dc—dc converter.

in the primary switches and rectifier diodes, the efficiency of
the proposed converter is improved. Compare with [27], the im-
provements are expressed as follows.
1) Optimum design of coupled inductor is achieved.
2) Current stresses of primary switches are analyzed and
compared with other TL dc—dc converters.
3) Experimental results of comparison between the proposed
converter and DHBC TL dc—dc converter is added.
4) More detailed analysis of characteristics is added.
The validity of the proposed converter is confirmed by 540—
600 VDC input and 750 W(48 V/15.625 A) output prototype.

II. OPERATIONAL PRINCIPLE

Fig. 2 shows the circuit diagram of the proposed DHBC TL
dc—dc converter. The turn-ON time of Q¢ is complementary to
that of Q5 with dead time. The same gate signals are applied to
Qs and Q4 with a 180° phase difference. Fig. 3 shows the key
operating waveforms of the proposed converter in the steady
state. There are five modes in each half-switching period. The
operating circuit of each mode is shown in Fig. 4. For simple
analysis, the following assumptions are made as follows.

1) Input capacitances, Cj1, Ci2, Ci3, and Cjy, are large
enough to be regarded as voltage sources. The voltage
across the input capacitors, Vi1, Vg, Vois, and Viogy
are calculated as follows:

(1- D)W
2
DVi,

Veio = Veiz = — (2)

)]

Vein = Vo =

where Vi, is the input voltage and D is the duty ratio of
07 and Q4.

2) The output capacitance is large enough that output voltage,
V., is constant.

3) Turns ratio of the two transformers, 7;.; and 75, is the

same.

Mode 1 [to—t1]: When Q1 is turned ON, and ¢ p 3 becomes
zero, mode 1 starts. This mode is the powering mode because
the power is transferred from the primary side to secondary side.
The voltage across the primary winding of 751, vim1, is (1-
D)Vi,/2, and that of T}, vmo, is DViy/2. Thus, the rectifier
circuit voltage, Viec, is Vin/2n regardless of D. In the rectifier
circuit, the output current flows through D pr,. The current flows
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Fig. 3. Key operating waveforms of the proposed converter in steady state.

through Dp, discharges the upper side output capacitor, C,1,
and charges bottom side output capacitor, Cyo.

Mode 2 [t1—t2]: When Qq is turned OFF, mode 2 starts. Dur-
ing this mode, the output capacitors of O, and Q5 are charged
and discharged. Until the leakage inductor current of 171, %541,
becomes the same with the magnetizing inductor current of 7.1,
1.m1, the leakage inductor helps in the ZVS operation of Q-.
After 43,41 becomes the same with 47,1, the magnetizing in-
ductor helps the ZVS operation. Thus, the ZVS operation of Q-
can be easily achieved with sufficient energy.

During the mode 2, the circulating current decreases accord-
ing to the voltage across the leakage inductors, L;jq1 and Ljjgo.
At first, the relationships among the voltage across the magne-
tizing inductor of 7.1, vy, 1, the voltage across the magnetizing
inductor of T}.9, vrm2, the voltage across the leakage inductor
of T’.1, virg¢1, and the voltage across the leakage inductor of 7.5,
Ukg2 are obtained as follows:

VLm1 + Vikgt = —0.5DVi, 3)
VLm2 + UVikg2 = O5Dvin (4)
Viml + Vim2 = n‘/rec,mZ (5)

where 7 is turns ratio of the transformer.
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Fig. 4. Operating circuits of the proposed converter. (a) Mode 1. (b) Mode 2.
(c) Mode 3. (d) Mode 4. (e) Mode 5.

The rectifier circuit voltage during the mode 2, Viec m2, can
be calculated as follows:

.Vin
2n(n. + 1)

where n. is turns ratio of the coupled inductor.

(6)

ercc.,mQ =
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With the assumption that L;;4; is the same with Ligg2, Vikg1
is equal to vjg2. Then, using (3)—(6), the voltage across the
leakage inductors can be obtained as follows:

Vi
4(n.+1)

According to (7), the voltage across the leakage inductor is
negative. Thus, the circulating current decreases, and the current
flowing through D g9 decreases.

