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Abstract—Many thriving applications where isolation is
required, such as traction and EV fast charging, implement
solid-state transformers (SST). Half-cycle discontinuous-
conduction-mode series resonant converters (HC-DCM-SRC)
are suitable for these applications. The focus of this paper is to
perform a comprehensive approach to HC-DCM-SRC and
provide straight-forward requirements in order to ensure zero-
loss switching (ZLS) of semiconductors. In addition, these
requirements can be expressed as design boundaries for the
transformer. Finally, the paper shows that, due to ZLS, silicon
devices may have larger power capability than silicon-carbide
switches. Therefore, IGBTs can be used instead of SiC
MOSFETS, resulting in a significant cost reduction of the
converter.

Keywords—DC-DC power conversion, resonant power
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I. INTRODUCTION

Power applications where isolation is required, such as
traction [1]-[3], smart grids [4] and EV fast charging [5], [6],
tend to avoid the implementation of transformers operating in
line frequency (50-60 Hz). The main reason is that low-
frequency power transformers are bulky and heavy [7]. The
preferred alternative is to use power transformers within DC-
DC power conversion structures, that is, solid-state
transformers (SST), also called power-electronic transformers
(PET). Operating at high switching frequencies, the size and
weight of the transformer can be significantly reduced [8].

One of the most used DC-DC topologies is the series-
resonant DC-DC converter (SRC). This type of converter
comprises a series LC resonant tank, such as the one depicted
in Fig. 1 for a unidirectional, full-bridge SRC. In SST
applications, where voltage regulation is not compulsory [9],
half-cycle discontinuous-conduction-mode SRC (HC-DCM-
SRC) is an interesting option [7], [9], [10], since it
accomplishes ZCS for both primary and secondary converters.
Nevertheless, as discussed in several papers [7], [11], ZCS in
primary switches is not free of switching losses. Hence, a
minimum current during the switching process is necessary. It
can be ensured through the magnetizing current of the
transformer, achieving turn-on ZVS. However, turn-off losses
may still take place. As a consequence, SiC devices have to be
used instead of Si semiconductors in order to reach high
switching frequencies.

This paper performs a comprehensive approach to HC-
DCM-SRC in Section Il and provides boundaries which must
be fulfilled in order to ensure DCM. Then, in Section Ill, a
requirement for the magnetizing current is obtained in order to
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accomplish turn-on ZVS. Moreover, the turn-off process is
discussed, and an additional requirement is obtained so zero-
loss switching or ZLS is achieved. As it is mentioned, an ideal
lossless switching is not possible, but really low losses are
reached. More importantly, these switching losses are
dependent on the output parasitic capacitance of the switches,
but independent of the delivered power. As a consequence,
ZLS can be ensured for any load condition. In Section 1V, the
obtained requirements are transformed into requirements for
the design of the transformer. These expressions can be easily
introduced into the design algorithm of the transformer.
Finally, in Section V, a key advantage of the HC-DCM-SRC
operating under ZLS is presented. Due to quasi-lossless
switching, itis possible to use silicon devices at high switching
frequencies. Actually, it is concluded that Si IGBTS, thanks to
their lower output parasitic capacitance, may be able of larger
power capability than SiC MOSFETSs. As a result, the cost
reduction in the converter due to implementing a high-
frequency transformer is further extended by using Si devices
instead of SiC.

II. DISCONTINUOUS CONDUCTION MODE

Discontinuous conduction mode (DCM) in series resonant
converters has been deeply analysed in various publications,
e.g. [12], [13]. As stated in [13], k < 1 in order to allow the
converter to work under DCM, where

k = fow/fr ()
being f;,, the switching frequency and f, the series resonant
frequency. Then, it is desirable to maximize the time when
power is delivered to the load. That is, to minimize the current
intensity RMS value for a given active power. For this, k > 0.5
is chosen, so only one resonant half cycle takes place in each
half-switching period (HC-DCM). Thus, reverse energy flow
is avoided. Hence, the converter is operated under odd
discontinuous mode with

05 <k <1 %)

Another requirement to be fulfilled in order to work under
HC-DCM is that the voltage in the series resonant capacitor is
[12]

Vcr(Tr/z) <Vpp1+Vopz=Vpp1+1Vppp. ©)]

This way, when the current in the secondary, i,, reaches
zero, all the diodes in the secondary converter become
reversed biased and, thus, vk s, Vka e, Va7, Vkasg > 0.
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Fig. 1. Circuit diagram of unidirectional, full-bridge SRC.



