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Abstract: This paper presents a comparative study
among ZVS isolated PWM dc-dc converters. The full-
bridge converter, the neutral-point-clamped diode
converter and the series arrangement of half-bridge
converters are compared considering ZVS operation
range, efficiency and cost. These converters are analyzed
for three cases: (i) maximum efficiency at full load; (ii)
the use of a series inductor to assure ZVS in a desired
load range; (iii) ZVS in entire load range. Complete
theoretical analysis and experimental results for 60V/25A
are accomplished to demonstrate the presented
theoretical analysis.

I. INTRODUCTION

The full-bridge (FB) converter presented in Fig. la has
been widely utilized by the industry as dc-dc isolated
converter for high frequency high power applications. This
converter presents industry-desired characteristics, such as
robustness and capability to incorporate parasitic components
to obtain soft commutation [1,2,12,13].

The full-bridge converter can operate with ZVS in a load-
range due to the presence of transformer leakage and
magnetizing inductances [1,2,3]. Like the ZVS-FB converter,
many other isolated dc-dc converters can operate with ZVS
in a load-range, only using the transformer leakage
inductance [1,5,6,8,9,13,14].

The main drawback of this commutation technique is the
increase of the conduction losses when ZVS is required in a
wide load range. For this purpose, the inductance in series
with the transformer must be enlarged, reducing the effective
duty-cycle and penalizing the converter efficiency [1,2,3].
However, the designer can sacrifice the soft-commutation at
light load to achieve higher efficiency at full load. Otherwise,
the ZVS capability of these converters can be easily extended
to full-load-range by the inclusion of an auxiliary
commutation circuit (ACC) that performs ZVS at light load
current. A simple way to implement this auxiliary circuit is
the inclusion of an auxiliary inductor for each leg, as
depicted in Fig. 1b.
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This paper analyzes the Neutral-Point-Clamped Diode
(NPC) presented in Fig. 2a with an ACC and the converters
composed of series connection of two half-bridges (sHB)
presented in Fig. 2b and 2c, which present the same
commutations characteristics of the full-bridge converter.
The series arrangement of the switches make these
converters more appropriate for high voltage applications.
However, even for low voltage applications, these converters
can be an attractive choice, since they the use MOSFETSs
rated for half of dc bus voltage, which present reduced drain-
source on-resistance.

Following are presented the analysis of the converters
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Fig. 2 - Dc-dc ZVSisolated Full-bridge converter: (a)
ZVSin awideload range; (b) ZVSin entireload range.

II. CONVERTERS ANALYSIS

In this section an analysis of the effects of the ACC on the
efficiency of isolated converters is presented. It is well
known that on isolated converters, the transformers leakages
inductances can be seen as inductors in series with the
transformer. Since the series inductors produces duty-cycle
reduction, the transformer leakage becomes significant for
high frequency high power converters. The relation between
the effective duty-cycle and the series inductor is given by in
(1) for the FB converter, and by (2) for the series converters.
The relation between the series inductor and the duty-cycle
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Fig. 1 —Converter with main switchesrated to half of dc busvoltage: (a) NPC; (b) sHB with PSM; (c) sHB with
PWM.
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of the series converters is illustrated in Fig. 3a, for the set of
specifications defined on Table 1.
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Table 1- Converter parameters.
Parameter Value
Switching frequency - fs 100 kHz
Resonant inductor - L, 9uH

Transformer turns-ratio - n 1.67
Output current - /, 25A
Input voltage - E 400V

The transformers design must consider this reduction in a
way to guarantee the output voltage regulation. The
transformer turns-ratio in function of the series inductor for
the series converters is presented in Fig. 3b. It can be seen
that as large as the series inductance, as small as the
transformer turn-ratio, resulting in higher values of load
current reflected to the primary side. As a consequence, for
high values of resonant inductors, the conduction losses on
the switches are increased. On the other hand, as large as the
resonant inductor, as large as the parallel inductor necessary
to guarantee ZVS in entire load range, resulting in reduced
reactive circulating energy. The relation between the
resonant inductor and the parallel inductor is illustrated on

Fig. 4, for the sHB with PWM
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Fig. 3 —(a) Effective duty-cycle versus seriesinductor
value; (b) Transformer turns-ratio versusseries
inductance.
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Fig. 4 — Relation between Parallel and seriesinductor for

the sHB with PWM.

