Taylor & Francis
Taylor & Francis Group

Automatika

Journal for Control, Measurement, Electronics, Computing and
Communications

e

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/taut20

Inverter optimization of soft-switching DC-DC
converter*

Marek Pastor, Daniel Gordan, Tomas Basarik & Chiemeka L. Maxwell

To cite this article: Marek Pastor, Daniel Gordan, Tomas Basarik & Chiemeka L. Maxwell (2024)
Inverter optimization of soft-switching DC-DC converter*, Automatika, 65:4, 1391-1401, DOI:
10.1080/00051144.2024.2388442

To link to this article: https://doi.org/10.1080/00051144.2024.2388442

© 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

ﬁ Published online: 07 Aug 2024.

N
[:J/ Submit your article to this journal &

||I| Article views: 349

A
& View related articles &'

PN
@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=taut20


https://www.tandfonline.com/journals/taut20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00051144.2024.2388442
https://doi.org/10.1080/00051144.2024.2388442
https://www.tandfonline.com/action/authorSubmission?journalCode=taut20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=taut20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/00051144.2024.2388442?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/00051144.2024.2388442?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/00051144.2024.2388442&domain=pdf&date_stamp=07%20Aug%202024
http://crossmark.crossref.org/dialog/?doi=10.1080/00051144.2024.2388442&domain=pdf&date_stamp=07%20Aug%202024
https://www.tandfonline.com/action/journalInformation?journalCode=taut20

AUTOMATIKA
2024, VOL. 65,NO. 4, 1391-1401
https://doi.org/10.1080/00051144.2024.2388442

IVI‘ Taylor & Francis
N Taylor & Francis Group

a OPEN ACCESS W) Check for updates

Inverter optimization of soft-switching DC-DC converter*

Marek Pastor @22, Daniel Gordan ©23, Tomas Basarik

@ and Chiemeka L. Maxwell

b

aDepartment of Electrical Engineering and Mechatronics, Technical University of Kosice, Kosice, Slovakia; ®School of Electrical Engineering,
China University of Mining and Technology, Xuzhou, People’s Republic of China

ABSTRACT

The paper describes the influence of the magnetizing inductance of the transformer on zero-
voltage switching of the primary transistors in a soft-switching full-bridge dc-dc converter with
a controlled rectifier and turn-off snubber. The optimized version of the transformer allows
for achieving a full zero-voltage and zero-current turn-on of the primary transistors in a full-
bridge soft-switching DC-DC converter. The analysis is verified by measurements on a laboratory
model of the converter. The influence of undischarged output capacitances on the efficiency
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is measured as well. Also, the impact of the GaN transistors on the zero-voltage switching is

discussed.

1. Introduction

The efficiency and power density of power converters
are one of the most critical aspects in design for elec-
tric mobility [2] and renewable energy applications [3].
The preferred topology for medium and higher power
levels is a full bridge converter with a high-frequency
transformer [4]. Either unidirectional or bidirectional
topology is selected based on the requirement for power
flow. The typical topology for bidirectional power flow
is a dual-active bridge (DAB) converter [5,6] which
enables modern requirements such as vehicle-to-grid
(V2G) interface [7]. On the other hand, the converter
with a unidirectional power flow is a phase-shifted
pulse-width modulated (PS-PWM) full-bridge con-
verter. Both abovementioned topologies can incorpo-
rate soft-switching techniques to decrease the switch-
ing losses usually in the form of zero-voltage switch-
ing (ZVS) which enables to increase in the switching
frequency [8-10].

The competitor for PSFB converter is a resonant con-
verter, e.g. LCL, LLC or other types. In the real world,
it’s often a choice of trade-offs, the details of a given
application. The disadvantage of the LLC converter is
that it requires a more complex design, the frequency is
variable from the load, causing a more complicated EMI
filter design, and it requires approximately 7,5 times the
output capacitor compared to the PSFB converter. The
advantage is that it does not need an output choke. The
disadvantage of the PSFB converter is that it is more dif-
ficult to achieve ZVS at low load [11], but this paper
attempts to eliminate this problem.