Regarding that in DCM with 0.5 < k < 1 the resonant
tank voltage gain is one [12], [13], (3) becomes

ve, (T:/2) <2 Vppy. (4)
Despite the simplicity of this limit, it may not be a straight-
forward expression to be used during design. Thus, it is
convenient to transform it into a more useful expression,
linking it to the load condition. First, the capacitor peak
voltage, V¢, , is related to its charge, Q,. During the resonant
half cycle, the voltage in the resonant capacitor changes from
its negative peak value att = 0 to its positive peak value at
t =T, /2, as depicted in Fig. 2. Hence, the charge introduced
in the capacitor during this time is

+Ve,

0= [ v =co2w, ©)
e,

The introduced charge is also linked to the primary current.
While the positive half-switching period is taking place, the
resonant current is positive, as shown in Fig. 2. Thus, it
charges the series resonant capacitor. Capacitor charge and
current are related through

Tr/2 Tr/2
i
ch=f il-dt=f =-dt, 6)

0 0
regarding that the primary-to-secondary current ratio of the
resonant tank is one, but the transformer turns ratio n has to be
considered. As can be seen in (6) and in Fig. 2, t = 0 is set at
the instant when the positive half-switching period begins.

Once at the load side, the output DC current intensity can
be obtained from i, as

Tsw/2 Tr/2

1 , 1 .

IDD,zzm‘ f |lz|'dt—m‘f i, - dt, )
since the load side converter is a synchronous rectifier. Then,
(6) and (7) can be combined, resulting in
g Joo2 __Ion

ch_sw 2-n_2~n~fsw' (8)
The resonant capacitor peak voltage can be related to I, ,
by introducing (8) into (5), resulting in

Ve, = L}.nl,l)ﬁ- ©

Introducing that Ipp 1 = Ipp,/nand P = Vpp 4 - Ipp 4, TOr
the DC currents and the delivered power, respectively, V¢
becomes

- 10
r_4"VDD,1'Cr'fswl ( )
Finally, substituting (10) into (4) and rearranging the
expression, the DCM requirement is

P<8:C - faw Vipa, (11)
which can also be expressed by means of the characteristic
impedance of the resonant tank, Z, = /L,./C,, as

4-k- ng. (12)
T-Z;
HC-DCM is ensured as long as f, is such that (2) is
accomplished and P fulfils (12).

It must be highlighted that this analysis and the resulting
requirement for the active power is also valid for bidirectional,
CLLC series resonant converters. In that case, C, and L, are
the equivalent series capacitance and inductance, respectively,
referred to the primary side.
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Fig. 2. Main waveforms in the primary side of the HC-DCM-SRC.

I1l. ZCS AND ZVS

In the HC-DCM-SRC, the resonant current becomes zero
before the half-switching period ends. Therefore, ZCS is
accomplished for the transistors in the primary and the diodes
in the secondary [12]-[14]. However, under zero-current
condition, ZVS in the primary is not achieved [1], [11], [15].
Thus, lossless turn-on of the transistors is not reached unless a
ZVS requirement is fulfilled. Moreover, lossless turn-off may
also be possible for the switches in the primary if certain
requirements are met.

A. Zero-current switching

The ZCS process can be explained starting from the
MOSFET equivalent circuit of Fig. 3 (a), where its parasitic
capacitances have been included. When the MOSFET of S; is
conducting, vps; = 0. Thus, the complementary MOSFET of
the cell, S;, is blocking with vy ; = Vppp, Where Vp, is the bus
voltage.