Infinite sets of series/parallel inductors can be utilized to
guarantee ZVS in entire load range. However, the set of
inductors which maximize the converters efficiency can be
obtained by an optimization method, as present below.
OPTIMIZATION METHOD AND SIMULATION RESULTS

A simple way to define the best set of series/parallel
inductors to maximize the converter efficiency was presented
in [14]. The optimization method consists of the evaluation
of the converter main losses utilizing an iterative process.

The losses that are evaluated on the iterative process are:

e  Switches conduction losses;
Transformers losses (magnetic and conduction);
Series and parallel inductors losses;
Inductor filter losses;
Rectifier diodes conduction losses;
e Reverse recovery losses on rectifier diodes.

Although the converters present other losses, the set above
specified are enough to indicate the best design, since they
represent the main converters losses

The losses above specified are well known and can be
easily evaluated utilizing traditional equations. Simulation
results are presented for the set of specifications presented on
Table 2 .

Table 2 - Set of converter s specifications.

Parameter Value
Output power P,..=15kW
Input voltage E =400V
Minimum input voltage E,.,.=360V
Output voltage V,=60V
Switching frequency fs =100kHz
Maximum duty-cycle Dm_ax =0.45

For this application it is considered the use of MOSFETs
as main switches, since its parasitic components can be
utilized for the ZVS. The set of components utilized for
simulations are presented on Table 3.



Table 3 —Devices utilized for smulation and
experimental results.

Component Parameter

MOSFETs IRFP264 for the sHB and NPC.

S MOSFETs IRFP460 for the FB.

D4 MOSFETs intrinsic diodes

Cia MOSFETs intrinsic capacitors

T\, Ferrite core EE55/21 — Thornton (sHB)
T, Ferrite core EE65/26 — Thornton (FB/NPC)
Ly, Ferrite core EE 30/07 - Thornton

L, Ferrite core EE 30/14 - Thornton

D15 30CPHO3 (300V/30A).

Dy, BYV26E - Phillips.

Ry 10kQ/5W

Coi2 1uF

Fig. 5 presents the relation between the efficiency of the
FB converter at full load versus the resonant inductor. As it
can be seen in this figure, the maximum efficiency of the
converter occurs when resonant inductors around SuH are
utilized, where the efficiency can be up to 2% higher than
when non-optimized set of inductors are utilized. Similar
results are obtained for simulation of the sHB and NPC
converters, as depicted on Fig. 6, however with resonant
inductor values around 1uH.
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Fig. 5 - Theoretical efficiency of the FB converter versus
theresonant inductor for E=400V.
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Fig. 6 - Theoretical efficiency of the series converters
ver sustheresonant inductor for E=400V.

When 3¢ utility grid are utilized, the dc bus voltage can
reach voltage as high as 800V. Taking into account these
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applications, simulations for E=800V were performed. In this
case, the same output characteristic and switching frequency
were adopted, and, it was considered the use of MOSFETs
IRFPGS50 for the FB converter and the MOSFETs IRFP460
for series converters. The theoretical results for the
converters are presented on Fig. 7 and Fig. 8. It can be seen
that an optimized design of the FB converter can present
efficiency up to 4% higher than a non-optimized design. For
series converters, the difference between the optimum and
non-optimum design is around 2%.

Another important characteristic that must be highlighted
is that, in high voltage applications, the series converter
present higher efficiency than the FB converter, considering
the actual technology.
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Fig. 7 - Theoretical efficiency of the FB converter versus
theresonant inductor for E=800V.
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Fig. 8 - Theoretical efficiency of the series converters
versustheresonant inductor for E=800V.

