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Abstract

The resonant single active bridge topology (R-SAB) operated in the half-cycle discon-
tinuous current mode (HC-DCM) is a very attractive solution due to its high efficiency,
low complexity and fixed voltage transfer ratio (DCX). However, as expected for a
series-resonant converter (SRC), its DCX operation depends on the resonant tank circuit-
parameters, parasitic capacitive elements and output load. Specially, at light and no-load
operation, when the system is extremely underdamped, it may present a large output over-
voltage due to resonance interactions. This is of prime importance for converters using
medium voltage (MV) SiC-MOSFETSs, which feature significant output capacitances that
can lead to voltage breakdown of the rectifier semiconductors. Therefore, the supposed
fixed-voltage transfer ratio is not entirely valid and deserves a proper understanding due
its criticality. This paper reviews the subject, clarifying its root cause and its multifactorial
dependencies. Moreover, it provides a simple solution based on a vatiable dead-time with
fixed magnetizing current experimentally verified with a 300kW/1.8kV R-SAB prototype
implemented with MV SiC-devices.

1 | INTRODUCTION

The first DC/DC converter to integrate a transformer and a
series-resonant capacitor was introduced in 1970 [1] and, since
then, it has been extensively used in many applications [2—4].
In the literature, it can be found also as: series-resonant con-
verter (SRC) [5]; resonant LLC converter [6]; and resonant
single active bridge (R-SAB) [7]. It consists of a transformer and
a resonant capacitor placed between an active inverter bridge
and a diode rectifier bridge, as shown in Figure 1. Its abil-
ity to achieve ZCS (zero-current switching), ZVS (zero-voltage
switching) and quasi-sinusoidal currents [8] allows it to reach the
highest efficiency among other topologies.

It is able to operate in DCX mode [9] which is supposed
to provide a fixed-voltage transfer ratio without requiring any
closed-loop control [10—-12]. However, this is not entirely true
under light and no-load operation, since the output voltage
increases continuously as the switching frequency increases [13].
This is due to the junction capacitance of the rectifier diodes and
the transformers parasitic capacitance causing a high frequency
resonant interaction with the transformer leakage inductance.

Some researchers have studied and proposed solutions to
overcome such behavior and ensure a wide voltage operation
range. Primarily, they can be divided into three categories: (1) the
ones that have modified the typical R-SAB circuit adding extra
elements for passive damping or active control purposes; (2) the
ones that have deployed closed-loop methods, giving up on the
DCX principle; (3) the ones that have implemented open-loop
methods, in a semi-regulated or unregulated DCX sense [14].

For instance, in the first category, a dummy load resistor is
commonly used to ensure treliable operation [13], providing suf-
ficient damping to the system. On the one hand, it prevents the
operation under light-load conditions but, on the other hand, it
impacts the overall efficiency. Also, an extra L.C anti-resonance
circuit can be used acting as a band-stop filter [15, 16]. Apart
from the extra passive elements and losses, this solution inserts
an additional unwanted resonant tank due to its capacitive ele-
ment and the transformer leakage-inductance, causing higher
frequency oscillations over the wide operation range. Other
studies have added active elements as, for example, parallel low-
power DC-DC converters [17, 18] to control the output voltage,
implementing a more complex and costly solution. Another
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FIGURE 1 ‘Typical resonant single active bridge showing the parasitic

elements

control scheme deploys a small phase shift between the pri-
mary and secondary bridges of an R-DAB (resonant dual active
bridge) converter, supposedly, operated as an R-SAB, when the
rectifier is implemented with MOSFETS rather than only diodes
[19]. It allows an active sharing of the transformers magne-
tizing current; however, as this is done by supplying reactive
currents from the primary and secondary sides, the total losses
are expected to be higher. Besides that, these extra active ele-
ments increase the equivalent capacitance and consequently,
impact the soft-switching behavior of the converter over the full
operation range [20].