Mode 3 [to—t3]: When Q5 is turned ON, and 7o becomes
zero, mode 3 begins. This mode is the freewheeling mode. Be-
cause the circulating current decreases during mode 2, only
the magnetizing inductor current flows through the primary
switches. In the rectifier circuit, the output inductor current flows
through D g3 and coupled inductor.

Mode 4 [ts—t,]: When Q3 is turned OFF, mode 4 begins. Dur-
ing this mode, the magnetizing inductor helps the ZVS operation
of Q4. Because Dy and Dgs are reverse-biased, the output in-
ductor current is not transferred to the primary side, and the
voltage across Qy is discharged by the magnetizing inductor en-
ergy. When (vr;m1 + vrm2) becomes —nViee m2, Dr1 becomes
forward-biased, and mode 4 ends.

Mode 5 [ty—t5]: When (vpm1 + vima) becomes —nViec ma2,
mode 5 starts. During this mode, the output capacitor of Q, is
discharged by the leakage inductor energy, and the ZVS opera-
tion of Q4 is achieved.

(7

Vikgl = Vikg2 = —

III. ANALYSIS OF THE PROPOSED CONVERTER

In Section III, the characteristics and design example of the
proposed converter are presented with following specifications:
input voltage = 540-600 V, output voltage = 48 V, rated output
power = 750 W, and switching frequency = 100 kHz.

A. Voltage Gain

With assumption that the duty cycle loss is negligible, the volt-
age gain can be obtained from the voltage-second balance of the
output inductor. In the proposed converter, the average voltage
across the output inductor, v, avg, is calculated as follows:

Vin
ULo,avg = <2n — VO> DT

Ne -
+ (— - V01> (05—D)T, =0 (8)

where V, is the output voltage and T is the switching period.
The voltage across the output inductor during mode 1 in

Section II is (Vi,/2n-V,). Because V, is the same with the

opposite side voltage of the output inductor, V2 can be calcu-

lated as follows:
1 i
V= L (V - Vo> . ©)

Ne \ 2N

Since V,,; = V,—V,2, using (8) and (9), the voltage gain of the
proposed converter, M., is expressed as follows:

u V,  1+2Dn.

= = 1
prop VI QTL(]. +nc) ( O)

o
o

o
>
T

o
»
T

et
)
T

o
o
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In the same way, the voltage gain of DHBC converter, M opy1
and the converter in [26], M.onv2, can be obtained as follows:

Vo D
Meonvi = = 11
A (11
V, D(3-2D)
Meonv2 = S — 12
2=y o (12)

Using (10)—(12), the normalized voltage gain of the proposed
converter, DHBC converter, and the converter in [26] are com-
pared in Fig. 5. Because the output voltage of the converter
should be regulated at the minimum input voltage, n is designed
considering the maximum voltage gain. According to (10), the
maximum voltage gain of the proposed converter is (1/2n) when
D = 0.5. Thus, considering the duty cycle loss and parasitic
components, n of the proposed converter is designed as 4.8.

According to (10), the voltage gain of the proposed converter
cannot become 0. Thus, another control scheme is required to
build up the initial output voltage. If the duty cycle of every pri-
mary switch is 0, the voltage gain of the proposed converter can
become 0. Thus, during the start-up operation, the duty cycle of
Q7 and Q3 increase from O to D, and the duty cycle of Qs and Q4
increase from 0 to (1-D) with 180° phase difference as shown in
Fig. 6. Because the duty cycle of every primary switch increases
from 0, the voltage gain of the proposed converter also increases
from 0. After that, during the nominal operation, the proposed
converter regulates the output voltage by changing the duty ratio
of the primary switches. Although the primary switches suffer
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from hard switching during the start-up operation, it has lit-
tle impact on the performance of the converter due to its short
period.

B. Coupled Inductor Design

There are three guidelines to design the coupled inductor.
First, the minimum turns of the coupled inductor, N i, should
be designed to prevent the saturation of the output inductor [28],
[29]. Assuming that the ripple current of the output inductor and
duty cycle loss are negligible, the current flowing through L,1,
11,01, and current flowing through L2, i1,,2, are shown in Fig. 7.
During the freewheeling mode, the constant current flows to
Dgs, Lo1, and L2, and the amplitude of i7,1 and ¢1,,2 become
equal. Due to the coupled inductor structure, the relationship
between i1,,1 and 71,2 can be expressed as follows:

L1y~ iz (1)

Ne

ir02(t) = (13)

where [, is the output current.

