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Abstract—Soft-switching techniques are very attractive and
often mandatory requirements in medium-voltage and medium-
frequency applications such as solid-state transformers. The ef-
fectiveness of these soft-switching techniques is tightly related to
the dynamic behavior of the internal stored charge in the utilized
semiconductor devices. For this reason, this paper analyzes the
behavior of the internal charge dynamics in high-voltage (HV)
semiconductors, giving a clear base to perform overall converter
optimizations and to understand the previously proposed zero-
current-switching techniques for insulated-gate bipolar-transistor
(IGBT)-based resonant dual active bridges. From these previous
approaches, the two main concepts that allow switching loss re-
duction in HV semiconductors are identified: 1) shaping of the
conducted current in order to achieve a high recombination time
in the previously conducting semiconductors; and 2) achieving
zero-voltage-switching (ZVS) in the turning-on device. The means
to implement these techniques in a triangular-current-mode dual-
active-bridge converter, together with the benefits of the pro-
posed approaches, are analyzed and experimentally verified with
a 1.7-kV IGBT-based neutral-point-clamped (NPC) bridge. Ad-
ditionally, the impact of the modified currents in the converter’s
performance is quantified in order to determine the benefits of the
introduced concepts in the overall converter.

Index Terms—Charge carrier lifetime, insulated gate bipolar
transistors (IGBT), zero current switching, zero voltage switching.

I. INTRODUCTION

RANSFORMERS operating in line frequency (50 Hz/

60 Hz) are key components within today’s electric power
systems as they provide the link between grids with different
voltage levels, namely, high-voltage (HV), medium-voltage
(MV), and low-voltage (LV) grids. These transformers, how-
ever, are characterized by several limitations such as large
size/weight, ideally equal input and output active and reactive
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Fig. 1. SST: (a) single-phase structure; (b) three-stage concept comprising a
high-power dc/dc converter.

power values, equal input and output operating frequencies, and
tightly linked input and output voltages.

These limitations can be overcome by building a transformer
based on power electronic devices, i.e., a solid-state transformer
(SST). An example of a single-phase SST is shown in Fig. 1(a).
Here, the MV side ac/ac converter is used to actively shape the
input current ¢yry, for example, to reach a unity power factor or
in other cases, to act as an active filter and/or a static var com-
pensator. The link between the MV and the LV ac/ac converters
is done through a transformer whose operating frequency fur
lies in the medium-frequency (MF) range, thus achieving a
small size/weight and a faster dynamic response. On the LV
side, the characteristics of the output ac voltage, namely, am-
plitude vy and frequency f1y, can be actively controlled with
little dependence on the MV side voltage vy and frequency
fuv. These additional functionalities are envisioned as the key
enabling features for future compact traction solutions [1], [2],
grid integration of renewable energy generation [3]-[5], and
smart grid implementation [6], [7], among others.

One possible structure for the SST is a three-stage concept
[6] presented in Fig. 1(b). In this concept, ac/dc MV and LV
converters are connected to the MV and LV ac grids, respec-
tively. The dc links of these ac/dc converters are linked through

0018-9383/$31.00 © 2013 IEEE
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Fig. 2. HC-DCM-SRC: (a) power circuit linking MV to LV dc buses;
(b) voltage and current in the ac link.

a high-power dc/dc converter, where the isolation and voltage
step-down is provided through an MF ac link. In the dc/dc con-
verter, the semiconductors in the MV side bridge are required
to block voltages in the kilovolt range; therefore, IGBTs are
a very attractive choice. These semiconductors, however, are
characterized by a bipolar power stage that, in order to block
these HVs, comprises a considerably large N-base region,
which stores a large amount of charge during the conduction
phase of the semiconductor. When the switch is turned off, this
stored charge is evacuated from the semiconductor, causing
tail currents that overlap with the blocking voltage, hence
generating high switching losses. If operated in the MF range,
these switching losses would be unbearable, unless the current
through the semiconductors is conveniently shaped during its
conduction phase in order to achieve zero-current switching
(ZCS).

A widespread topology that can allow bidirectional power
flow and ZCS operation, investigated mainly in traction applica-
tions, is the half-cycle discontinuous-conduction-mode series-
resonant converter (HC-DCM-SRC) [1], [8]-[12] (cf. Fig. 2).
This topology consists of two active bridges linked through an
MF transformer in series with a resonant tank. When operated
below resonant frequency, this converter allows the MV and LV
side switches to operate in ZCS, thus reducing their switching
losses. Nevertheless, these switching losses are not negligible
despite ZCS operation. For this reason, several enhancements
to the ZCS modulation scheme that allow a further reduction
in the switching losses have been previously reported, whereby
the main approaches are revised in this paper.