At the end of the resonant half cycle (see Fig. 4 (a)), the
resonant current becomes zero. As a consequence, S; turns off
with zero current (see Fig. 4 (b)). Due to ZCS, there is no
current available to charge the output capacitance of S; and
discharge the output capacitance of S;. As a result, the voltage
is not switched between them, so vps; = v(Cpss;) = 0 and
Vps,j = V(Coss,j) = Vpp. When the following half-switching
period starts and S; is turned on (Fig. 4 (C)), Coss,; and Coss j
are espontaneously charged/discharged through the channel
resistance of S; (Fig. 4 (d)). Hence, ZCS is not lossless. The
energy stored in Cy j, Which is E, s (Vpp), is dissipated in the
channel of S; . Moreover, the same amount of energy
introduced in C,s; When it is charged is dissipated in the
channel of §; as well [16]. Therefore, the switching
mechanism is so 2 - E, 4 (Vpp) is lost in the switch that is
turned on. Regarding that the primary converter is a full
bridge, the switching energy loss in a half-switching period is
4 - E,ss(Vpp). Then, the switching power loss in the primary
converter under ZCS is obtained as

Psw =8- Euss(VDD) : fsw- (13)
The stored energy E,. can be calculated as [15]

Vbp

Eoss(Vpp) = f Vps * Coss(Vps) * dvps. (14)

0
It becomes clear from (14) that the larger C,s and the
higher Vpp, the greater the switching power loss.



B. Turn-on zero-voltage switching

In order to avoid the mentioned switching losses, turn-on
ZV/S is desirable. For this, it is necessary that some current
remains in the primary of the resonant tank, so the output
parasitic capacitances can be completely charged/discharged.
This way, the diode of S; is forward biased before its
MOSFET is turned on. Then, the MOSFET is turned on with
zero losses.

Under CCM, the current during the switching process
depends on the load condition. Therefore, it may be large,
ensuring turn-on ZVS, but leading to large turn-off losses. On
the other extreme, it may not be large enough to
charge/discharge both C,, in each cell before the MOSFET
of S; turns on. Hence, not achieving ZVS. However, under
DCM, ZVS can be ensured for any load condition. During the
discontinuous time, which takes place between t = T,./2 and
t = Ty, /2, the resonant current is zero, i, = 0. Nevertheless,
the primary current is

iy = iy + (15)
that is, the sum of the resonant current in the primary and the
magnetizing current. Thus, i; =i, for t € (T,./2,T,,/2)
and, as a result, the magnetizing current is in charge of
achieving complete ZVS.

Taking Fig. 5 as reference, the switching process at the end
of the positive half-switching period is considered. Switches
S, and S,, which were conducting, are turned off once i, has
become zero. As can be deduced from Fig. 5, the magnetizing
current simultaneously charges C,s; of S; and S, and
discharges C,, of S, and S5. Due to the full-bridge topology,
the charge moved during the voltage switching is
2+ Quss(Vpp). As aresult, the necessary magnetizing current
is obtained as

2 Qoss (VDD)

L, > i,(2ZVS) = (16)

to ensure that the diodes of S, and S5 start conducting before
their MOSFETS and, thus, turn-on ZVS is accomplished. The
requirement in (16) defines the minimum magnetizing current
during the switching process in order to completely switch the
voltage in a time t,,,.. As can be seen, the obtained expression
is time-based. Furthermore, during t,., the magnetizing
current, and thus the energy stored in L,,,, may change. Hence,
it must be ensured as well that the energy in L,, is enough for
the soft-switching process to happen. This leads to an energy-
based requirement. Applying an energy balance between the
beginning and the end of the switching process in the full
bridge, the following expression is obtained [15]

E; + Etrans = Ef + Egys- (17)
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Fig. 3. (a) Single switching cell with MOSFET model; (b) main waveforms
during S; turn-off process.
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Fig. 5. Current flow during the voltage switching process in the primary full-
bridge converter.