Other researchers have suggested a feedback control method
for wide range regulation. For instance, very light-load regu-
lation can be achieved by phase-shift [21, 22] or duty-cycle
control [23] of the inverter side legs. From the DCX point
of view, they increase system complexity with an extra closed-
loop control. In addition, as shown in [21], it is only focused
on improving the low-load efficiency by means of decreasing
the transformer losses, rather than improving the output volt-
age controllability. Meanwhile, in [22] and [23], they are able to
improve light-load regulation using phase-shift and duty-cycle
control, which increase their switching losses and consequently,
add extra damping to the system. Nevertheless, a hybrid control
scheme is also implemented in [23], using an additional fre-
quency modulation (FM) to achieve wide output voltage range.
Based on a hysteresis on/off control type, burst mode meth-
ods have been also studied [24, 25]. These solutions expetience
certain voltage and current surges, as expected for an ordinary
hysteresis output voltage control.

Finally, in the last category, an optimized fixed dead-time and
switching frequency was implemented for wide range opera-
tion [26]. However, an idealized model is used to calculate the
optimal fixed parameters which does not take into account the
junction capacitance of the rectifier diodes and the transformer
parasitic capacitance. This leads to some misconceptions such
as: to control the output voltage at light or no load, the con-
troller is supposed to increase the switching frequency to the
maximum allowable [26], true for an idealized LL.C model, as
shown in [13]. Another optimal and variable dead-time, with
different values for each inverter leg, is proposed in [27]. It
provides an inherent burst-mode operation, acting as a hys-
teresis output voltage control, such as [24, 25], and therefore,
suffers from voltage and current surges ecither. In addition,
the analysis does not consider the parasitic capacitance of the
transformer and the rectifier. Meanwhile it evaluates a non-
resonant PSFB (phase-shift full-bridge) converter operating in
CCM (continuous current mode) with phase shift control for
wide range operation.

Based on the literature reviewed, it is clear that many meth-
ods are implemented for wide operation range and just a
few are really focused on the light and no-load operation.
Therefore, they tend to use idealized models that are not
suitable for the proper understanding of this specific condi-
tion, whete common assumptions fail, such as: the resonant
current is constant during the dead-time; if the leakage induc-
tance is much smaller than the magnetizing inductance of the
transformer, it can be ignored; the transformer and the rec-
tifier diodes are ideal devices; voltage and current waveforms
can be regarded as sinewaves, ignoring the harmonics; the
dead-time between switches can be neglected; inverter mosfets
capacitances are negligible.

This article focuses on the analysis of the R-SAB con-
verter at light and no-load operation aiming to sustain its
fixed voltage transfer ratio without requiring any closed-loop
control (DCX) and avoiding the output overvoltage issue. Spe-
cially, this is critical for converters using medium voltage (MV)
SiC-MOSFETs, which feature significant output capacitances
that could lead to voltage breakdown of the output rectifier
devices. This paper revises the assumptions cited before, clar-
ifying the multifactorial dependencies, splitting the issue in the
impedance, inverter voltage-source harmonics and theoretical
analysis. Moreovet, it provides a simple solution based on a vari-
able dead-time with fixed magnetizing current experimentally
verified with a 300kW/1.8kV R-SAB prototype implemented
with MV SiC-Devices.

2 | LIGHT AND NO-LOAD OPERATION
ANALYSIS

2.1 | Characteristic impedance

The harmonic approximation approach is based on the assump-
tion that the fundamental component of the Fourier series of
a square-wave voltage has the main contribution to the energy
transferred to the output. This relies on the selective natute of
resonant tank circuits acting as band pass filters. This approach
is able to give accurate results for operating points close to
the resonance frequency, while it is less accurate at frequencies
below resonance due to discontinuous conduction [28]. Nev-
ertheless, this method is very useful to give an overview of
the impedance and the resonant frequencies of the circuit, spe-
cially, for light and no-load operation, where the load-dependent
effects are negligible.

The proposed equivalent circuit for resonant single active
bridge is shown in Figure 2a. As it is focused on the light and
no-load operation, elements that are usually not considered,
have been taken into account, such as: the transformer wind-
ing capacitance (C},) with a series resistance (R,,) due to the skin
effect; the secondary side devices junction capacitances (C;) and
their significant off-resistances (R)) as their drift regions are
unmodulated; the transformer core losses, considered mostly
voltage-driven, modelled as a resistance (R,,), and therefore,
could provide significant damping effect at light and no-load.
The equivalent values shown in Figure 2b are related to the
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primary side by the transformer ratio 7:

Rm C/ R[rR/”z
R,= HTIM,C; =C,+ ;’Re R, TR @
8221, '

out

The forward transfer function / (5) of the resonant single
active bridge can be derived as follows and the final formula is
presented in (5), located at the bottom of this page:

1
stl |Re + ? | |Ra

—. @
+ J'Lm + ZZ

Z1088
Zy() L

S

Hyap(s) =

r

The DC conversion ratio (M) can be derived using (3) fol-
lowed by reformulation based on the terms defined in (4) which
are: normalized frequency (f,); resonant frequency (@); quality
factor (Q); and three different impedance factors (K, K, K).
The final formula is presented in (6) located at the bottom of
this page.