Because i1,,1 and 77,2 are the same during the freewheeling
mode, by using (13), the current flowing through coupled in-
ductor during the freewheeling mode, I, ¢, can be calculated
as follows:

Ne
ne+ 1

During the powering mode, the resonance among the leakage
inductor of the coupled inductor, C,, and C, determines the
shape of iy,,2. Due to large C,; and C,s, i1,1 and iy, are

Iroy = (14)

o
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formed as triangle shape as shown in Fig. 7. By applying the
current-second balance of C,5, the minimum current of 7,9,
I7,02,min» can be calculated as follows:

(

IL02,min = -

Ne

110) (05 - D) Ts + (O-5IL02,min) DT@ = O (15)

o

In order to prevent the inductor saturation, NN, i, should
be designed with considering the maximum current of 77,1,
1Lol,max- Because i1, has the maximum value when the 77,2
has the minimum value, by utilizing (13) and (16), 71,61, mae can
be obtained. Thus, 7761, maee and N¢ min can be calculated as
follows:

1-2D
D

Ne
ne+ 1

16)

1 1-2D
I ol,max — Io Io 17
Lo, + P < ) ) 17)
LOILOI max
Nc min = —F 5 —— 18
' AeBsat ( )

where A, is the effective cross-sectional area, and Bgg; is the
saturation flux density.

Second, n. should be selected to design the winding area,
Auw, Lo, smaller than the winding window area of the output in-
ductor core [28], [29]. To calculate A,, 1., the rms value of
1,01 and 71,2 should be obtained. In case of 71,1, the current
increases linearly during powering mode, and the current has
constant value, Ir,, , during the freewheeling mode. In case of
11,02, the current decreases linearly during the powering mode,
and the current has constant value, /7, ¢, during the freewheel-
ing mode. Thus, the rms value of i1,1, ¢7.01,RMS, and the rms
value of 1,02, 11,02, RM S, can be calculated as follows: (19) and
(20) shown at the bottom of this page.

Finally, A, 1, is total area of wire wound on output inductor
core, and by using (18)—(20), it can be calculated as follows:

) 21

where k,, is the window utilization factor, and J, is the current
density of the wire.

1 ip02 RMS

+ —
Ne JLO

1Lol RMS
JLO

Aw,Lo = kuNc,min (

) DT, 1 1-9D 2 0.5T} n. 2
- _ I+ ————"27t) at —1I, ) dt
tLol,RMS 0.57, /o ( T ne+1 D2T, ) * /DTs <nc 1 )
— |2 |pp 022D fO-2D)1 S+ (1
= o Ne + 1 Ne —+ 1 3
. DT, n 1 0.5T% 2
- _ c dt dt
1Lo2,RMS 0.5T% /0 (Tlc +1 D2T ) + /DTg ( >
2
Ne (1-2D)(2-D)
_ L 20
() 5 -
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Third, n. should be designed to minimize the circulating cur-
rent. The circulating current decreases depending on v;41 and
Vikg2. Using (7), the duty ratio of mode 2 in Section II, Dyode2,
can be calculated as follows:

I
|.Zlkgl| D od e2Ts = = (22)
lkgl n
I,Ligg1 4(ne+1) Liggi 1,
D node2 = 9°_ — 99, 23
R [vikg1| Ts nVinTs 23)

From (23), according to decrease of n., Dyode2 decreases.
Because large Dyy4e2 results in rapid decline of the circulating
current, small n, should be selected to reduce the circulating
current.

In this design example, to calculate n., the output inductor
inductance, L,, is 13 pH, the core is PQ2625 whose winding
window area is 84.5 mm?, and J;, is 7 A/cm?. Using (21),
A, 1o according to n, is expressed in Fig. 8. According to the
second design guideline, A, 1, should smaller than the wind-
ing window area of PQ2625. Thus, n. should be larger than
1.37 as shown in Fig. 8. Also, according to the third design
guideline, small n. should be chosen to reduce the circulating
current. Therefore, considering the design guidelines of coupled
inductor, n, is designed as 1.4.

