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Abstract—Many thriving applications where isolation is re-
quired, such as LED drivers, traction and EV fast charging,
implement LLC' resonant converters, particularly when voltage
regulation is not required or an additional conversion stage is
in charge of it. The LLC converter can be operated under
discontinuous conduction mode (DCM), due to its advantages
such as unregulated and sensorless operation, fixed switching
frequency and voltage gain, and zero-current switching (ZCS).
However, ZCS results in EMI and switching losses in the primary
converter, particularly for >1200-V devices. Alternatively, zero-
loss switching (ZLS) can be accomplished by means of a proper
design of the LLC' converter, overcoming the drawbacks of ZCS.
The focus of this paper is to perform an exhaustive research on
the LLC converter under DCM-ZLS: discontinuous conduction
mode with lossless switching in the primary and secondary sides.
As a result of this analysis, a set of design boundaries are deduced
for parameters such as the magnetizing inductance, the leakage
inductance, and the gate resistance. A comprehensive, step-by-
step design methodology is proposed and applied to a 18-kW,
200-kHz test bench. The designed parameters are implemented
in the converter and several experiments are conducted, including
a test at rated input voltage and rated power (600 V, 18 kW).
The conduction states studied theoretically in the analysis of the
LLC converter are identified in the experimental results, and the
operation of the test bench under DCM-ZLS is verified.

Index Terms—LLC converter, zero-loss switching, discon-
tinuous conduction mode, high-frequency power transformer,
resonant power conversion, soft-switching.

I. INTRODUCTION

OWER applications where isolation is required, such as

LED drivers [1]-[3], electric vehicles [4]—-[14], and solid-
state transformer (SST) for traction [15]-[17] and smart grids
[18]-[21], 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
[22]. The preferred alternative is to use high-frequency (HF)
power transformers within de-dc power conversion structures.
Operating at high switching frequencies, the size and weight
of the transformer can be significantly reduced [23]. However,
the boost in the switching frequency is restricted by the
capability of the semiconductor system of dissipating the con-
sequent extra switching power losses. Aiming to overcome this
limitation, soft-switching mechanisms such as zero-voltage
switching (ZVS) and zero-current switching (ZCS) have been
widely studied in the literature [22], [24], [25].

This work is part of the project PID2019-110956RB-100, funded by
MCIN/AEI/10.13039/501100011033/, and has also been supported by the
Public University of Navarra (UPNA) under a PhD scholarship.
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Fig. 1. Circuit diagram of unidirectional, full-bridge L LC' resonant converter.

One of the most used dc-dc topologies is the LLC resonant
converter [5], [10], [13], [26]-[31], such as the one depicted
in Fig. 1 for a unidirectional, full-bridge LLC' converter. It
is derived from the series resonant tank, which comprises
of a capacitor C, and an inductance L, in series. Since
there is a high-frequency transformer to provide the required
galvanic isolation, a parallel inductance, which is the magne-
tizing inductance L,,, is also present in the resonant tank,
thus becoming LLC. There are plenty of isolated dc-dc
applications where voltage regulation is not required [32],
[33] or regulation is provided by another conversion stage
[26], [27], [31], [34], [35]. Hence, the LLC converter can
be operated under discontinuous conduction mode (DCM) at
a fixed switching frequency f,,,, which enables a constant
voltage gain. In this conduction mode, the resonant converter
is operated below the resonance (fs, < f), and with a fixed
duty cycle of 0.5 in an unregulated, sensorless manner.

DCM is an interesting option, for it enables the optimization
of the magnetic components in the resonant tank for a single
frequency [30], instead of the lowest of a wide range of switch-
ing frequencies, as in converters under continuous conduction
mode (CCM) [36]-[38]. Furthermore, ZCS is accomplished
for both primary and secondary converters [22], [32], [39].
Nevertheless, as discussed in several papers [22], [40], ZCS
in primary switches is not free of switching losses. ZCS also
results in EMI, due to the abrupt voltage transient in the
parasitic capacitances of the semiconductors. Typically, the
alternative is the turn-on ZVS, achieved by means of the
magnetizing current. However, the research on this matter is
focused on the primary converter, neglecting the influence



on the switching process of the stray capacitance of the
HF transformer, the parasitic capacitances of the secondary
converter, or the initial blocking voltage of the secondary
devices [11], [33], [41].