M= ”1_[7;/:/;(5)”;:‘/503 (3)

w, 1 1 /L

f;1_ woyw(‘)— ]ﬁ_Cr’l’Q_Ro Cvr’
_ 14;7/ K = C; K = Re 4
I%_Lr’l_c;r Z_Rg' ()

2.2 | Inverter voltage source harmonic
spectrum

The inverter-side voltage (1) is the source of the harmonic
spectrum that supplies the resonant circuit. Figure 3 shows sim-
plified scenarios (1, 2 and 3) for the inverter voltage profile
during a soft switching event in DCM mode. It is dependent on
the magnetizing current (7,,,), dead-time (,,,) and the equiv-
alent capacitance (C). Spécia]ly, in Scenario 1, it shows an
incomplete ZVS switching that is most likely to happen with a
significant equivalent capacitance, such as those present in MV
SiC-MOSFETs.

C L
|_rYYY\
R R.n?
Vi Rul|tm3 " Q’n R
C"T _I_c,-/n2
(a)

FIGURE 2 (a) Proposed R-SAB equivalent circuit for computing the
harmonic approximation focused at light and no-load operation. (b) Simplified
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FIGURE 3  Three simplified scenarios of the inverter voltage profile
during a soft switching event in DCM mode at light and no-load operation

After all, these scenarios mean different harmonic spectra
that can be expressed using Fourier series (Equation 7):

V<t)=4 i 1 (b@)a (1 2
! T b\ 2C,V, \hat

dead

. bw:tmf .
sin < > > - 1> + 1) sin(nw,t), )

(%) is the magnetizing current at 4, C;, = (Cy +

whete 7,

G+ G/ #*) is the equivalent capacitance during the period and

¢,y is the soft discharge-time where, if 2,y > 74,4, L7 = Z4,44-
Figure 4 shows the three-dimensional inverter voltage-gain

curve (Equation 0) for light and no-load operation alongside
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FIGURE 4 Three-dimensional gain curve for light and no-load operation

besides an expected inverter voltage harmonics soutce

TABLE 1 Simulation parameters based in the experimental value

Parameters Values Units
Transformer total leakage inductance L, =225 uwH
Transformer magnetizing inductance Ly =57 mH
Transformer winding capacitance C, =20 nk’
Series transf. skin-effect resistance R, =1.0 Q
Transformer core losses resistance R, = 8350 Q
Transformer ratio n=1.0

Series resonance capacitor C.=3.0 uF
Junction capacitance (FMF750DC) C¢; =60 nl”
Junction off-resistance (FMF750DC) R; =10.0 Q
Inverter switching dead time Lgoad = 5.0 Ms

the expected harmonic spectra (Equation 7) regarding Scenar-
ios 1 and 2. The resonant simulation parameter-values used are
based on the experimental ones presented in Table 1, where the
same FMF750DC devices are considered at the inverter and rec-
tifier sides. In addition, Matlab and PLECs have been used for
implementing the derived equations.

Hence, from a macro point of view, an argument for the
overvoltage issue lies in the interactions between the harmonic
spectra and the characteristic impedance of the resonant sin-
gle active bridge. At light and no-load operation, the converter
is not damped enough, revealing its multi-resonant behav-
ior. In these conditions, it loses its selective frequency nature
providing a pass for a broader range of frequencies. This is
critical at higher frequencies due to the resonance caused by
the equivalent capacitance and the resonant inductance (L),
as previously discussed. At this point, the harmonic spectrum
of the inverter voltage-source is responsible for exciting this
resonance. The amount of higher order harmonics from the
source has a multi-factorial dependency related to the inverter
voltage-source profile (Equation 7). For instance, it becomes
clear when comparing the harmonic spectra from Scenarios 1
and 2 shown in Figure 4, as the amount of higher frequency
harmonics are significantly lower for the second case, avoiding
the over excitation of the high frequency resonance.