The main disadvantage of the HC-DCM-SRC, in addition to
its lower power density and high current requirement of the
series resonant capacitor C,., is its incapability to control the
transferred power while still achieving ZCS. In case power
transfer control is required, the triangular-current-mode dual
active bridge (TCM DAB) presents an attractive solution [13]
(cf. Fig. 3). In this converter, the resonant tank is replaced by a
series inductor L. By properly selecting the transformer turns
ratio, the MV side switches can be operated in ZCS mode in
both power directions while actively controlling the transferred
power by adjusting the LV side duty cycle [14], [15]. In this
case, however, it is not possible to achieve ZCS on the LV side.
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Fig. 3.
(b) voltage and current in the ac link.

Triangular current DAB: (a) power circuit linking MV to LV dc buses;

Accurate model for estimating the switching losses in these
ZCS-operated converters is the key missing element within
the converter modeling that would enable an overall system
optimization, e.g., aiming for maximum power density or
efficiency. The dynamics of the internal charge behavior in
IGBTs have been previously reported in literature [16]-[19].
However, in these publications, a simple model that links
the stored charge dynamics to the semiconductors’ conducted
current, in order to perform the aforementioned overall system
optimization, has not been analyzed. For this reason, this paper
analyzes in Section II the behavior of the stored charge in
bipolar semiconductor devices for an arbitrary current shape,
which would later enable an estimation of the ZCS losses. This
stored charge analysis gives the base to study in Section III the
previously proposed ZCS methods in the HC-DCM-SRC. With
this revision, novel concepts for switching loss reduction in the
TCM DAB converter by means of soft-switching techniques
are proposed and experimentally validated in Section IV. The
reduction in switching losses in the MV side of the TCM DAB
results in modified current shapes in the converter; therefore,
the impact of these new current shapes in the overall converter
performance is quantitatively studied at the end of Section IV.

II. SEMICONDUCTOR STORED CHARGE DYNAMICS

HV bipolar semiconductor devices, as aforementioned, store
large amounts of charge during their conduction phases. This
charge, if not allowed to recombine internally, is translated into
switching losses when the device is taken back to the blocking
state. Since this stored charge is directly related to the dissipated
energy during the switching process, it is useful to analyze the
behavior of the charge Q(t) stored in the switch during its
conduction phase. In order to perform this analysis, first, the
minority carrier (hole) concentration po(t) in the N-base layer
needs to be analyzed. Consider the following expression that
describes the relation between carrier concentration po(¢) and
hole current density (diffusion current) J,o(t):

L, W,
po(t) = 5D, tanh (LN> Jpo(t) 1)
L,=+/7D, )
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where L, is the ambipolar diffusion length, D), is the hole dif-
fusion constant in the N-base layer, Wy is the thickness of the
N-base layer, g is the electron charge, 7 is the recombination
time constant, and D, is the ambipolar diffusion constant.
Within the N-base layer, the carrier distribution decays expo-
nentially due to recombination [20]; hence

x

p(x,t) = po(t) - e~ 7). 3)

Integrating (3) over the N-base layer and multiplying by the
elementary electric charge ¢ and the device area S gives the
total charge Q(t) in the N-base layer

Wn

Q) =qS | p(z,t)-dx “)
/

=¢S5 Lo -po(t) - (1 - JVLV?)) : )

This charge Q(t) recombines in a lossless manner as long
as the collector—emitter voltage Vg remains close to zero. If a
positive collector—emitter voltage Vg is applied to the device
before total recombination is achieved, the remaining charge
will be externally removed from the N-base layer, causing
switching losses in the semiconductor. In HV devices, the
N-base layer width W is made large in order to withstand the
blocking voltage. In (5), it is shown that a large N-base directly
increases the amount of stored charge Q)(¢) in the device, hence
increasing the switching losses. Additionally, in HV devices,
the carrier lifetime 7 is made long in order to decrease the
ON-state voltage, which increases the amount of stored charge.
In some applications, however, lifetime control can be applied
in order to decrease the lifetime 7, i.e., reducing switching
losses, but with increased ON-state voltage and hence higher
conduction losses.

In order to calculate the instantaneous value of stored charge
Q(t) for an arbitrary current i4(¢), the following equation, the
time-dependent ambipolar diffusion equation, is used:

dp(z,1) p(x,t) d?p(x,t)
— D
dt T ta dx?