With the converter accomplishing turn-on ZVS, turn-off
losses may still take place in the primary, but the current
during the switching process is only the magnetizing current
nonetheless, independently of the delivered power. This makes
it possible to achieve lossless turn-off too by means of a proper
design of the gate resistance, resulting in a zero-loss switching
(ZLS). Hence, DCM-ZLS ensures lossless turn-on and turn-
off in both primary and secondary converters, regardless of
the load condition, and a fixed voltage gain. It is worth
mentioning that the LLC' converter under DCM-ZLS works
so the magnetizing inductance is used as a current source to
achieve soft-switching, not as a resonant element as in CCM
with fo, < fr [4], [36].

To the best of the authors knowledge, despite LLC' convert-
ers under DCM are frequently used in industrial applications,
and notions such as DCM, ZCS and ZVS are common in
the literature, there is a lack of a comprehensive, all-in-one
review of these concepts applied to LLC' resonant converters
under DCM. This paper aims to provide an in-depth analysis
of discontinuous conduction mode (DCM) in Section II. This
conduction mode is the basis to achieve the aforementioned
ZLS.

In Section III, a detailed review on conventional ZCS is
performed. The drawbacks of this switching mechanism are
summarized and the switching power losses due to ZCS are
obtained. Then, the concept of ZLS is explained in Section IV.
It is the result of combining a conventional turn-on ZVS using
the magnetizing current with a fast, lossless turn-off process,
which is achieved by putting out the channel of the conducting
primary switches before they start blocking voltage. Supported
by figures and equations, the switching process is analyzed and
two requirements are deduced: for the magnetizing current in
order to achieve lossless turn-on, and for the gate resistances
in the primary converter to accomplish lossless turn-off.

Aiming to provide a straightforward and useful application
of the obtained requirements to real converters, a step-by-step
design methodology is proposed in Section V. The procedure
can be easily followed, even if the designer skips the sections
where the principles of the LLC' converters under DCM-ZLS
are studied. The proposed methodology includes design limits
for the series resonant inductance, the magnetizing inductance
and the gate resistance in order to operate under DCM-ZLS.
A simple expression, independent of the input voltage and the
load condition, to estimate the required dead time for the soft-
switching event is also obtained. Additionally, each step in
the design is applied to a 18-kW, 200-kHz test bench. Finally,
experiments are conducted on the test bench with the designed
characteristics. Two tests are performed: at partial load and
with a dc input voltage of 400 V, and at rated power and
rated dc input voltage of 600 V. The experimental results are
presented in Section VI. The conduction states of the LLC
converter analyzed theoretically in Section IV are identified.
The accomplishment of DCM-ZLS, and the accuracy of the
required dead time estimation are also discussed.

II. DISCONTINUOUS CONDUCTION MODE

Discontinuous conduction mode (DCM) in resonant con-
verters has been deeply analyzed in various publications, e.g.
[24], [42]. DCM has gathered attention due to the accom-
plishment of zero-current switching (ZCS) in both primary
and secondary converters, regardless of the load condition. In
this section, the specifications to operate the resonant converter
under DCM are deduced.