(©)

FIGURE 5 Time interval 1: (a) Simplified equivalent circuit divided into
its (b) low and (c) high frequency parts

2.3 | Time domain analysis

Due to its multi-resonance nature an exact form analysis can
be used to determine individual equations and describe, more
accurately, each converter operating sequence. Hence, the cir-
cuit should be evaluated at different time scales during each time
interval, with regards to its distinct resonance frequencies and
equivalent impedances. In order to model and understand the
overvoltage issue from this micro-perspective, the same sub-
sequent intervals, shown in Figure 3, have been analyzed as
follows:

Time interval 1 (f) < # < #): This is the dead-time period,
when all primary and secondary devices are OFE. Their output
capacitances are charged/discharged by means of the magnetiz-
ing current circulating in the transformer. It flows in opposite
directions between the primary and secondary, dividing as a
function of the capacitive divider formed. The worst case for
the overvoltage issue is at no-load operation (R, >> R,). At this
point, the equivalent circuit shown in Figure 2 can be simplified
as shown in Figure 5a and separated into its low (b) and high (c)
frequency parts.

Hence, the following equations can be derived from the
equivalent circuits:

—ayt

- (CU,/J V7 (#y)cos(w g 1)

e
v () =

B

[mag(l()) .
= H Vi) )@ ) ®

e,]

_aﬂ[,lt I 5 I
ya[,l(f) = ‘ <L(O)Ji”(wd,a[1f)>7 (9)

wﬂ’,acl Ce,arl

]mag (t())e_aﬂ

Lyggn (1) = (g, 005(00y,17)
Re 7 T//(l‘()) >
+|l o — — ——— Jsin(w, ;) ), (10)
( Le,l ]mag(iO)Le,[
[re.r,l (fo)e_a”[’lt
]m‘,l (l) = (wd,dfl faj(wd,atl 1)

wri,arl

Re,a(l .
+ aar,l_ I - JZﬂ(wd,atl) ’ (11)
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G Ls Lres Cr Hence, the following response equations can be derived from
B + the decoupled equivalent circuits, shown in Figure 6b,c:
R.n? el
Vi Imagl J 2 A l Vs e-am,zf
TC” ch/ " Inag.2 Vo (t) = D77 (04,02 V2 (t1)05(@g, 1)
Jac.
(a) (b)
+ [m’,2<f1) + 1% . 14
FIGURE 6 Time interval 2: (a) Simplified equivalent circuit divided into Co Uar2Vae2 ) Jsin@ga2?) |5 (14)
its (b) low and (c) high frequency parts ’
[re.r 2 (tl )e_aw'Z[
[rex,Z(lL) = (wd,MZm‘f(wd,def)
wrl,a[Z
where & is the damping factor, w, is the damped frequency. The R, .
e,ac. .
indexed values for each part are as follows: + <06d[,2 - 7 —>J‘Zﬂ(a),/,wz)> s (15)
5
Ry R, R’ 5 (t)
R, = ‘ Ly=L,+L, = 200 ) s
e, R(/IR” + R/er ) + R(]J.R/ 72 e,] 4 g ]}ﬂﬂg,Z (t) [mag (ll )EOJ(COO’IZ‘) + . IZ”(CU(),[;)’ (1 6)
G, & R, R /ﬂz where the indexed values for each part are as follows:
Ct:/’[ == 0 + C,;r + _’Redfl = Rd\' + - . 5 0
’ C,+C, n " Ry + R;n? 5
Re,ch = R/r + R/” ’]Je,] = ]W + ]Jn
2
c CaCH (G + G/ ) ., + <9
“e,acl = ’ r\~r -~
o (CuCh + (Cy + GG, + C}/”Z) q’,41£2 = —ﬂZC, Wy =
G+C+<
7/2
Wy, =
Wia2 = (17)
w .= @ g = e (12) d the initial conditi :
d,acl Lo o1 Fac,1 27, and the initial conditions are:
G+ Gl
and the initial conditions are: Lesp () = Lusy (1) F Lygg1 (1) C., >
o
CH I Vo) = V() 222 — 17,1 = — 1 18
Lt (o) = Lygg(to) o, Vi) ==V, (13) w2(n) = Ve (fl)sz -1 Vi== =) (18)