(6)

which is valid while the collector—emitter voltage Vg is con-
stant and ~ 0 V. By differentiating (4) with respect to time and
combining with (6), the following expression is obtained:

aQ) _ ¢ 7N<_p<z,t> cp B2,

T dx?

g8 po(t) (1 - e(vff)> . )

The first term on the right-hand side of (7) is equal to Q(¢) /7.
Replacing (1) in (7), the following expression is found:

aQu) _ Q)
dt T

Do La o (W) () ()
+ qSLa 24D, tanh ( I ) (l e Jpo(t). (8)

The hole current density Jy,o(t) is proportional to the total
current density J,(¢) through the switch

B i) ©)

Jp (t) = JS(t) “Kpo = S

where i4(t) is the instantaneous current through the switch, and
K, is the proportional constant relating the total current den-
sity J,(t) to the diffusion current density J,o(¢). This constant
depends on the switch technology whereby the expressions for
the field-stop (FS) and nonpunchthrough (NPT) technologies
can be found in [21]. Replacing (9) into (8) yields

do(t) Q@)
dt T
& La, WN o (7VZ—GN) g
-|-qLa 24D, tanh ( I ) (1 e >Kp0 is(t). (10)
ks

The constant (nontime dependent) part of the second term on
the right-hand side of (10) is condensed into term ks (with 0 <
ks < 1), which is a proportionality parameter tightly related
to device construction and operating junction temperature 7).
Finally, the expression for the dynamic behavior of the stored
charge Q(t) in the semiconductor device for an arbitrarily
shaped current i(t) is found

dQ(t)

_ Q0 k.

dt T (i

As shown, (11) provides a simple expression for the dynamic
behavior of the stored charge Q(t) in the semiconductor device,
whereby only parameters 7 and kg are required in order to
describe this behavior. These parameters, however, are usually
confidential information from the semiconductor manufactures
and therefore cannot be extracted from the device’s datasheet,
for example. For this reason, parameters 7 and k; were ex-
tracted for 1.7-kV FS and NPT semiconductor devices by
performing the experiment described in the following.

Consider the circuit depicted in Fig. 4(a) where an IGBT-
based bridge leg is presented. Here, a current source generates
the triangular current 75 shown in Fig. 3(b) whereby switch S;
is turned on at £ = 0, i.e., the beginning of the switching period,
and turned off at t = AT'. By increasing stepwise the value of
AT from AT =0 to AT = tog, as shown in Fig. 4(b), the
current turned off by device .Sy is modified. By measuring the
current g7 through S7 and integrating it during the switching
process for each value of AT, the charge stored in the device
during the conduction phase is constructed. This experiment
was also performed in [19] for a resonant structure, where the
dynamic behavior of the stored charge was observed.
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Fig. 4. In order to measure the semiconductor’s stored charge, the circuit in
(a) was used. The triangular current shape shown in (b) is generated by the
current source in (a) and is used to measure the stored charge in the IGBT
switches. Two values of switched current and the respective measurement of
the evacuated charges are shown in (c) and (d).

FS IGBT

0.75 T T | | 75
Z —1,=137[A] —
g 50 2

o - i
8 g 0.50 /Q(t) ,;
-~ oo
5 < 025 25 §
g — Y [ Q =il <
g an I “

O 1 1 1 1 0
(a)
0.75 75
z —
172}

— 0
5 0.50F 450 =
Qg =
= £ 9
5 < 5
g X025t 425 &
35 O
O

0
0 25

AT [ps] ®)

Fig. 5. Experimentally measured charge behavior Q(¢) for TCM modulation
in the FS IGBT at (a) 25 °C and (b) 120 °C. The charge behavior was also
analytically calculated with (11) and the shown fitted values for 7 and ks,
leading to the waveforms of estimated charge Q g (¢).

The aforementioned test was realized with two bridge
legs based on 1.7-kV FS (FF150R17KE4) and NPT
(IXGN100N170) IGBTs operating at 20 kHz with a dc-link
voltage of Viryv pc = 1 kV. The voltage and current waveforms
in S7 using the FS IGBT for AT = 10 ps and AT =22 us
are shown in Fig. 4(c) and (d), respectively. Here, the area
considered for measurement of the stored charge for different
switched currents is highlighted.