The primary side of the LLC' resonant converter switches
with a duty cycle of 0.5 and the secondary side works as
a synchronous rectifier. In this analysis, the positive half-
switching period is considered, that is when v; > 0. In order
to operate under DCM, the resonant converter must fulfill the
next two conditions:

1) The resonant current must reach zero before the end of
each half-switching period: This means that the switching-to-
resonant frequency ratio must fulfill:

k<1, (D

where:
k= fsw/fr = fsw277 V LT‘CT‘7 )

being fs, the switching frequency, f, the series resonant
frequency, L, the series resonant inductance, and C). the series
resonant capacitance. The rms value of the resonant current in
the primary depends on k, the primary dc-link bus voltage
Vbp.1, and the delivered active power P as follows:

_ Pr
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2) The resonant current must remain at zero during the
switching process of the converter: At t = 0, the primary
converter applies a voltage v1 = Vpp 1 which excites the
series resonant tank, comprised of L, and C,.. As a result, a
resonant current circulates through the HF tank. After one half-
cycle of the resonance, the current in the secondary ¢y reaches
zero at t = T,./2. It must remain at zero until ¢t = Ty, /2
in order to work under DCM. This means that the initial
condition of the resonant current is zero too. Therefore, the
resonant current intensity in the secondary under DCM can be
expressed as:

I 3)

Prn
= ——sin(t2n fsw /k), te (0,7,./2),
ST /), 1O T,

te (T,/2,Te/2),
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where n is the transformer turns ratio, 7,./2 is half of the
period of the series resonance, and T, /2 is half of the
switching period.

As can be seen in Fig. 2 (a), during the first time interval
vy, = —vc, due to the series resonance. The equivalent
circuit of the converter is shown in Fig. 2 (b). Then, during
the second time interval tpcypy, the discontinuity in iy takes
place, which is only possible if all the four diodes of the
secondary converter become reverse biased simultaneously at
t = T,/2. At this instant, the current in the primary side
11 equals the magnetizing current 7,,. The voltage across the
resonant capacitor becomes approximately constant and at its



peak value (vc, = Vi), while vg, ~ 0, since it is only due
t0 T,

The ac secondary voltage referred to the primary side, which
is defined by v) = v — vg, — vr,, can be particularized
as vy = Vpp1 — Ve, at the instant when the discontinuity
time begins. Then, the voltages in the diodes of the secondary
converter can be deduced considering also that vy = Vi, 5 —
Vi A5~ Vi A+ Assuming identical diodes, the share of the
voltage in the diodes are:

Vieas(Tr/2) = Vieas(Tr/2) = Vpo — Vopa + Ve, )/2,
tieaalTr/2) = viear(T:/2) = Vppa+ Voo = Ve /2
The equivalent circuit of the converter during tpcops is de-
picted in Fig. 2 (c). All the diodes in the secondary side
become reverse biased if all the voltages in (5) are positive,
so:

VéD,Q — VDD,I + VCT, > 0,

/ (6)
VDD,Q + VDD,I - VCT > 07

which can be simplified by introducing the ratio between the
primary and secondary dc voltages.

The voltage gain of the LLC resonant converter under DCM
can be deduced from the following expressions for the dc input
and output currents, respectively, regarding that the converter
works with no reverse energy flow:

1 Tow/2
_— i1 dt
Tow/2 /0 e

1 Tsw/2 1 Tow/2
Ippa2 = m/o lia] dt = T /2/0 19 dt.

In the LLC converter, iy = i, + i2/n, but the effect of
the magnetizing current on the voltage gain is negligible
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nonetheless, since typically L,, >> L,. Thus, i1 = i3/n can
be assumed. Introducing this identity into (7), it is obtained
that:

1

IDD,l ~ m

Tow/2
/ i2/ndt:IDD72/n. (8)
0
Applying the power balance VDD,llDD}l = VDD’QIDD,Q, the
voltage gain is as follows:
Vbpa 1

=- =V =V . 9
Vooa  n pp2=VDD1 9

As a consequence of operating under DCM, the voltage gain
of the LLC converter is constant and only dependent on the
transformer turns ratio [24], [42].