C. ZVS Condition of the Primary Switches

In the proposed converter, the ZVS condition of the lagging
switches and leading switches are different. The output capacitor
of the leading switch is charged and discharged by the energy
stored in the output inductor and magnetizing inductor. Even
at no-load condition, the ZVS operation can be achieved due
to the sufficient magnetizing inductor energy. Thus, the ZVS
operation of the leading switches can be performed under entire
load conditions.

In case of the lagging switches, the ZVS condition is deter-
mined by the energy stored in the magnetizing inductor and
leakage inductor. As mentioned earlier, the voltage across the
lagging switch is discharged by the magnetizing inductor en-
ergy during Dp; and Dpgs are reverse biased. Thus, until the
voltage across the lagging switch becomes (Vin /2-nVicc f), the
magnetizing inductor current discharges the output capacitor of
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the lagging switch. After that, the energy stored in the leakage
inductor involves in the ZVS operation. Therefore, the leak-
age inductor current should be large enough when the ZVS op-
eration is started. Because the leakage inductor current is the
same with the magnetizing inductor current during the mode 3 in
Section II, the leakage inductor current at the initial point of the
ZVS operation is equal to the peak magnetizing inductor cur-
rent, I, pi. Thus, I1,, pi can be calculated, and the converter
should satisfy following conditions:

D(1-D)V;

AL, fs .

ILm,pk -

1 , 1 Vin °
5 (Lllcgl +le:g2) ILm,pk: > 5 (20035) 9 _nv;echf
(25)

where L,, is the magnetizing inductance, f, is the switching
frequency, and C,ss is the output capacitance of the primary
switches.

Using (24) and (25), to achieve the ZVS operation of the
lagging switches under entire load conditions, the maximum
value of the magnetizing inductance can be obtained as follows:

() (2552). o

Compared with the conventional converters, the proposed
converter has a smaller peak current due to the reduced circulat-
ing current. However, the ZVS operation of lagging switches can
be achieved because the proposed converter has larger energy
for the ZVS operation. From (26), L,, is designed as 300 pH to
achieve the ZVS operation of lagging switches. Therefore, the
proposed converter guarantees the ZVS operation of the primary
switches under entire load conditions.

< (Likg1 + Likg2)
"= 20055

D. Current Stress of the Primary Switches

Compared with the DHBC converter and the converter in [26],
the proposed converter has smaller circulating current in the pri-
mary switches. With the assumption that the duty cycle loss and
output inductor current ripple are negligible, the current wave-
forms flowing through the primary switches are shown in Fig. 9.
There are no circulating current in Q; and Q4 for every con-
verter. The sum of the reflected output current and magnetizing
inductor current flows through Q; and Q,, and the rms current
flowing through Q¢ and Q4, 7Q1,Q4_rms. is calculated as follows:

1 (PT ((1-D)Vi, I, ?
] rms — = —t — =1 m,pk dt
1Q1,Q4_rms \/TS/O < T + o L ,pk>

1 L\?
=.|D|=I%., 2.
[3 L ,pk+(n)1

For Q5 and Qj3, the circulating current flows from ¢, to #;
and from 7, to t3. For DHBC converter, the sum of the re-
flected output current and magnetizing inductor current flows.
For the converter in [26], the magnetizing inductor current flows
from 7y to 1, and the sum of the reflected output current and

27
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magnetizing inductor current flows from #» to 3. In the pro-
posed converter, only the magnetizing inductor current flows.
To calculate the rms current in Qo and Q3 for the proposed
converter, 4Q2,Q3_rms_prop» area A and B should be consid-
ered as shown in Fig. 9. Thus, ¢92,03_rms_prop ¢an be obtained
as follows:

i(?2,(;23 rms,A — / ( Ilt — le,pk) dt
0 2Lm

4/05-D ?

0.5—D
-2 <DILm,t2> ILm,pk‘ + I]%m,pk} (28)
| PTe (DVi, 1, ’
1Q2,Q3_rms,B — 0 oL t+ ; - ILm,t2
1 ,\?
=D l?)lim,tz + <n> ] (29)

1
Z'Q2.,Q3_rms_pr0p = \/T (2iQ27Q3_rms,A + iQ2,Q3_rms,B)
s
(30)

where 11,10 = D*Viy /(4L f5).