Since the utilized FS and NPT IGBTs are rated for differ-
ent current levels, the described experiment was performed
considering equal peak current densities J; in both devices.
Therefore, their chip areas were measured, whereby values
of Spg = 228 mm? and Sxpt = 152 mm? were obtained for
the FS and NPT IGBTs, respectively. Considering a maximum
current density of Js = 0.6 A/mm?, the peak currents reached
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Fig. 6. Experimentally measured charge behavior Q(¢) for TCM modulation
in the NPT IGBT at (a) 25 °C and (b) 120 °C. The charge behavior was also
analytically calculated with (11) and the shown fitted values for 7 and ks,
leading to the waveforms of estimated charge Q g (¢).

TABLE 1
EXTRACTED PARAMETERS FOR THE 1.7-kV FS AND NPT IGBTs AT
JUNCTION TEMPERATURES OF T; = 25 °C AND T); = 120 °C

Switch  Temperature 7T} T ks
FS 25°C 3.07us 0.114
FS 120°C 4.24us  0.138

NPT 25°C 5.96us  0.122
NPT 120°C 7.43us  0.116

with the FS and NPT IGBTs are I, s = 137 A and I, xpr =
91 A, respectively.

The results for the measured behavior of the charge Q(¢)
in the FS and NPT IGBTs are presented in Figs. 5 and 6,
respectively, for junction temperatures of 25 °C and 120 °C.
In each case, the measured behavior of charge Q)(t) was used to
estimate the values of 7 and kg in (11) in order to analytically
describe the behavior of the charge. These parameters were
extracted using the least squares method, whereby the obtained
values are summarized in Table I and the resulting estimated
charge Qg (t) behavior is also presented in Figs. 5 and 6.

In the case of the FS IGBT (cf. Fig. 5), the dynamic behavior
of the charge () can be clearly seen. For this converter, this
means that the switching losses in the IGBT do not depend on
the instantaneous value of switched current. This means, for
example, that by switching the peak current of j&FS =137 A
at t =4 us, less charge is removed; hence, lower switching
losses are generated, in comparison to switching at t = 10 us,
when the value of the switched current is considerably lower.
Moreover, at time ¢ = 23 us, when the current reaches zero,
a considerable amount of charge remains stored in the device;
thus, turning 57 off in ZCS conditions would not result in zero
switching losses. In other cases, e.g., in inverter applications,
the conduction phase is usually long enough (e.g., three to four
times the time constant 7), and therefore, the static behavior of
the charge

Q) =7 ks -is(t) (12)
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Fig. 7. Previously reported enhancements to the ZCS HC-DCM-SRC: (a) IGBT phase leg; (b) interlock time introduced; (c) increased magnetizing current; and
(d) non-ZCS.

is reached. In this case, the stored charge, hence switching
losses, is proportional to the switched current, as commonly
stated in IGBTs’ datasheets.

In Fig. 5(b), the behavior of the charge Q(t) for junction
temperature 7% of 120 °C is shown, whereby a considerable
sensitivity of the stored charge behavior with respect to tem-
perature is visible. This is confirmed by the values of 7 and k;
estimated in this case, which are both higher in comparison to
the one obtained with operation at 25 °C, as expected for this
type of IGBT technology [18]. It should be noted that for both
temperature values, an accurate fitting of (11) is achieved; thus,
for this device, the analytical description of the stored charge
proves useful to estimate the charge behavior in the device.

In comparison with the FS device, it can be observed that
the NPT switch features a larger recombination time constant 7
(cf. Fig. 6) for both tested junction temperatures, as expected
for this type of switch technology [18]. Moreover, it can be
seen that the sensitivity to operation at higher temperatures is
lower for this type of IGBT, which is also in agreement with
the expected behavior. It should be noted that, similar to the
FS IGBT, (11) with the fitted values of 7 and k, in this case
also represents the behavior of the charge Q(¢) in the NPT
device during its conduction phase. However, the accuracy of
this equation is lower than that in the case of the FS switch, as
can be seen by the behavior of @ g(t) in Fig. 6(a) and (b). This
difference can be explained by light dependence of parameter
K, with respect to conducted current i4(t), as described in
[20] and [22].

Table I summarizes the extracted parameters of the two
analyzed IGBTs at T; = 25 °C and T = 120 °C. It can be
observed that the FS device features a faster time constant at
both measured temperatures. This makes the FS IGBT more
suitable for ZCS modulation schemes, where fast recombi-
nation of the internal charge is a key feature to reach low
switching losses and hence high efficiency. On the other hand,
the NPT IGBT shows a lower sensitivity to temperature, and
therefore, it may be attractive for applications where a high
operating temperature of the IGBT’s junction is necessary in
order to reduce the heat-sink size and therefore increase power
density. In the following, only the FS IGBT will be considered
in the verification of the proposed ZCS techniques.