Updating the expressions in (5) and (6), respectively, the
voltages across the diodes of the secondary at the beginning
of t pcy become:

Vicas(Tr/2) = Vicas(Tr/2) = Ve, /2,

(10)
Vicas(Tr/2) = Vi a7(Tr/2) = Vppa — Ve, /2,

and the following boundaries for the resonant capacitor voltage
in order to ensure DCM are obtained:

0< VCT < 2VDD,1, (1n
where the lower limit is trivial. Despite the simplicity of the
upper boundary, it may not be a straightforward 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, V¢, is related to its charge ()¢, . During the resonant
half cycle, the voltage in the series resonant capacitor changes
from its negative peak value at ¢ = 0 to its positive peak

()

Fig. 2. LLC resonant converter under DCM: (a) Main waveforms, referred to the primary side. (b) Equivalent circuit referred to the primary during the
series resonance, t € (0, Tr/2). (c) Equivalent circuit referred to the primary during the discontinuity time tpoas, t € (Tr/2, Tsw/2)



value at ¢t = T,./2, as depicted in Fig. 2 (a). Hence, the charge
introduced in the capacitor during the resonant half cycle is:

Ve,
QCT :/ Cr dvcr = QCTVCT. (12)

7VCT
The introduced charge is also linked to the primary current.
While the positive half-switching period is taking place, the
resonant current is positive, so it charges C).. The capacitor
charge and the current are related through:

T./2
Qc, = / 11 dt.
0

The input dc current intensity can be obtained as:
1 Tsuw/2 1 T, /2

—_— 1| dt % —— i1 dt, (14
Ton/2 /0 Ji1] Ton/2 /0 i1 dt, (14)
where the contribution of 4,, can be neglected. Then, (13) and
(14) can be combined, resulting in:

QCT _ Tsw IDD,l ]
2 2fsw
The resonant capacitor peak voltage can be related to Ipp 1
by introducing (15) into (12), resulting in:

13)

Ipp1 =

Ipp1 = (15)

Ippa
Vo, = —"—.
CT 407 fS'LU
The following identity can be introduced for the delivered
active power: P = Vpp 1Ipp,i. The relationship between L,
and C,., that can be deduced from (2) as:
k’2
(27Tfsw)2Lr ’
can also be introduced in the expression for V¢, which
becomes:

(16)

Cr = a7)

_ PﬂzLTfSw
" K2Vppa
Finally, substituting (18) into (11), and rearranging the expres-
sion, the active power limit to operate under DCM is:
2k*VEp 4
7T2 L’l" fS’LU ’

To sum up, from the performed analysis, it can be observed
that:

o The closer k to unity (fs,, — f,), the lower the current
intensity rms value for a given active power, according
to (3), which results in lower conduction losses.

e The closer k to unity, the shorter the discontinuity time
tpoam, which influences the switching process, as it is
discussed later in this paper.

o The voltage gain of the converter under DCM is fixed,
with a value of 1/n, as obtained in (9).

e DCM is ensured as long as k and P fulfill (1) and (19),
respectively.

o The smaller L,, the greater the power capability achiev-
able under DCM.

o This analysis and the resulting requirement for the active
power are also valid for bidirectional, CLLLC resonant
converters. In that case, C,. and L, are the equivalent
series capacitance and inductance, respectively, referred
to the primary side.

Ve (18)

P < Pl'im == (19)

III. REVIEW ON ZERO-CURRENT SWITCHING (ZCS) AND
INCOMPLETE ZERO-VOLTAGE SWITCHING (IZVS)

Under DCM, the resonant current becomes zero before the
half-switching period ends. Therefore, ZCS is accomplished
for the secondary switching devices [24], [42], [43]. It must be
noted that ZCS in the primary converter, i.e. switching process
with null 7,1, only takes place in the series resonant converters.
Since in the LLC' converter there is the magnetizing induc-
tance of the transformer, the current in the primary side is not
zero. Certain charge is switched in the primary devices during
the dead time due to the magnetizing current.

The converter must be properly designed to meet the
requirements for turn-on ZVS in the primary, which are
discussed in the following Section IV. In this current section,
the switching process when the converter fails to achieve turn-
on ZVS is reviewed: the incomplete ZVS (iZVS) and, particu-
larly, the zero-current switching (ZCS). In these scenarios, the
transistors in the primary side turn on when they still block
voltage. Both ZCS and iZVS cause switching power losses
[15], [25], [40] and EMI in the primary converter, although
the former is logically more severe, since the energy associated
with the full bus voltage is dissipated.