The initial energy of the system is

1
E; = E Loy Irzn,i +2- Eoss(VDD): (18)

which is the sum of the initial energy in L,, and the energy
stored in C,s, of the two switches that are initially off,
blocking a bus voltage V. The net energy transferred by the
source to the system during the process, E; qns, iS Zero. This
is due to the full-bridge topology, where the charge
recirculates as in Fig. 5. Note that during the process there is
actually a charge flow from/to the source (in blue), since C,
varies with voltage during t,,.. However, the total charge
extracted from C,gs, and C,gs 3 (in green) is reintroduced in
Cpss,1 and Coss 4 (in red), resulting in a null net charge from
the source. Then, the final energy is

1

Ef = 2 "L - Irzn,f + 2+ Eo5s(Vpp), (19)
again with 2 - E,;(Vpp), since the other two switches finish
the process blocking voltage and with their output
capacitances charged. As a result, the energy balance shows
that

1
Ly, - I,Zn_l- =3 Ly, -I,fqlf + Egis) (20)

hence, I, < I,;. In order to ensure enough magnetizing
current during t,,. when switching losses take place,
requirement (16) must be applied to I, and, then, the
necessary initial current, I,, ;, is to be calculated by means of
(20), leading to

N =

I 4- Qgss(VDD) 2. Edis

m t%r Lm ’
which is a more demanding requirement for the magnetizing
current than (16). A particular scenario takes place if E;; = 0
is accomplished. In that case, the magnetizing current would
be constant during t,,.. As a consequence, there would be no
energy requirement for the magnetizing inductance. Note that
this happens for full-bridge converters (regardless the switches
are MOSFETSs or IGBTS) where L,, is in charge of the ZVS.
The energy requirement is different for half or full bridges
where L,, is clamped to the secondary-side bus voltage, so
there is energy transferred to the secondary source during
t,r [17], [18], even if E;;; = 0 is assumed [15]. In these last
cases, the series inductance is the one that participates in the
ZVS. The requirement for achieving E;; = 0 in the HC-
DCM-SRC is obtained below.

(21)




C. Zero-loss switching (ZLS)

While MOSFET lossless turn-on is achieved if i, fulfils
(21), the complementary MOSFET turn-off may take place
with losses, because part of i,,, may flow through its channel.
This can be seen attending to Fig. 3 (a) and considering a
conventional, hard-switching turn-off, such as the one
presented in Fig. 3 (b). During t,,., when the voltage is
switched between S; and S;, the current through the MOSFET
which is turned off (S;) is divided. One part of this current,
ipo, flows through the channel of the MOSFET and causes
power losses, since vy > 0. The other part charges the output
capacitance, C,ss = Csp + Cps . The aim is not only to
accomplish lossless turn-on, but also lossless turn-off. Due to
this switching mechanism, E;; = 0 and (21) becomes (16).
Therefore, a zero-loss switching (ZLS) is obtained in the
primary converter.

Considering the circuit for one switching cell in Fig. 3 (a),
the analysis is performed assuming that S; turns off and S;
turns on afterwards. Regarding S;, its total drain current is ip, ;.
If the channel is put out before S; begins to block voltage, i.e.,
before vpg; > 0, it results in ipo; = 0. Thus, the energy loss
in the turn-off is E,¢r; = 0 [19]. Then, as can be deduced
from Fig. 3 (a),

by = iD,i - iD,j; 22)

where
ipi = Ipoi + ipsi T ipg,iv 23)
ip,j = ips,j + ipg,- (24)

In addition, the drain-to-source voltages of S; and S; fulfils
that
dvps;  dvps;
i o =0 (25)
The goal is to achieve iy, = 0 thanks to reducing the gate-
to-source voltage of the MOSFET s0 vgs < Vi ¢ before the

voltage switching begins. In order to achieve this, the gate
resistance

Vpsi + Vps,j = Vpp =

V, -,
R = G,off. GS 26)

lg

must be below a certain boundary, R; ji,, SO the switching
process is quick enough. During t,,,.,

dves _ o @5 _ dv0s _ o5 _ Ioc
dt dt ~ dt  Cps Cep @n
U = Ipsi + ipgi — Ips,j — ipg,j» (28)
ipgi = ~lg- (29)

Introducing (25) and (27) into (28), the expression for the

magnetizing current becomes
. dvps;
ln = thS'l : (Coss,i + Coss,j)' (30)