The switching frequency is crucial for increasing the
power density. Even though there are modern semi-
conductor devices based on silicon carbide (SiC) or
gallium nitride (GaN) semiconductors which enable
higher switching frequencies [12-14] for high-power
converters, the soft-switching techniques still have their
importance.

The range for ZVS in PS-PWM converter is influ-
enced by the load current, especially for the lagging leg.
The energy stored in the transformer’s leakage induc-
tance may not be sufficient for discharging the output
capacitances in the lagging leg during the free-wheeling
interval when the voltage on the primary side of the
transformer is zero [15]. The switches in the leading
leg are discharged by the energy stored in the out-
put smoothing choke and it is usually high enough
to ensure the ZVS even under light-load conditions.
It would be useful to cancel the dependence of the
lagging leg ZVS on the load current. This can be accom-
plished by incorporating the controlled rectifier which
disconnects the secondary side of the converter dur-
ing the free-wheeling interval [4,16,17]. If the primary
side of the converter is designed in such a way that the
magnetizing current of the transformer is sufficient for
discharging the output capacitances, then the ZVS is
independent on the load [17]. The scheme of such a
converter is shown in Figure 1.

The zero-voltage zero-current switching (ZVZSC)
DC-DC converter shown in Figure 1 was originally pre-
sented in [4]. The operating point of the primary tran-
sistor is shown in Figure 2. The operating point of the
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Figure 1. Converter of a ZVS full-bridge converter with controlled rectifier and energy recovery snubber.
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Figure 2. The operating point of the primary IGBT transistor for
the original DC-DC converter [4].

transistor T1 stays in the area of high switching losses
due to the poor design of the high-frequency trans-
former. The magnetizing current of the transformer is
not sufficient for discharging the output capacitances of
the IGBT transistors during dead-time intervals. The
output capacitances are thus discharged during turn-on
which causes higher turn-on losses.

This paper presents the optimization of trans-
former design and its impact on the ZVS of the
primary transistors. The paper is organized as fol-
lows. Section 2 describes the topology and opera-
tional principle of the converter. Section 3 describes
the design of the new transformer and its impact on
the ZVS. Section 4 presents verification of the designed
transformer operation by measurements on the soft-
switching DC-DC converter. Section 5 concludes the

paper.

2. ZVS converter topology and operational
principle

2.1. Converter topology

The scheme of the described soft-switching DC-DC
converter is shown in Figure 1. The converter con-
sists of a primary side inverter with IGBTs T; - T4
with antiparallel diodes D; - Dy4. Output capacitances
of transistors are illustrated by capacitors C; — Cy4 to
emphasize their importance for ZVS of primary tran-
sistors. The inverter is coupled with a controlled recti-
fier through the high-frequency transformer. The con-
trolled rectifier consists of two MOSFET transistors T’
and T7 and rectifier diodes Ds, Djg, Dg and Dy4. The
output voltage is filtered by inductor L¢ and capacitor
Ct. A snubber network is designed to ensure zero-
voltage turn-on of the rectifier transistors. The snubber
for transistor T consists of snubber transistor Cs, diode
D7, diode Dg, transistor T5 and inductor L;. The pur-
pose of a snubber is to decrease the rate of change of
voltage for the drain voltage during turn-off of the rec-
tifier transistors, to absorb the energy of leakage induc-
tance of the transformer and to return the absorbed
energy to the load.