This interval is commonly modelled as a simple integra-
tion with a constant magnetizing current. Nevertheless, in
some cases, this assumption fails to define proper initial con-
ditions to the next interval. It is important to model it
using the exact form in several cases, such as: for light and
no-load conditions where the high frequency part is more
significant; when the soft-discharge time (7,) lengthens and
approaches the low-frequency period (1/w, ), hence, the con-
stant magnetizing-current assumption becomes invalid; or the
soft-discharge time (7,) shortens and approaches the high-
frequency period (1/wy,1), increasing its influence in the
next interval.

Time interval 2 (# < # < %): During this period, the inverter
devices are turned-on, meanwhile the rectifier diodes can be
in the ON or OFF-states, depending on the load conditions.
At steady-state, no-load and assuming R, >> R,, the recti-
fier diodes are in the off-state and the equivalent circuit is
shown in Figure 6a. At this condition, the voltage peak across
the diodes corresponds to the maximum converter output
voltage.

As expected, the high-frequency resonance interaction
between Time Intervals 1 and 2 plays an important role in defin-
ing the initial conditions of Interval 2: 7, , (#) and 1, »(#).
Both initial conditions are resonant in nature leading to an out-
put voltage that is also dependent on the specific time (7). As
predicted by Equation (13), the initial conditions define the
amplitude of the natural response oscillation. For instance, if
time instant # occurs when initial condition 1/, ;(#) is cross-
ing zero voltage, the overvoltage would be reduced. This could
be a useful tool for avoiding the overvoltage issue, when # is
precisely designed. Nonetheless, it would not be a simple task
because it is supposed to be done at high frequencies, well above
the operating converter resonant frequency. In this regard, the
initial conditions, originating from the high-frequency part, also
decrease exponentially due to the damping factor («,,). There-
fore, they become less important whether the soft-discharge
time (#,) is longer or the magnetizing current is lower. At the
limit, only the initial condition from the low-frequency part
would be effective, once the high frequency oscillation has
been completely damped. Here, a major difference between low
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and high-power converter designs appears. On the one hand,
the low power converters tend to have very high switching-
frequency, low equivalent capacitance and very fast discharge
times. On the other hand, high power converters usually have
lower switching frequency, higher equivalent capacitance and
lower discharge times. Hence, the low power converter would
be more sensitive to the high-frequency-part initial condition
(V1 (1)) and it becomes even more significant as the discharge
time approximates to the high-frequency resonance period
(1/ wd,a[l)'

Furthermore, it is essential to note that, when ZVS switch-
ing is not perfectly achieved (Scenario 1 - the initial condition
171(#) does not reach 11, a voltage step response (I =
Vi = V71(4) = 0) is obtained from the resonant circuit, causing
larger voltage oscillations across the secondary devices.

The obtained equations have been evaluated and the results
are presented in Figure 7a, regarding the scenarios shown in
Figure 3, with the following differences: Scenatio 3 corresponds
to the higher value of magnetizing current and Scenario 2 cot-
responds to the larger dead-time. Analyzing the secondary-side
results from Figure 7b, it is fair to say that decreasing the volt-
age slew rate would result in lower overvoltage up to the limit
of lost ZVS operation.

In addition, Figure 7b shows the load voltage levels expected
for different loads. For example, when the output voltage is
below the no-load voltage level, the secondary diodes would be
forward biased until the output capacitance voltage exceeds the
device’s voltage. Hence, the converter would be operating in a
third mode (diodes forward conduction) during the period nec-
essaty to transfer energy to the load. Usually, depending on the
amount of energy requested for light load, the energy stored
in the resonant inductance (Z.;) can be sufficient and would be
supplied through the high-frequency oscillations. Practically, it
results in a light-load conduction period that increases continu-
ously till it reaches the limit for full conduction, as represented
in Figure 7b. At this stage, the output voltage will be lower
than the input voltage and the behavior of the resonant con-
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Calculated voltage and current from (a) primary and secondary (b) for the no-load and steady state operation under Scenarios 1, 2 and 3.