Using (10), (27), and (30), the rms current in the primary
switches of the proposed converter can be calculated. Similarly,
the rms current of the conventional converters can be obtained.
For the current flowing through Q; and Qy, the duty ratio and
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Fig. 10. Total rms current in the primary switches according to the input
voltage at full load condition.

magnetizing inductance are changed. Therefore, the rms current
in Q7 and Q4 of DHBC converter and the converter in [26]
can be obtained by using (11), (12), and (23). However, in the
case of the current flowing through Q5 and Qs, the circulating
current is increased. To calculate the rms current in Q5 and Q3
for DHBC converter, ¢g2,Q3_rms_conv1, area B and C should be
considered as shown in Fig. 9. Also, to calculate the rms current
in Q> and Q3 for the converter in [26], ©Q2,Q3_rms_conuv2, areas
A, B, and C should be considered. Thus, iQ2.Q3_rms_conv1 and
1Q2,Q3_rms_conv2 can be expressed as follows:

DTs /1 2

. o

1Q2,Q3_rms,C — / <n + ILm,pkl) dt
0

I 2
= (n + ILW,,m) (0.5 — D) (31)

. 1. .
1Q2,Q3_rms_convl = \/T (ZQQ,Q3_rms,B + QZQQ,QB_rms,C)
s
(32)

Z‘Q2 ,Q3_rms_conv2

= \/T (ZQQ,QBJmS,A + 1Q2,Q3_rms,B + ZQ2,Q37[‘I‘HS7C)' (33)
s

Therefore, the current stress on primary switches of DHBC
converter, converter in [26], and proposed converter can be cal-
culated, and they are compared in Table 1. Fig. 10 shows the
comparison of the total rms current in the primary switches
of the proposed converter and conventional converters at the
full-load condition. Because the proposed converter has a
smaller amount of the circulating current, the proposed converter
has smaller conduction loss compared with the conventional
converters.

E. Voltage Stress of the Rectifier Diodes

Due to the resonance between the leakage inductor and junc-
tion capacitor of the rectifier diodes, there is a voltage ringing
problem across the secondary rectifier diodes. The equivalent
circuit at the secondary side of the proposed converter during
mode 1 in Section II is shown in Fig. 11(a). The voltage across
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TABLE I
CURRENT STRESS ON PRIMARY SWITCHES OF THE PROTOTYPE CONVERTERS

DHBC converter |

Converter in [26] |

Proposed converter

Primary switch

Q1,09

Primary switch 1 . L, . L. . .
(©x 0) \/?(ZZQZ 03 msat lQ2,Q37rms,3) \/F(ZQZQ})‘MS,B + 21Q2,Q3Jm,c ) F(IQZ,Q3J‘mS.A 10203 ms.p T102.03 rms.c )

K

+
—
|| j Cor1
|| Cors [~
| Dre 3
Drz
(2)
H Cor1
I
Corz

(b)

Fig. 11. Equivalent circuit at the secondary side of the proposed converter.
(a) During mode 1 in Section II. (b) During mode 3 in Section II.

Dpgs, vpRrs, is the sum of V,; and V5 is V,, and the voltage
across Loy is (Vin/2n-V,), vprs is calculated as follows:

Vin

o (34)

vprs (t) =V, + < Va> cos (wet)
where Cp is the junction capacitance of the rectifier diodes,
Lijg,c is the leakage inductance of the coupled inductor, and
= (leg,cOD)l/Q-
In addition, due to the center-tapped structure of the rectifier
circuit, the voltage across D1, vppry 1S twice as vprs. Thus,

vpR1 1s obtained as follows:

Vin
vpr1(t) = 2vpprs(t) =2 <Vo + <2n - V0> cos (wJ)) .
(35)
The equivalent circuit at the secondary side of the proposed
converter during mode 3 in Section II is shown in Fig. 11(b).
During this period, the circulating current flows through Dgs.