The aforementioned analysis of the stored charge in FS and
NPT IGBTs provides the base for modeling the ZCS losses in
this type of semiconductor devices. This model represents the
last missing element within the converter model, which would
enable an overall converter optimization, e.g., based on a Pareto

front analysis [23]. Moreover, based on the previous stored
charge analysis, the first observation regarding soft-switching
techniques in HV semiconductors can be made: The shape of
the current during the conduction phase highly influences the
remaining stored charge that needs to be evacuated from the
switch when entering the blocking state. Therefore, it is desir-
able to conveniently shape this current in order to minimize
the ZCS losses, as reported in previous publications on the
HC-DCM-SRC (cf. Fig. 2) whereby the main approaches are
revised in the next section.

III. PREVIOUSLY PROPOSED ZCS TECHNIQUES IN
RESONANT CONVERTERS

Consider the bridge leg presented in Fig. 7(a) where the cur-
rent source i, represents the resonant tank together with the rest
of the HC-DCM-SRC circuit [cf. Fig. 2(a)]. This current source
generates the sinusoidal pulses shown in Fig. 7(b)—(d) used to
analyze three of the main previously proposed enhancements
in the ZCS modulation scheme for this converter structure: A
interlock time; B increased magnetizing current; and C giving
up ZCS.

A. Interlock Time

As described in [9] and [24], the resonant converter offers
the possibility to introduce an interlock time in the conduction
of S; between zero crossing of the current and the turn-on
event of So, as shown in Fig. 7(b). This interlock time provides
additional time for the IGBT to recombine its carriers in a
lossless manner; thus, the switching losses generated when .S
is turned on are considerably reduced.

B. Increase in Magnetizing Current

In the HC-DCM-SRC, the bridge providing the power also
needs to provide the magnetization current for the isolation
transformer. This means that when the resonant pulse is fin-
ished, the magnetizing current continues flowing through the
previously conducting IGBTS, as shown in Fig. 7(c). Therefore,
if the magnetizing current is made high enough, it can be used
to extract stored charge from the IGBT, as described in [11]
and [24]. It should be noted that, if enough time is provided to
change the voltage in S; and S, the turn-on process of So is
done under ZVS conditions; thus, a great reduction in switching
losses can be achieved.
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C. Giving Up ZCS

As reported in [9] and [24], switch S; in Fig. 7(a) can be
turned off before the resonant pulse has reached zero current.
This way, the charges stored in the IGBT can be removed
by the resonant inductor, and under certain conditions, ZVS
can be achieved in the turning-on IGBT. In order to achieve
this, the resonant inductor L, must store enough energy to
charge/discharge S; and Ss.

A large resonant inductor, however, is undesirable in this
converter since it affects its dynamic performance and it can
cause problems related to the reverse recovery of the rectifying
diodes. For this reason, turning off 57, as shown in Fig. 7(d),
does not result in traditional inductive switching. Nevertheless,
this type of switching strategy has reported reduction in switch-
ing losses in previous implementations [9], [24] due to the
additional time that can be provided for carrier recombination
[see the shaded area in Fig. 7(d)].

D. Applications to the TCM DAB Converter

The aforementioned enhancements to the ZCS modulation
in the HC-DCM-SRC suggest the use of similar techniques in
the TCM DAB. In the case of the additional interlock time,
its implementation in the TCM DAB is not straightforward.
This is due to the reverse recovery of the rectifying diodes
in the LV side. In the HC-DCM-SRC, the series inductor L,
is typically kept as low as possible to improve the converter
dynamic response. This results in a large resonant capacitor
C, value; thus, the peak voltage in this component is low in
comparison to the dc-link voltages. The peak resonant capacitor
voltage must be blocked by the diodes in the rectifying bridge
after their respective conduction phases; therefore, since this
voltage step is considerably low, the reverse recovery effects
are negligible, as reported in [9], [11], and [24].

On the other hand, in the TCM DAB, this voltage step is
considerably larger as it corresponds to the MV side applied
voltage times the turns ratio of the transformer, resulting in
large oscillations in the ac-link voltages due to the reverse
recovery of the rectifying diodes. Therefore, other strategies to
provide longer recombination time need to be implemented in
the case of the TCM DAB.