TABLE 2 RSAB prototype specifications

Parameters Values Units
Input voltage V;, = 1800 128
Output voltage V= 1800 128
Nominal output current 1,, =170 A
Nominal output power P, =~ 300 £W
Switching frequency Jow = 15.0 kHz
Inverter switching dead time Ljad = 5.0 Ms
SiC-MOSFET - FME750DC Cy = 6.0 nk
SiC-MOSFET - FMF375DC Cy =30 nl
Full SiC-Diode - FD750DC ¢ =10 nl
DC Link capacitor Cinfour = 60.0 uwF
Resonance frequency Jo=19.37 kHz

verter corresponds to an internal voltage-drop proportional to
the output current.

3 | VARIABLE DEAD-TIME WITH FIXED
MAGNETIZING CURRENT

A variable dead-time with fixed magnetizing current has been
implemented in order to avoid a possible voltage breakdown
of the rectifier semiconductors at no-load operation. Further,
it allows maintenance of the fixed voltage ratio mode (DCX)
without requiring any closed-loop control.

This method is suitable for the case corresponding to Sce-
nario 1. It consists of increasing the dead time at light-load
operation, in order to increase gradually the soft-switching time.
At the limit of no-load operation, as represented by the dashed
line in Figure 3, the switching time would be long enough
(tg = 2444 and I/, = 0) to avoid the larger voltage-step response
from the resonant circuit. However, the magnetizing current
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Inverter Transformer Rectifier

FIGURE 8 Resonant single active bridge test bench rated to 1.8 kV and
170 A
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FIGURE 9 Experimental results: Voltage transfer ratio of the converter
using FMEF750DC devices under no-load operation with different dead-times

is inversely proportional to the dead-time, which is the most
important initial condition:

T/;ﬂ (1 - 2tdmdf:w)

Le,/ fm/ (l 9)

]mag(lO) =

Therefore, it is necessary to maintain the magnetizing cur-
rent constant to get a linear voltage variation. This is achieved
by decreasing the switching frequency (f;,) as a function of the
dead-time variation:

v
Le,][mag(fO) + Zl‘dmd '

Jow = (20)

Finally, over the complete operating range of the converter,
the dead-time should respect the following equation:

Ldead _Full /2 . .
. (T/m - 7 % | 0< Zy < ]o min
I/m - 1/5/2 0 miﬂ)

2 dead (jo) =

El

fdmdfﬁf//’ ZIo > Io min

@1
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= \/ariable Dead-Time Fixed Mag. Current
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FIGURE 10 Experimental results: Comparison of the R-SAB output
characteristics at light and no-load operation with fixed designed dead-time and
with the variable dead-time with fixed magnetizing current operation

(1, = 15001 and FMF750DC devices)
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FIGURE 11 Experimental waveforms of the primary and secondary
voltages, (1] and 13) using FME750DC devices at steady-state and no-load
operation

where 7, is the output current, 7, ,, is the output current value
below which the output voltage becomes greater than the input
voltage and 7,4, is the dead time usually optimized for full-
load operation.

As the dead-time and the switching frequency are supposed
to change dynamically in respect to the output current, it is
important to set a requirement that ensure a proper controllabil-
ity in terms of limiting the time response of the output current
variation. Therefore, it should be between 5 and 10 times slower
than the switching frequency period. For instance, it is quite
reasonable for high power railway applications where the time
response of the demanded output current is couple of seconds,
due to very large line inductance. In other hand, in case of one
application where the output current dynamic is much faster,
for instance, the switching frequency and dead-time could
jump straight to the no-load values defined by Equations (20)
and (21).
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Experimental waveforms of the (a) primary and (b) secondary voltages/currents) using devices with lower output capacitances at steady-state and

no-load operation (FMEF375DC MOSFETS at the inverter and FD750DC Full SiC-Diodes at the rectifier)

4 | RESULTS

Table 2 presents general specifications of the R-SAB proto-
type (Figure 8) for rated values and its semiconductor devices.
For the main parameters of the medium frequency transformer
and the resonant circuit, please refer to Table 1. A water-
cooled 300 kW prototype rated to 1.8 kV and 170 A was
used [29] to obtain the experimental results. It is based on the
following major parts: ABBs water-cooled medium-frequency
oil-immersed transformer; Mersen’s water cooled heatsinks;
HCS5 series-resonant capacitors from Illinois; LH3 series DC-
link capacitors from Electronic Concept; LEMs series LV and
DV sensors; Imperixs BoomBox control with optical inter-
faces; customized gate-drivers [30]; Mitsubishi HBM 3.3 kV
SiC-MOSFETs. Specially, the SIC-MOSFET devices used have
encapsulated anti-parallel SiC-Diodes, therefore the intrinsic
body diode of the MOSFETs are not a concern in this case.
Otherwise, it could lead to higher conduction losses during
dead-time period.