Finally, (26) is particularized to the conditions imposed by

(29) and (30), leading to
(VG,th - VG,off) (CossQeq,i(VDD) + CossQeq,j (VDD))
im(ZVS) : CGDQeq,i(VDD) ’

which is the requirement for the gate resistance in order to
accomplish lossless turn-off of S; at the same time that i,,, >
im(ZVS) to ensure lossless turn-on of S; as well. Since the
parasitic capacitances C,s; are not constant during the
switching process, the charge-equivalent capacitances C,sggeq
have to be considered [15].

R < Rgiim =

(€3]

As can be deduced from the obtained boundary for R, the
larger the current during the switching process, the lower the

limit of gate resistance that allows to achieve lossless turn-off.
In fact, it may happen that the boundary in (31) for R is less
than the internal gate resistance of the MOSFET, R ;5. In
that case, this turn-off method is not possible. Nevertheless, in
this case, thanks to only switching part of the magnetizing

current, which is expected to have a low value,
the lossless turn-off is easily achieved by selecting
RG,ext < RG,lim - RG,L‘nt-
D. Comments on ZLS

a) Converter ~ operating conditions: Several

requirements have been presented in order to ensure that the
full-bridge SRC works under HC-DCM with null switching
losses. Particularly, equations (2) and (12) establish the
conditions for HC-DCM, equation (21) defines the boundary
to obtain turn-on ZVS and (31) shows the condition to ensure
lossless turn-off.

b) Parasitic capacitances estimation: The lossless
switching requirements rely on knowing the value of C;p, and
Cps and, thus, C,.s. However, C,,, may exhibit significant
hysteresis [20]. Therefore, during design, a safety margin
from the obtained boundaries is recommended.

c) Lossless switching: Despite the lossless switching
mechanism described, the charging and discharging of C,; is
not completely free of losses. This is due to the charge moved
during the process [20]. Hence, E ;s > 0 and (21) has to be
used. Moreover, the switching losses have to be considered in
the design stage to avoid semiconductor overheating during
operation. Nevertheless, the switching power loss due to the
charging/discharging process is less than (13) for ZCS, where
all the stored energy is dissipated.

d) ZLS with IGBTs: The analysis of the lossless
switching mechanism has been performed considering
MOSFETs. The same requirements are valid for IGBTs as
well. Regarding the turn-on process, many papers such as [1],
[7]1, [11], have treated the ZVS on IGBTSs, agreeing on:
defining enough interlock time (or discontinuous time) and
ensuring sufficient magnetizing current. The effect of both
parameters has been considered in this paper. The
discontinuous time can be defined by selecting an appropriate
switching-to-resonant ratio k, while the magnetizing current
is established through a suitable design of the magnetizing
inductance of the transformer. Furthermore, the lossless turn-
off can also be applied to IGBTs [19].

IV. CONSEQUENCES ON TRANSFORMER DESIGN

The resulting requirements for achieving DCM and ZVS
affect the design of the high-frequency transformer of the
converter. On one hand, the boundary in (11) — which ensures
DCM - leads to an upper boundary for the series resonant
inductance, which is the leakage inductance of the
transformer. On the other hand, the expression in (21)
— requirement for accomplishing ZVS — establishes an upper
boundary for the magnetizing inductance.

A. Leakage inductance boundary

In the converter, the leakage inductance of the transformer
is used as the resonant inductance, so L, = Ly, . Therefore, the
series equivalent leakage inductance, Ly, resonates with C,. at

frequency
1

fr = 21 Ly - C, (32)

Then, C, is obtained from (32) and introduced into (11),
resulting in



8- f:cw : VDZD,l
@m-f)?2 - Ly

Introducing (1) for the ratio k into (33) and rearranging,
the boundary for the leakage inductance of the transformer is
obtained as

P< (33)

2-k%- Vi,
L Y

Ly, must be designed considering the most demanding
scenario, which is for rated power. Note that (34) is a
maximum limit and not a minimum.