III. EXPERIMENTAL RESULTS

To validate the theoretical analysis, experimental results
were obtained from prototypes of the FB and sHB converters
for a dc bus of 400V, according the specifications and
components utilized on simulations.

However, it was necessary to round the transformers
turns-ratio for transformers implementation. Fig. 9 and Fig.
10 present the ideal and the implemented turn-ratios n for the
sHB converter and for the FB converter, respectively.

Fig. 12 presents experimental results and theoretical
results of the sHB converter with PSM and PWM operating
at full-load taking into account the rounded turn-ratios. In a
similar manner, the theoretical and experimental results of



the FB converter are presented on Fig. 11. A good agreement
between the theoretical and experimental results can be seen
in these figures. In spite of the difference in their absolute
values, the relation between theoretical and experimental
allows do define the best set of series/parallel inductors
which produce the maximum efficiency. The difference on
absolute values occurs due to some losses that are present in
the converter and was not considered on the mathematical
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Fig. 9 - sHB transformersturn-ratio ver sus resonant
inductor.

Fig. 10— Full-bridge transfor mer turn-ratio ver sus
resonant inductor.
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Fig. 11 — Efficiency of the FB converter at full-load versus
theresonant inductor for E=400V.
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Fig. 12 — Efficiency of the sHB convertersat full-load
versustheresonant inductor for E=400V.

The minimum value of L, utilized on Fig. 11 and 12 are
the minimum values that can be used, since these values are
the transformer leakage inductances.

Experimental results demonstrate that an optimized design
allows obtain efficiency 2% higher than a non-optimized
design, as it was predicted on the theoretical and simulation
analysis. Moreover, it can be seen that the optimum design of
series converter utilizes only the transformers leakage
inductance and parallel inductors, while the FB converter
optimum design includes series and parallel inductors, for the
utilized specifications set.

A comparison between the efficiency of the sHB
converter with PSM utilizing an optimized ACC and without
the ACC (with ZVS from 30% of the full load to full-load) is
presented in Fig. 13. Further the converter with ACC present
ZVS in entire load range, it presents efficiency higher than
the converter without ACC, becoming more attractive on the
point of view of efficiency and electromagnetic interference.
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Fig. 13 Efficiency of the sHB with ACC and withou ACC.




Voltage waveforms are presented to demonstrate the ZVS
converters capability at no-load and at full-load due to the
use of the ACC. Fig. 14 presents the gate-source signal and
the drain-source voltage on switch S, of the sHB converter
with PSM. It can be seen that the gate voltage is applied only
after the drain-source voltage reaches zero, characterizing the
ZVS. Similar characteristics were observed on the other
implemented converters.
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becomes the more indicate for applications at low voltage,
considering the actual technology.

However, as presented on Table 5, the sHB presents the
lowest cost for dc bus of 800V. Moreover, as previously
demonstrated, the sHB presents the highest efficiency at high
voltage, becoming a natural choice for high voltage
applications.

Table 4 — Cost of components of implemented converters

for E=400V.
FB converter SHB converter NPC converter
unit. unit. unit.
price | Q| total | price | Q| total | price | Q | total
MOSFETs | 3.16 4 12,64 | 324 4 1296| 324 4 1296
Transf. 837 1 837 | 402 2 804 | 837 1 837
core
Rectifier | 16 1 y10 | 110 1 110] L10 1 110
VDSS4| diode
Clamper | 245 2 490 | 245 2 490 | 245 2 490
Ol 402 1 402 | 402 1 402 | 402 1 402
(a) Filter core
ZVS 063 3 18 | 063 2 126 063 2 126
inductors
Output
filter 048 1 048 | 048 1 048 | 048 1 048
capacitor
Input
sharing 095 2 190 | 134 4 536 | 134 4 536
capacitor
Clamper
; 030 2 0,60
| diode
N X
21 SS4| Auxiliary | o5 (g5 095 1 095
L capacitor
TOTAL 36,25 38,12 40,00

(b)
Fig. 14 — Drain-sour ce and gate-sour ce voltages on switch
S, of the sHB converter with PSM: (a) operation at no-
load; (b) operation at full-load.