Figure 9 shows the voltage ratio of the converter with
FMEF750DC devices at the inverter and rectifier sides. As
expected, at no-load condition with the designed 5us dead-time
[29], the voltage ratio exceeds the transformers unity turns ratio.
The output voltage could overcome the breakdown voltage of
the rectifier devices. However, modifying the dead-time to 8jls
and 12{s, while keeping the initial magnetizing current constant
using Equation (19) to modify the switching frequency, it is clear
that the behavior of the converter approximates (at rated input
voltage) to the one expected for an ideal transformer.

Figure 10 shows the light and no-load output characteristics
of the R-SAB for the designed fixed dead-time and for the new
variable dead-time with fixed magnetizing current operation.
Thus, the overvoltage issue is solved, while the converter is able
to operate in DCX mode providing a fixed voltage ratio with-
out requiring any closed-loop control, extra passive elements or
semiconductor devices.

Figure 11 shows the voltage waveforms at the primary and
secondary sides, (1] and 1) for the same scenarios, as shown

in Figure 9. As expected, these experimental results confirm
the improvement of inverter voltage waveforms during the
commutations, avoiding the voltage step-response of the high-
frequency resonance-circuit, as shown in Figure 6¢. This means
lower voltage peaks across the rectifier diodes and, conse-
quently, a lower converter output voltage, as predicted by the
mathematical analysis presented.

A typical way of improving the switching behavior of the
converter and ultimately, its operation at light and no-load is
to design the transformer with a higher magnetizing current.
However, this leads to additional conduction losses and as
shown by [31], to some additional commutations at the sec-
ondary side, also increasing the overall losses. Therefore, it
would be reasonable to design a transformer with low magnetiz-
ing current, nonetheless, the choice of devices with lower output
capacitances would be necessary to reach perfect ZVS. In this
regard, even though using MV high power SIC-MOSFETS in
the rectifier (higher output capacitance), the proposed solution
successfully allowed operation at no-load, despite the use of a
transformer with low magnetizing current. In addition, to eval-
uate the influence of lower equivalent capacitance, a new set of
devices was used: FMF375DC MOSFETS replaced the inverter
devices and Full SiC-Diode modules (FD750DC) replaced the
rectifier devices (Table 2). As can be seen from Figure 12, the
overvoltage at the secondary side decreased with respect to the
dead-time necessary to reach perfect ZVS switching, due to less
equivalent capacitance. As expected, the magnetizing current
initial condition (# = 5us) remained constant among the sce-
narios, providing a linear soft-switching behavior. Finally, it is
important to notice that the results show a particularly good
correlation to the theoretical waveform analysis.

5 | CONCLUSION

This paper has analyzed a Full-SiC Resonant Single Active
Bridge converter at light and no-load operation under two
different forms: first, modeling the converter using harmonic
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approximation, while taking into account some parasitic ele-
ments usually neglected but very important at light and no-load
operation. Second, due to its multi-resonance nature, a theoret-
ical analysis was used to determine the expressions of current
and voltage waveforms to describe more precisely the converter
intervals. This detailed analysis has clarified the multifactorial
dependencies related to the parasitic elements, inverter volt-
age harmonic spectrum and to the resonant initial conditions
among converter modes, in a more mathematical form. Spe-
cially, for converters using medium voltage (MV) SiC-devices,
which feature significant output capacitances, the overvoltage
issue has been considered and experimentally verified with a
300kW/1.8kV R-SAB prototype implemented with a different
set of devices. Finally, a variable dead-time with fixed magnetiz-
ing current scheme has been implemented to avoid the no-load
operation issue and, further, to provide a fixed voltage trans-
fer ratio without requiring any closed-loop control, extra passive
elements or semiconductor devices.
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