TABLE II
VOLTAGE STRESS OF RECTIFIER DIODES OF THE PROTOTYPE CONVERTERS
DHBC Converter in Proposed converter
converter [26] P
Rectifier diode 2V, 2V, v,
in in_y 2| Zin
(Dr1,Dr2) ( n j [ n° n
Rectifier diode ﬁ _y
(Drs) v n °
e I R A
Rectifier diode n (n.-1)7, v,
(Drs) 2nn,(n,+1) n,
280

VDR',&VDRZ of DH BC convérter ~
240 i ----- i

va&va of convener in [26] \

200

160

-
[
o

VDRJ of proposed converter _

Rectifier Voltage Stress (V)

1 Bt Lt P
/11 ) "N S JFSGPRE JPENIPEY S
'& Vora of proposed converter i
0 i i i i i
540 550 560 570 580 590 600

Input Voltage (V)

Fig. 12.  Voltage stress of the rectifier diodes according to the input voltage.

The voltage across D g4, Vp R4, is the sum of V5 and the voltage

across L,s. Because the sum of the voltage across L, and L, is

V.1, the voltage across Lz is (V1 /(ne + 1)). Also, V,,; and Vo
C

can be obtained by using (9), and vp g4 is expressed as follows:
1 Vin Vin
(6 o>+<o 307 )

(36)

vpra (t) = Voo + cos (wet)

According to (34)—(36), the maximum voltage across the rec-
tifier diodes can be obtained when cos(w,t) is 1. Similarly, the
maximum voltage across the rectifier diodes of the conventional
converters can be calculated. As a result, the voltage stress of the
rectifier diodes comparing DHBC converter, converter in [26],
and the proposed converter is shown in Table II.
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Primary circuit 7;,1

Fig. 13.

Prototype of the proposed converter.

TABLE III

Secondary circuit

COMPONENT LIST OF THE PROTOTYPE CONVERTERS

DHBC Converter in Proposed
converter [26] converter
Primary switch SPA12N50C3
(01, 05, 05, Q1) Vasmas = 500V, Ip g = 11.6A)
[volume, cost] [680 mm® * 4, $2.23 * 4]
PQ3230
Transformer PQ3239 . (300 pH, 24:5:5)
. (720 pH, 23:5:5) _
(L, turns-ratio) — Ly=5.5 nH
[volume, cost] L,kg—5.53 WH [12500 mm’,
[12500 mm’, $5.44] $5.44]
Additional CM127125
inductor (L,;, L,>) (7.5 uH) -
[volume, cost] [356 mm® * 2, $0.98 * 2]
FFA60UP30D | MBR40250TG | MBR20200CT
Rectifier diode N (Vx=300V, (Vx=250'V, (Vx=200V,
(Dg1,Dr2) Vi=1.5V) V=0.86 V) V=0.8 V)
[volume, cost] [680 mm’®*2, | [680mm’®*2, | [680mm’*2,
$1.88 * 2] $1.72 * 2] $0.98 * 2]
MBR20H100C
Rectifier diode TG (Vx=100V,
(Drs) V=0.77 V)
[volume, cost] MBR20200CT [680 mm’® * 2,
(Vx=200 'V, $0.91 * 2]
- Vi=0.8A) oo
[686 i #2. | MBR20L60CT
Rectifier diode $0.98 * 2] ’ G (V=60 'V,
(Dri) V=0.53 V)
[volume, cost] [680 mm® * 2,
$0.9 * 2]
Output inductor PQ2620 PQ2625.
. (13 pH, 7:5)
(L,, turns-ratio) (13 pH, 7 turn) [6530 mm’
[volume, cost] [5470 mm’, $2.99] ’
$3.19]
Rubycon ZLH
Output capacitor Rubycon ZLH series series
(C,) (270 pF, 100 V) (270 pF, 100 V)
[volume, cost] [1004 mm’, $0.21] [1004 mm* * 3,
$0.21 * 3]
Output capacitor R82DC4I00AA
(Cyr. o) . 60J (1 pF, 63 V)
ol ~o2 [80 mm’ * 2,
[volume, cost] $0.21% 2]
Total volume 21726 mm’ 23086 mm’ 25602 mm’®
Total cost $23.28 $24.92 $22.37

Fig. 12 shows the voltage stresses of the rectifier diodes ac-
cording to the input voltages. Compared with the conventional
converters, the proposed converter has lower voltage stresses.
Thus, the proposed converter can use the rectifier diodes with
smaller forward voltage drop, and the conduction loss of rectifier
diodes is decreased.