Since the value of the series inductor L, in the case of the
TCM DAB is considerably higher than its resonant counterpart
L,, the stored energy in this component is considerably higher.
This means that, by properly adjusting the control signals in the
TCM DAB, the switches can perform switching of current, thus
giving up ZCS, with high-enough value to completely remove
the stored charge in the devices while achieving ZVS in the
complementary switch. This can be achieved without reducing
the magnetizing inductance value, as in the HC-DCM-SRC,
and therefore without increasing the reactive power in the
circuit. The modification to the modulation scheme that allows
this behavior is introduced and experimentally verified in the
next section.

IV. PROPOSED ENHANCEMENTS TO THE TCM DAB

As discussed in the previous sections, there are two main
strategies that can help reduce switching losses in HV semi-
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Fig. 8. DAB converter used to test the 1.7-kV FS IGBTs: (a) NPC-based

bridge linked to the LV full bridge through an Ni/N2 = 3/1 transformer;
(b) hardware realization of the MV side NPC 2-kV bridge.

conductors. The first one is related to the time provided for
the recombination of the charge that the device stores during
its conduction phase by introducing a time interval before the
semiconductor blocks when the current is considerably lower
than the peak current. The second one is the reduction or total
elimination of turn-on losses by achieving ZVS in the turning-
on device. This can be achieved by turning off a current (giving
up ZCS) through a modification in the modulation scheme in
the TCM DAB. The means to implement these strategies will
be discussed in this section together with their experimental
verification.

A. Standard ZCS Modulation

In order to benchmark the proposed modulation strategies for
the TCM DAB, first, the switching losses in the standard ZCS
modulation scheme studied in [13]—-[15] were measured. These
measurements were performed with the aforementioned 1.7-kV
FS IGBT module (FF150R17KE4) building a 2-kV NPC-based
bridge [with super fast recovery clamping diodes (DSDI 60)],
as shown in Fig. 8(a), which was designed for nominal power
of 166 kW and 20 kHz of switching frequency. The hardware
realization of this bridge is shown in Fig. 8(b). The nonlinear
inductor Lg,t shown in Fig. 8(a) will be used in the third part of
this section to shape the current in order to reduce the switching
losses in the MV side switches. The transformer turns ratio is
N1 /Ny = 3/1, and the LV side bridge is a 400-V full-bridge
structure utilized to generate the desired current waveforms.
Planar current transformers and passive voltage probes were
used to measure the currents and voltages, respectively, in
switches S1, S2, Ss3, and Sy [cf. Fig. 8(a)].
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Fig. 9. Main waveforms in standard ZCS with TCM DAB and power from
the MV side to the LV side: (a) ac-link waveforms for half switching period;
(b) voltage and current in S7 during the time instant highlighted in (a); and
(c) voltage and current in S3 during the time instant highlighted in (a).

A detailed description of the operation of the TCM DAB
converter together with the respective analytical formulation
can be found in [15]. The turn-off and turn-on processes of
complementary switches S; and Ss, respectively, are used
herein in order to exemplify the ZCS process and the further
enhancements. It should be noted, however, that for a com-
prehensive switching loss analysis, all switching events were
measured and used to calculate the total losses in the NPC
bridge. The switching process of devices S; and S5 during
the highlighted time interval in Fig. 9(a) is shown in Fig. 9(b)
and (c), respectively. Here, it can be seen that, since S; was
conducting the current during the positive semicycle, it contains
a considerable amount of stored charge, which is removed when
Ss is turned on causing turn-off losses in Sy and considerable
turn-on losses in Ss.

The current and voltage waveforms in the transformer for
power flowing from LV to MV are shown in Fig. 10(a),
where the phase shift and duty cycles of the LV and MV side
bridges have been adjusted to achieve the power flow in the
reverse direction while still achieving ZCS in the MV side.
The switching behavior of switches S; and S3 is shown in
Fig. 10(b) and (c), respectively, where it should be noted that,
for this power direction, the respective antiparallel diodes of
each switch conduct the triangular current and are therefore
responsible for the generated switching losses. As can be seen,
the turn-on process of S3 generates losses in the antiparallel
diode of S; as this last device was previously conducting the
full current; thus, it contains a considerable amount of stored
charge. The current peak in Fig. 10(b) and (c) representing
the evacuation of charge stored in the antiparallel diode of S
flows through S5 during its turn-on process, thus causing turn-
on losses also in this last device [cf. Fig. 10(c)].