Lix < Ligpim1 = (34)

B. Magnetizing inductance boundary

The general expression to be considered in the design of
the magnetizing inductance of the transformer, L,,,, has been
obtained in (21). Nevertheless, under ZLS, it must be noted
that the second term in (21) is usually negligible in comparison
with the first term. Thus, for the boundary of L,,, (16) can be
used in this case. If ZLS is lost and there is a larger E;, the
requirement for L,,, can be obtained the same way as indicated
below but using exactly (21).

During the resonant half-cycle, the combined voltage drop
in the series inductance and capacitance is zero. Therefore, the
magnetizing inductance is clamped to the bus voltage. As a
result, the magnetizing current has a constant slope from
t= 0tot = T,/2 and responds to

diy, Vbp1
I= Lm . (35)

Then, fromt =T,/2tot = T, /2, the applied voltage is
no longer Vpp 1, but Vpp 1 — Ve, (assuming that the voltage
drop in Ly, is negligible). Thus, the slope of i,, is no longer as
in (35), but

diy, _ Vop1 — Ve,

— (36)

dt Lo
until the switching process begins. As a result, from (35), the
magnetizing currentat t = T, /2 is obtained as
b (73/2) = 1,(0) + 7222, @
where i,,(0), as depicted in Fig. 6, is the magnetizing current
intensity at t = 0, that is, at the beginning of the positive half-
switching period. Then, for te€e (T,/2,Ty,/2) , the
magnetizing current is

i (©) = i (T,/2) + % (e- TE) (38)

Knowing that i,,(T,,/2) = —i,,(0), the initial value
i, (0) can be obtained from (37) and (38), resulting in

im(o) = _im(Tsw/z) = VCT il fs‘:{) LmVDD'l'

It can be seen that, depending on the value of V_, the slope
of i,,, during the discontinuous time may be (a) negative or (b)
positive. Hence, the lowest possible current for the switching
process is i, (Tg,, /2) inscenario (a) and i,, (T;./2) in scenario
(b). Determining which scenario takes place is key in order to
ensure enough magnetizing current for complete
ZVS. In the boundary between scenarios (a) and (b),
i (Tew/2) = i (T./2). Thus, from (37) — (39), it is obtained
that V. = Vpp 1. Then, starting with the expression for V _in
(10) and applying the transformations in (34), the boundary
can be expressed by means of the leakage inductance,

2 2
Ly simz = % = le,liml/z : (40)

As it is obtained hereunder, the value of L, affects the
design of L. If Ly jim2 < Ly < Lig1im1, the converter works
under DCM and scenario (a), as shown in Fig. 6 (a). Therefore,
i (Tew/2) > i, (ZVS) to ensure ZVS, regardless the precise
instant in which the switching process begins during the

39)

discontinuous time. From (10), (16) and (38), it is obtained
that the magnetizing inductance must fulfil
L < Linyim,, =

(VDZD,l kP =Pm? e fyy Ly - (1— k)) e (41)

8- fsw : VDD,l k2 Qoss(VDD,l)

to reach complete ZVS in scenario (a). On the other hand, if
Ly < Lig1imz2, the converter works under DCM as well, but in
scenario (b), corresponding to Fig. 6 (a). Hence, the design
requirement is i, (T;-/2) > i, (ZVS) in this case. From (10),
(16) and (37), it is obtained that the magnetizing inductance

must fulfil
Lm < Lm,limb =

:(P-n2-}gw-le-(1—k)—VgD,1-k2-(1—2k))-t,,r (42)

8 fow- VDD,l k2 QOSS(VDD,l)
to reach complete ZVS in scenario (b).