IV. EXPERIMENTAL RESULTS

The proposed converter is implemented with 750-W DHBC
TL converter with a Texas Instruments digital power controller

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 3, MARCH 2020

ing2 (SA/div) Vo (50V/div)

|

I, (10A/div) ]

. Time : 2us/div

@

4 V, (50V/div
PCTT

/}(10A/8i9i]

'

e
Time : 2us/div

(b)
/’%
1, (10A/div)
Time : 2us/div
©

Fig. 14.  Experimental waveforms of the proposed converter. (a) At 10% load
condition. (b) At 50% load condition. (¢) At 100% load condition.

TMS320F280609 to verify the performance. The design specifi-
cations are as followings: input voltage = 540-600 VDC, output
voltage = 48 V, switching frequency = 100 kHz. The prototype
of the proposed converter is shown in Fig. 13, and the detailed
component list is presented in Table III.

Fig. 14 shows the experimental waveforms of the proposed
converter. As load condition is increased, the duty ratio of the
proposed converter is extended to regulate the output voltage.
The proposed converter can regulate the output voltage under
entire load conditions. Fig. 15 shows the experimental wave-
forms of DHBC converter, the converter in [26], and the pro-
posed converter at the full-load condition. For the conventional
converters, the leakage inductance is designed to achieve the
ZV'S operation of the lagging switches from 50% load condition
to 100% load condition. Voltage across the rectifier diodes are
clamped by RCD snubber circuit with 50% margin. For DHBC
converter and the converter in [26], the circulating current re-
mains, as shown in Fig. 15(a) and Fig. 15(b). However, for the
proposed converter, the circulating current is reduced as shown
in Fig. 15(c). In addition, the rectifier voltage stress of the pro-
posed converter is smaller compared with the rectifier voltage
stress of the conventional converters. Also, the voltage spike on
Dpgs and Dpy is very small due to small leakage inductance of
the coupled inductor.
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Fig. 15. Key waveforms at 100% load condition. (a) DHBC converter.
(b) Converter in [26]. (c) Proposed converter.

Fig. 16 shows ZVS waveforms at the lagging switch Q4 of
the proposed converter. Because, for the proposed converter, the
circulating current is the same with the magnetizing inductor
current, the proposed converter has almost same ZVS energy
regardless of the load conditions. The proposed converter can
achieve the soft switching under entire load conditions.

Fig. 17 shows the calculated power loss distribution at the
full-load condition when V;;, = 600 V. Conduction loss of the
primary switches is decreased in the proposed converter because
of the reduced circulating current in the primary circuit. Also,
the proposed converter can reduce the conduction loss of rec-
tifier diodes due to employing the low-voltage-rating rectifier
diodes.

Fig. 18 shows the measured efficiency of the proposed con-
verter and conventional converters when V;,, = 600 V. Due to the
reduced circulating current in the primary circuit and small con-
duction loss in the rectifier diodes, the proposed converter can
achieve higher efficiency compare with DHBC converter and
the converter in [26]. Also, power density and hardware cost are
an important factor to compare the converters. In Table III, the
volume and cost of each component in the prototype converters
are compared. Because the output inductor size is increased, and
the additional output capacitors are added, the total volume of
the proposed converter is a little bit increased. However, due to
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Fig. 16.  ZVS waveforms at the lagging switch of the proposed converter.
(a) Under 10% load condition. (b) Under 100% load condition.
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Fig. 17. Calculated power loss distribution at the full-load condition when
Vin = 600 V.
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Fig. 18.  Measured efficiency of the proposed converter, converter in [26], and

DHBC converter.

the low price of the rectifier diodes in the proposed converter, the
total cost becomes the smallest. Although the power density of
the proposed converter is smaller compared with the prototype
converters, the efficiency is the highest, and hardware cost is the
cheapest among the prototype converters.
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V. CONCLUSION

This paper proposes high-efficiency DHBC TL dc—dc con-
verter withreduced circulating current and rectifier voltage stress
by using the coupled inductor in the rectifier circuit. Due to
reduced circulating current, the rms current flowing through
the primary switches is decreased. In addition, each rectifier
diodes have small voltage stress, and it allows using diodes with
low forward voltage drop. Consequently, the proposed converter
is suitable for high input voltage applications requiring high
efficiency.
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