The waveforms shown in Figs. 9 and 10 suggest the use of a
modified modulation scheme where a certain amount of current
is switched off by .S;. This way, the stored charge accumulated
during its conduction phase is evacuated through the load, thus
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the LV side to the MV side: (a) ac-link waveforms for half switching period;
(b) voltage and currents in S during the time instant highlighted in (a); and
(c) voltage and current in S3 during the time instant highlighted in (a).
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decreasing the voltage of S5 before its gate signal is applied and
achieving ZVS in this last device.

B. Modified ZVS Modulation

The operation under ZVS was studied for the converter
displayed in Fig. 8 (without the saturable inductor Lg,y). The
waveforms for power from MV to LV are shown in Fig. 11(a),
where the duty cycles and phase shift are adjusted in order to
achieve ZVS in the MV side bridge. In this case, .57 is turned
off before the current reaches zero, thus loosing ZCS, as shown
in Fig. 11(b). Since the current is not zero when S is turned
off, its voltage increases before the gate signal is applied to its
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current in S3 during the time instant highlighted in (a).

complementary switch S3. This means that S is turned on with
ZVS and no current peak must be conducted during its turn-
on process [cf. Fig. 11(c)], in contrast to the switching process
shown in Fig. 9(c), thus reducing the turn-on losses in S5 to a
negligible value.

In Fig. 12(a), the operation for power from the LV to the MV
side is shown with a modification in the modulation scheme,
which allows the antiparallel diode of S; to conduct in the
reverse direction by keeping the gate signals of its respective
switch on until the reverse recovery charge has been evacuated.
The results of this modification in the switching performance of
S1 and S5 are shown in Fig. 12(b) and (c), respectively. As pre-
viously explained, the current is allowed to reverse its direction
in 57 before it is turned off; thus, its voltage is increased by the
switched current and not by the turn-on process of switch Ss.
Therefore, the turn-on losses in S3 are considerably reduced, as
shown in Fig. 12(c).

Taking all switching processes into account, the switching
losses in all switches and diodes of the MV side bridge were
measured under ZVS operation for different switched currents,
at 25 °C and 120 °C, and for power in both directions. In
Fig. 13(a), the results for power transfer from MV to LV side
are presented. Here, an optimum can be found around 40 A of
switched current for operation at 120 °C, reaching a reduction
of 40% in the total switching losses. Above this current value,
no further reduction on the turn-on losses is achieved whereas
the turn-off losses are increased; consequently, the overall
switching losses are also increased.

The results for power flow from LV to MV are shown in
Fig. 13(b). It can be seen that the switching losses have an
optimum value around 70 A for operation at 120 °C, where a
48% reduction with respect to operation in ZCS is achieved. It
can be seen that if higher currents are switched off, no further
reduction of turn-on losses is achieved whereas the turn-off
losses are increased.
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C. Saturable Inductor

By inserting a saturable inductor Ly, (cf. Fig. 8) in series
to the series inductor L, the current through the transformer,
and consequently through the switches, can be conveniently
shaped in order to stay in a low value for a considerable portion
of the switching period right before the devices are taken to
blocking state, as shown in Fig. 14 where a simulation of the
stored charge behavior for the FS IGBT operated at 120 °C
is presented. When compared with the amount of charge re-
moved in normal ZCS mode [cf. Fig. 5(b)], an improvement
is achieved since less charge must be evacuated when the
voltage is reapplied. This new current shape is merged with
the previously introduced ZVS modulation, thus combining the
features of long recombination time and ZVS.

For the analyzed converter, a saturable inductor with a satu-
ration current of 35 A was used. While keeping this saturation
current constant, the inductance value was modified, whereby
three different values were tested, i.e., 40, 70, and 100 pH.
The resulting current waveforms for power from the MV side
to the LV side, i.e., IGBTs conducting the current, are shown
in Fig. 15 for a saturable inductor value of Lg,; = 100 pH.
As shown in Fig. 15(a), the saturable inductor introduces a
time interval before the bridge is taken to freewheeling when
the current is comparatively low, thus allowing S and S; to
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recombine a large amount of the charge generated during the
conduction phase. In addition, a certain amount of current is
turned off by S [cf. Fig. 15(b)]; thus, ZVS is achieved in S3,
as shown in Fig. 15(c) and described in the previous section.