To sum up, the leakage inductance must accomplish (34)
and the magnetizing inductance has to fulfil (41) in scenario
(@) or (42) in scenario (b). These limits can be easily
implemented in an optimal design algorithm for the high-
frequency transformer.
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V. CONSEQUENCES OF ZLS ON SEMICONDUCTOR SELECTION

Even when conventional ZVS or ZCS is achieved in high-
frequency DC-DC power converters, the remaining switching
losses in the primary switches make it not possible to use
IGBTSs at such high frequency, penalizing the resonant tank
design. Thus, in these applications, SiC superior features and
ability to switch at high frequencies overcome their higher
cost. However, in HC-DCM-SRC under ZLS, the switching
losses in the primary converter are theoretically null. Even
with the charging/discharging mechanism not being
lossless [15], the switching losses in the primary converter can
only be as large as (13). Hence, the use of IGBT switches is
feasible, even at frequencies above 100 kHz, as shown in Fig.
7., where the power capability of the primary converter is
depicted as a function of the switching frequency. Assuming
an analysis during the design stage, the maximum possible
switching losses should be considered as a safety design
criterion. The performance of four devices is represented: in
solid lines, 50 and 100 A IGBT modules and, in dashed lines,
50 and 100 A SiC MOSFET modules. Further data of the
semiconductors are presented in Table I.

Due to the larger C,4, of the analyzed SiC devices, the
maximum switching losses are higher than those of IGBTs
with same rated current. It must be noted that, according to
(13), switching losses are not dependent on RMS current
intensity. Therefore, the power capability,

P = 72 : \/Z_k “Vop1 -1y (43)
can be directly calculated with I; (RMS current in the primary
of the tank), obtained from the maximum allowable
conduction 10sses, P.onmax - The criterion to use is not



surpassing the maximum temperature rise allowed in the
semiconductor (Tj ges — Ths,aes = 40 °C), leading to

T',d - Th ,d
Pcon,max(ll) = E; L 2- Euss(VDD,l) . fsw:
th,j—hs

where T; 4. is the junction temperature of design, Ty 4.5 the
heatsink temperature, and Ry j_ps is the equivalent junction-
to-heatsink thermal resistance for one transistor. The
maximum switching losses possible are defined for a single
switch from (13), resulting in 2 - Eys(Vpp,1) * fow in (44).

(44)

As can be seen in Fig. 7, the negative slope of the power
capability is steeper in the studied SiC devices than in the Si
devices. This behavior results in higher power capability of
IGBTS. Thus, the IGBT module would be selected rather than
the SiC MOSFET module of the same rated current, especially
when considering the SiC-Si cost ratio, which is between 2 and
3 for the studied devices.

Power capability (kW)

20 [ —FFS0R12RT4, IGBT Si -
—FF100R12RT4, IGBT Si
FF23MR12W1M1-B11, MOSFET SiC
- - FF11MR12W1M1-B11, MOSFET SiC

100 110 120 130 140 150 160 170 180 190 200
Switching frequency (kHz)

10
50 60 70 80 90

Fig. 7. Power capability of primary converter vs. switching frequency for
different Si and SiC semiconductors at V,,; = 800 V and k = 0.7.

TABLE I. SI & SIC FEATURES
Features
Code & Technology V breakdown L-ateq Eyss @800V

V) (A) (u])
FF50R12RT4 / Si IGBT 1200 50 56
FF100R12RT4/ Si IGBT 1200 100 112
FF23MR12W1M1_B11/ SiC MOSFET 1200 50 90
FF11MR12W1M1_B11/ SiC MOSFET 1200 100 179

VI. CONCLUSIONS

A detailed as well as comprehensive approach to the HC-
DCM-SRC has been developed, resulting in a set of
requirements to ensure the desired operating conditions of the
converter. Then, the zero-loss switching or ZLS is studied.
Despite the losses related to the movement of charges during
the switching process, switching losses are really low and,
moreover, dependent on the output parasitic capacitance of the
switches, but not on the conducted current. As a consequence,
ZLS can be ensured for any load condition through a proper
design. For this, easy-to-use requirements for the leakage and
the magnetizing inductances of the transformer are obtained.
Finally, a key advantage of ZLS is presented: silicon devices,
thanks to their lower parasitic output capacitance, may handle
larger power than silicon-carbide ones. Therefore, IGBTS are
eligible for HC-DCM-SRC, resulting in a significant cost
reduction. Future research will focus on the effect of
secondary-side parasitic capacitances on ZVS and on the
experimental validation of the described ZLS mechanism.
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