2.2. Operational principle

The operation of the converter can be divided into
four time intervals within one half-period (Figure 4)
based on the switching diagram of primary and sec-
ondary transistors shown in Figure 3. The resulting
time series waveforms of the converter are shown in
Figure 5. The primary transistors have modified switch-
ing when compared to classical PS-PWM switching.
Primary transistor pairs switch with a fixed 50% duty
cycle and fixed zero-degree phase shift. There is a short
dead-time interval inserted between switching of the
upper and the lower transistor within one leg. The
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Figure 3. Switching diagram of transistors.

dead-time is used for safety reasons to prevent the short
circuit within a leg and to ensure the discharge of out-
put capacitances for the ZVS of primary transistors.
The dead-time interval is thus usually longer than is
required to prevent a short-circuit and the control cir-
cuit should have the possibility to set its duration. Also,
there is no possibility for the control of the power flow at
the primary side of the transformer. The power flow is
controlled by the duty cycle of the secondary transistors
Ts and T7 which are synchronized to the primary side.
The snubber transistors T and Tg are turned on only
for a fixed short time interval to discharge the snubber
capacitors Cs and Cg.

(a) Intervaltg-t;

Transistors T and T, on the primary side are turned
on together with the secondary transistor Ts and the
snubber transistor Ts. The snubber capacitor Cg is dis-
charged through the inductor L, and diode Dy;. Part
of the inductor current flows to the load. The primary
current is decreased by the value of this discharging
current. The rate of change of current for the pri-
mary current is limited by the leakage inductance of
the transformer which ensures the zero-current turn-
on of the transistors on the transformer primary side.
Their output capacitances were discharged in the pre-
vious cycle which ensures their ZVS turn-on. At the
end of this interval, the snubber capacitor Cg is com-
pletely discharged and prepared for the next turn-off of
the transistor T.

(b) Intervalt; - t;

After the snubber capacitor Cg is discharged, the
load current commutes to transistor Ts. The trans-
former primary and secondary currents are identical
and differ only by the transformer ratio. This is the main
power transfer interval and its duration controls the
power flow to the load.

(c) Intervalt, - t3
The transistor Ts is turned off at £,. Its drain current

commutes through the diode D7 to the snubber capac-
itor Cs, which is discharged from the previous cycle.

AUTOMATIKA (&) 1393

The capacitor Cs limits the rate of change of voltage
for the T5 drain voltage which ensures its zero-voltage
(ZV) turn-oft. The primary current is decreasing to the
value of the magnetizing current till the capacitor Cs is
completely charged.

(d) Intervalts -ty

The primary transistors T; and T, are turned off at
t3. The load current flows through rectifier diodes Dg
and Dj4 which now act as free-wheeling diodes. On
the primary side, the transformer magnetizing current
flows through output capacitances of IGBT transistors
in a direction which charges capacitors C; and C; and
discharges capacitors C3 and Cy4. The time variation in
decreasing the collector voltage of primary transistors
T3 and Ty, vr3 and vr4 is described by:

1 1
= ~-V{i1 —(t—t
BT ( +COS(\/ Coss +1L, " 3)))
1 L 1
—-Iﬂ\/ ?_sin \/ (t—13) (1)
2 Coks CorsLs

where: L, - leakage inductance on the primary side,
Cogs — output capacitance of IGBT transistors, I, —
magnetizing current, V — converter supply voltage.

The minimum dead-time f; required for output
capacitances to completely discharge is:

20, [ Lo VCogs
"y Coss
T +arctg| ———5—
g( IiL,;—VZCOES
tg >

- /1
CoEsLe

After the output capacitances are completely charged/
discharged, the primary current starts to flow through
the antiparallel diodes D; - D4 and ZV turn-on of pri-
mary transistors is possible. Also, the snubber transistor
T is turned on which starts the resonance in L;, Cs
circuit limited by diode Ds.

()

(e) Intervalty -ts

This interval is similar to the interval fy-#; except the
polarity of the transformer voltages is reversed and the
power is transferred through the other half of the con-
verter. Due to the circuit symmetry, the description of
these two intervals is similar. The rest of the operation
of the converter in the next half-period is not shown as
it can be easily derived from the presented operation in
the first half-period.

Based on (1) it is important to have a sufficient
magnetizing current I, to discharge the output capaci-
tances Cogs within time interval 3 - t4 and to maintain
the ZVS of the primary side IGBT transistors. Also,
the dead-time period needs to be sufficiently long as
defined by (2).
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Figure 4. Continued.