IV. CONVERTERS COMPARISON

In this section, some comparisons among the converters
are performed, taking into account the previously presented
experimental and theoretical results.

Experimental results demonstrate that the sHB and the FB
converters with optimum design present nearly the same
efficiency. This way, to define the best converter for this
application, other parameters must be included on the
comparison. Following are presented the cost of the main
devices of the converter. Here are not included some
components of the converter, such as drives, control circuits,
sensors, circuit boards, etc, which costs are difficult to be
estimated. However, the costs of power elements are
analyzed and can indicate which converter tends to present
smaller cost.

Table 4 presents the prices in dollars of the main devices
utilized on the power stage of the converters. It can be seen
that the switches utilized on FB converters are cheaper than
that utilized on series converter. Moreover, the FB converter
utilizes less dc bus sharing capacitors, resulting in a cheaper
converter.

Considering that the FB converter presents the lowest
price and the same efficiency of the series converters, it
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Table 5 - Cost of components of implemented converters

for E=800V.

FB converter sHB converter NPC converter

unit. unit. unit.

price | Q| total | price | Q| total | price | Q | total
MOSFETs | 451 4 18,04 | 3,16 4 1264| 3,16 4 12,64
Transf. 837 1 837 | 402 2 804 | 837 1 837
core
Rectifier | 16 1 y10 | 110 1 110] L10 1 110
diode
Clamper 245 2 490 | 245 2 490 | 245 2 490
Ol 402 1 402 | 402 1 402 | 402 1 402
Filter core
ZVs 063 3 1,8 | 063 2 126 063 2 1726
inductors
Output
filter 048 1 048 | 048 1 048 | 048 1 048
capacitor
Input
sharing 095 2 190 | 134 4 536 | 134 4 536
capacitor
Clamper
; 030 2 0,60
diode
Auxiliary | o5 95 095 1 095
capacitor
TOTAL 41,65 37,80 39,68




Considering the converter volume, the FB converter can
be considered the most compact, if there is commercial
transformer ferrite core to attend the power demand.
However, when one ferrite core is not sufficient to attend the
output power, and two transformers must be used, the sHB or
the NPC converter becomes more attractive than the FB,
since the series converters utilizes less inductors than the FB
converter. In this case, comparing sHB and NPC, the sHB
stand out since it utilizes less capacitor and dispenses with
the use of clamp diodes.

V. CONCLUSIONS

This paper presented a comparative study among some dc-
dc ZVS isolated converters. The full-bridge converter, the
neutral-point-clamped diode and the series arrangement of
two half-bridge, using PWM and PSM are compared. All
these converters operate with ZVS in a load range due to the
transformer leakage inductance. However, the load range
with ZVS can be enlarged with the inclusion of an inductor
in series with the transformer, or even extended to entire load
range by the inclusion of auxiliary shunt inductors.

Theoretical and experimental results demonstrate that the
use of an optimization method to design the converter allows
obtaining converter efficiency 2% higher than converters
with non-optimized designs. Moreover, it was demonstrated
that optimized designs allow the converters with ZVS in
entire load range present efficiency higher than the
converters with ZVS in only a load range.

The comparison among converters is not simple and it
depends on the technology and application in which the
converters are being compared. For the set of specifications
defined on the paper, a comparison among the studied
converters demonstrates that for low voltage (400V)
applications, the converters efficiencies are almost the same,
for the optimized designs. However, the FB converter
presents the lowest cost, being elected the best choice for low
voltage, high frequency applications, confirming its
preference on industry production.

On the other hand, for higher voltages the use of series
converters become more appropriate, since they present
higher efficiency and lower cost than the FB converter.

For high voltage and high power applications, the sHB
converter presents the most attractive characteristics, since it
can process the double of power of the FB or NPC converter,
without making use of transformers parallelism connection
techniques.
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