The waveforms for power from the LV to the MV side and
a saturable inductor Lg,¢ = 100 pH are shown in Fig. 16(a)
whereby the diodes in the MV side bridge benefit from the
additional time for recombination. In order to achieve soft
switching, the current is allowed to reverse its direction through
the antiparallel diode of S; by keeping this last device turned on
until the reverse recovery current has been reached, as shown in
Fig. 16(b), thus achieving ZVS in Sj [cf. Fig. 16(c)].
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the presented soft-switching strategies: (a) junction temperature of 25 °C;
(b) junction temperature of 120 °C.

It should be noted that the addition of the saturable inductor
Ly, to the circuit introduces time intervals, as long as this
inductor is not saturated, when comparatively low power is
transferred from the MV to the LV side. Since the required
power to be transferred remains constant, this results in an in-
creased peak current through the circuit, thus higher conducted
and switching losses in the LV side. In order to reduce the
impact of the saturable inductor inclusion, the voltages in the
MYV and LV sides are conveniently modified with respect to the
traditional modulation in order to rapidly bring the saturable
inductor to saturation at the beginning of the half switching
period. This is shown in Fig. 15(a) before ¢ = 2.5 s when the
full difference between vi\,’ Ac and vyrv ac is applied to the
inductors. The result is a moderate increase in the peak current
through the circuit resulting in moderate increase in conduction
and switching losses, as will be quantitatively analyzed in
Section IV-D.

The aforementioned tests were performed for the three values
of saturable inductor, 120 °C and 25 °C junction temperatures,
and power in both directions. The results for these tests are
analyzed and compared with the standard ZCS and the analyzed
ZVS modulations in the next section.

D. Switching Loss Reduction Summary and Impact on
Converter Performance

A summary of the previously described switching loss reduc-
tion strategies is provided in Fig. 17 for power in both directions
and at 25 °C and 120 °C junction temperatures. As can be seen,
a considerable loss reduction can be achieved by combining
ZVS techniques together with the saturable inductor. In the best
case, with a 100-H saturable inductor, the switching losses are
more than four times lower for operation at 25 °C and more that
three times lower when operating at 120 °C.

The introduction of the saturable inductor to shape the cur-
rent through the switches increases the conduction losses in
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the whole converter (details about the design of the complete
converter are matters of upcoming publications) and switching
losses in the LV side. Moreover, the saturable inductor gener-
ates by itself additional losses, which should be added to the
total converter losses. In Fig. 18, the aforementioned additional
losses are added to the switching losses of the MV side switches
obtained from Section IV for the different strategies (please
note that these are the additional conduction and switching
losses and not the total conduction and switching losses). As
can be seen, for power in both directions, the use of a 70-uH
saturable inductor is advantageous with respect to the 100-pH
inductor as the additional losses introduced by the modified
current shape overcome the reduction in switching losses in the
MYV side in this last case. This means that, for this application,
the use of a 70-pH saturable inductor would result in the lowest
losses in the overall converter.

V. CONCLUSION

Analytical and experimental analyses have been performed
in order to visualize the behavior of the internal charge dynam-
ics in HV semiconductors. This analytical model is focused on
calculation of the internal charge behavior for soft-switching
applications enabling an estimation of the switching losses
without the need to simulate the complete switching transient
in a circuit simulator. Moreover, the simple analytical model
can be used as part of an overall system optimization where no
circuit simulator, including, e.g., the Hefner or HiSIM IGBT
models, is required to estimate the converter’s switching losses.
The performed experiments, which enable the extraction of the
model parameters, have been also described in detail.

Furthermore, by studying the previously proposed ZCS tech-
niques for resonant converters, the two main strategies that help
reduce switching losses in MV MF applications were identified:
1) shaping of current through the semiconductors to allow a

high internal carrier recombination in the device before the
blocking voltage is reapplied; and 2) achievement of ZVS in
the turn-on events. These two techniques were implemented in
a TCM DAB. By achieving ZVS in the turning-on events, a
reduction of up to 40% at 120 °C junction temperature was
achieved. The shaping of current in this converter is achieved by
means of a saturable inductor in series to the converter’s main
inductor. With this component, the current was conveniently
shaped in order to stay in a low value before the device
enters the blocking state, therefore achieving high stored charge
recombination.

The combination of these two approaches, ZVS, and the
saturable inductor, for switching loss reduction, resulted in up
to four times lower switching losses of the MV side semicon-
ductors with respect to standard ZCS modulation. The impact
of the modified current shapes due to the introduction of the
saturable inductor on the complete converter resulted in an
optimum value for the saturable inductor of 70 pH, which
minimizes the overall converter power losses.
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