3. Transformer optimization

The advantage of using the controlled rectifier is the
independence of ZVS on the primary side from the load
current. On the other hand, this approach increases
the requirement for the design of the high-frequency
transformer. The design of transformers is usually not
based on the value of the magnetizing current and the
manufacturer tries to keep this current low.

The leakage inductance L, with the output capaci-
tances Cogs of IGBTS creates a resonant circuit. For the
coarse value of required dead-time a formula based on
the resonant frequency of an LC circuit can be used:

t; > /Ly CoEs (3)

The magnetizing current will decrease the required
minimum dead-time based on (2) for a given output

capacitance of the IGBTs. The minimum required dead-
time will be shortened with the help of the magnetizing
current as is shown in Figure 6.

The parameter L, in Figure 5 is the leakage induc-
tance of the transformer. The leakage inductance usu-
ally causes problems in DC-DC converters. However, it
has a positive influence on the proposed converter. The
leakage inductance will slow down the commutation of
the current from the secondary to the primary side of
the converter after the primary transistors are turned on
in interval t4 - t5. This will help to achieve zero-current
(ZC) turn-on of the IGBT transistors. The energy of the
leakage inductance is absorbed by the snubber capaci-
tor in the interval t, — t3 and returned to the load in
the interval t4 - t5. The value of the leakage inductance
is thus not crucial for the safe operation of the con-
verter and its value influences minimum dead-time and
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tance is reduced to 1.17 mH, which results in the ampli-
tude of the magnetizing current being 1.71 A. Also, its

(Figure 7) are shown in Table 2. Its magnetizing induc-
leakage inductance was increased to 20.2 pH.

Figure 5. Time waveforms of the DC-DC converter.

the size of the snubber capacitor as it has to absorb its

energy.

4, Converter measurements

The main values of the original transformer are

shown in Table 1. Its magnetizing inductance is 2.8 mH.

The nominal parameters of the DC-DC converter are
shown in Table 3 and its main components are shown

The amplitude of the resulting magnetizing current can



Table 2. Optimized transformer parameters.

Parameter Value
Power P 5kVA
Magnetising inductance Lp 1.17mH
Leakage inductance Lo 20.2 pyH
Operating frequency f 50 kHz
Transformer ratio p 1:1
Table 3. DC-DC converter parameters.

Parameter Value Unit
Nominal power Py 4 kw
Nominal input voltage V, 400 Vv
Nominal output voltage Vo 300 \Y
Switching frequency fsw 50 kHz
Table 4. DC-DC converter components.

Component Value
T1,T2,7T3, T4 IRG4PSC71UD
T5,T6,T7,T8 C2M0025120D
D8, D9, D13,D14 HFA30PB120
D5,D7,D10,D12 C2D20120
L1,L2 8.6 puH
C5,C6 27 nF

Lo 130 pH

Co 1uF

Tek Prevu

(@@ 100V 2 ][a.odus "‘[%gﬂms{s‘ H @ 5 46V
) points | |

Figure 8. The switching of the primary transistor with the orig-
inal transformer [1].

in Table 4. The converter was measured with the supply
voltage V; = 200V and the output current [, = 5A.
The switching frequency fs on the primary and sec-
ondary side was 50 kHz.

The previous version of the ZVZCS DC-DC con-
verter [2] had poor ZVS performance on the primary
side. Figure 8 shows the collector voltage vcg and col-
lector current ic of transistor T;. Its operating point is
shown in Figure 1. The magnetizing current was insuf-
ficient to completely discharge the transistor output
capacitance.

The control algorithm of the converter is shown
in Figure 9. The theoretical minimum required dead-
time interval for IGBT transistors IRG4PSC71UD with
Cors = 720 pFist; = 0.38 pis. The converter operated
withaty; = 1s.
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Figure 9. The generated control voltages for primary transis-
tors and cooperating secondary transistors.
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Figure 10. The switching of the primary transistor Ty with the
optimized transformer.

The waveforms of the collector voltage and collector
current of transistor Ty are shown in Figure 9. The out-
put capacitance of the transistor is discharged ensuring
ZV turn-on. Also, the increased leakage inductance of
the transfer limits the rate of rise of collector current.
The reason why the waveforms are shown only for tran-
sistor T1 is the location of the current probe, adding
additional measurement points adds parasitic elements
to the inverter circuit.

Moreover, the antiparallel diode conducts prior to
transistor turn-on ensuring ZV and ZC turn-on pro-
cess. The switching of the primary transistor T1 is
shown in Figure 10 and its operating point of the tran-
sistor is shown in Figure 11, which also illustrates the
improvement of the switching trajectory when com-
pared to the one shown in Figure 1. The primary
transistor has ideal ZV and ZC switching conditions.

The ideal switching trajectory reflects ZV and ZC
switching, which results in lower inverter switching
losses.

The discharge of the output capacitance of the pri-
mary IGBT transistor for a supply voltage Vi = 200V
is illustrated in Figure 12. The magnetizing current of
the original transformer was not able to completely
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Table 6. Inverter efficiency at V| = 200 V.

Eff. with original Eff. with improved

Figure 11. The switching trajectory of the primary transistor Ty
with the optimized transformer.

Table 5. Inverter efficiency at V; = 100 V.

Eff. with original

Eff. with improved

17 (A) transformer (%) transformer (%)
1 94,97 95,19
1,5 93,36 94,83
2 93,74 94,56
2,5 94,17 95,38
3 94,59 96,11
3,5 95,08 96,71
4 95,36 97,14
4,5 95,58 97,57
5 95,79 97,82

17 (A) transformer (%) transformer (%)
1 95,10 95,16
1,5 96,76 96,38
2 96,90 97,82
2,5 94,48 97,73
3 94,16 97,26
35 94,24 96,96
4 94,42 96,90
4,5 94,73 96,90
5 95,09 96,97
Table 7. Comparison of converters.
ZVZCS - original ZVZCS - improved PSFB
transformer transformer converter
VS Only partially, low Yes, independent Yes, typically
magnetizing of the load, starting
current, Figure 7 Figure 9 from 50%?
of the load
ZCS Only partially, fast Yes, leakage NoP
current rise, inductance
Figure 7 decreased the
current rise,
Figure 9
Efficiency Limited by inverter ~ Limited by lossesin  Limited by
partial hard the secondary circulating
switching losses snubber and current?
and by losses in controlled
the secondary rectifier
snubber and
controlled
rectifier
Complexity ~ Necessary Necessary Relatively few
additional additional components

circuits on the
secondary side

circuits on the
secondary side

discharge the output capacitance of the IGBT tran-
sistor due to the low magnetizing current with the
amplitude of 250 mA. The partially charged output
capacitance was abruptly discharged after the gate volt-
age was applied which resulted in current oscillation
(Figure 12(a)). On the other hand, the improved trans-
former had an amplitude of the magnetizing current
580 mA which was sufficient for output capacitance dis-
charge and there was no current oscillation after the
turn-on as can be seen in Figure 12(b). The converter
was not loaded and the only load for the inverter was
the transformer.

The inverter efficiency was measured at reduced
voltages of V1 = 100V, Table 5 and 200V, shown in
Table 6, with a converter load current in the range of
1 A to 5 A. The lower input voltage was not able to cre-
ate a sufficient magnitude of the magnetizing current to
discharge the output capacitances.

Based on the data in Tables 5 and 6, the diagrams
shown in Figures 13 and 14 depict the influence of the
load current on the efficiency of the inverter for both
transformers.

The efficiency was measured by a power analyser
ZES ZIMMER LMG500. The efficiency of the inverter
should be inversely proportional to the load current
due to the conduction losses. However, the efficiency

3Typical value in PSFB converter design, depends on the additional induc-
tance and output capacitance of transistors.

bTypical PSFB converter is not able to turn off the circulating current from
the output filtering inductance.

also depends on the quality of the turn-on and turn-
off process which is influenced by parasitic inductances
mainly in the secondary side of the dc/dc converter.
Even though the magnetizing current of the trans-
former is not influenced by the load current, the load
current influences the transients which has a positive
impact on the quality of the turn-on process.

A clear comparison of the converter with the
improved transformer, with the original transformer
and the classic PSFB converter is shown in Table 7.

5. Discussion

The paper demonstrates the improvement of transistor
switching in an inverter by increasing the magnetiz-
ing current. A higher magnetizing current will cause a
faster voltage drop across the output capacitance Coss.
In equation (2), there was a change in the magnetiz-
ing inductance, a smaller value resulting in a larger
magnetizing current.

Inspecting equation (2), it is evident that the
required output capacity Coss is a function of the
minimum dead time. By using transistors with smaller
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Figure 12. Output capacitance discharge of transistor T1 prior to its turn-on for V| = 200 V. (a) original transformer (lu = 250 mA),

(b) improved transformer (lp = 580 mA).
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Figure 13. Comparison of inverter efficiency at V| = 100 V.
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Figure 14. Comparison of inverter efficiency at V| = 200 V.

output capacitance, the same effect could be achieved
with the original transformer. The advantages of GaN
transistors on dead time for a similar converter with PS
control are given in [18] and [19] and for PFC converter
in [20]. In addition to the change in dead time, differ-
ent semiconductor technology also has an impact on
switching losses, which is described in [21]. The Table 8
shows the minimum dead time for IGBT with improved
transformer and GaN with original transformer.

Table 8. Comparison of IGBT with improved transformer and
Gan with original transformer.

GaN GS0650302L IGBT IRG4PSC71UD
Coss 60 pF 720 pF
1y 1.71A 0.71A
td(min) 0.163 us 0.229us
500 1.4
400 1.2
- 1.0 _
e 300 08 <
P : -
g 200 06 §
- =]
I 04 5
100
g 02 ©
0 0.0
100 © 50 100 150 4,
Time (ns)
UTI UT3 ITI

Figure 15. Voltage drop at GaN transistor with original trans-
former.

By changing the transistor type to a one with smaller
output capacitance Cpss we can achieve similar results
as by changing the transformer. Keeping the amplitude
of the magnetization current lower, will result in lower
losses in the transformer, which has a positive effect on
the overall converter losses.

The calculation was validated by a simulation for
three conditions. For IGBT with the original trans-
former, with an improved transformer and for GaN
with the original transformer. The voltage drop time
of Uty from 400 V to 0 V was measured. An exam-
ple waveform for GaN with the original transformer
is shown in Figure 15. The complete results of the
simulation measurement are shown in Table 9.

Simulation results show that we can achieve a smaller
minimum required dead time with the GaN transis-
tors and the original transformer than with the IGBT
transistors and the improved transformer.
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Table 9. Voltage drop time for different conditions.

Time (ns)
IGBT original transformer 696
IGBT improved transformer 384
Gan original transformer 108

6. Conclusion

The paper presents optimization of the switching tra-
jectory of primary transistors in the soft-switching full-
bridge DC-DC converter with a controlled rectifier.
The controlled rectifier enables decoupling of the load
current from influencing the ZVS of the primary tran-
sistors. The soft switching on the primary side depends
on the parameters of the high-frequency transformer,
mainly its magnetizing current. The proper design of
the transformer can ensure the ZV turn-on of the pri-
mary transistors by discharging their output capaci-
tances within the dead-time period. Its influence on
ZV turn-on needs to be considered as well. Measure-
ments on the laboratory model of the converter show
significant improvement on the primary side switching
after high-frequency transformer optimization. This
improvement enables to increase the efficiency of the
inverter. Further research will be conducted on the
implementation of GaN transistors on the primary side
of the dc/dc converter. This approach promises a fur-
ther increase of the converter efficiency by decreas-
ing not only the losses in the inverter but also in the
high-frequency transformer.
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