The ZCS/ZVS process can be explained starting from the
equivalent circuit of a single switching cell of the primary
converter, as shown in Fig. 3, where the output parasitic
capacitances C,s; and the channel resistance Rgs,n, have
been included. When S; is conducting, vpg,; ~ 0. Thus,
the complementary switch of the cell S; is blocking with
vps,; = Vpp,1, where Vpp 1 is the dc-link bus voltage.

At the end of the resonant half cycle [see Fig. 3 (a)], the
resonant current becomes zero. As a consequence, i1 — i,
and S; turns off with quasi-zero current in the LLC' converter.
During the dead time, the available current charges Clogs 4
and discharges Coq,,; [see Fig. 3 (b)]. Assuming a general
case, at the end of the dead time the switch S; has a voltage
vps,; = Av, and S; has thus a voltage vps,; = Vpp,1 — Av
[see Fig. 3 (c)]. When the following half-switching period
starts and \S; is turned on, C\s,; and Cos; ; are spontaneously
charged/discharged through the channel resistance of S; [Fig.
3 (d)]. Hence, ZCS/iZVS are not lossless. Take into account
that ZCS is a particular case of iZVS, where L,, — o0, so
i1 = 0 and no charge/discharge of C,s takes place during the
dead time.

The switching power losses resulting from ZCS/iZVS can
be calculated by means of an energy balance, following the
approach in [25]. The initial state is just at the end of the
dead time, and the final state is just after the turn-on of Sj.
During the dead time, C,55; has been charged from 0 to Av
and Cos,; has been discharged from Vpp1 to Vpp,1 — Av.
Hence, the initial energy in the primary converter is:

Ei = 2Eoss(A'U) + 2Ejoss(‘/DD,l - A’U), (20)

regarding that the converter is a full bridge working with a duty
cycle of 0.5, so there are two switching cells. F,ss(v) is the
energy stored in the output capacitance C,ss When vpg; = v.
E,ss(v) can be calculated by means of:

Eoss(”) = / UDSCOSS(UDS) d’UDs, (21)
0



where it can be observed that C,,ss varies with the voltage. Ac-
tually, the dependence of the output capacitance on the voltage
is nonlinear, which must be regarded in the calculations.
Once S, has turned on, vps,; = Vpp,1 and vpg,; = 0. There-
fore, the final energy in the primary converter, considering
again both switching cells, is:

Ef = 2Eoss(VDD,1)~ (22)

As can be seen in Fig. 3 (d), represented with a green arrow,
the source of the primary converter provides the necessary
charge to S; to switch vpg; from Av to Vpp, 1. As a result,
the delivered energy from the source to the switches is:

Es = Q[QOSS(VDD,l) - Qoss(Av)]VDD,L

Applying the energy balance E;+FE, = E¢+E4, the dissipated
energy in the semiconductors of the primary converter can be
obtained as follows:

(23)

Ed:Ei—Ef—i-ES:
QEOSS(AU) + 2E‘oss(vaD,l - A’U) - 2Eoss(VDD,1)+
2[Qoss(Vbp,1) — Qoss(AV)[VDD 1.

It can be deduced that, under ZCS, no charge is switched dur-
ing the dead time, so Av =0 and E; = Ey = 2E.,(Vpp,1)-
The dissipated energy is hence Ey = 2Qoss(Vop,1)VDD 1-
Regarding that this energy loss takes place each time the
primary converter switches voltage, which is twice a switching
period, the switching power losses in the primary converter
under ZCS can be obtained as:

Psw = 4QOSS(VDD,1)VDD,1fsw =
= 4CossQeq(VDD71)VD2D’1fswa

where Cys50¢q is the charge-equivalent output capacitance,
which is calculated by integration of C\,ss with respect to
vps from 0 to Vpp,1, keeping in mind that the output
capacitance has a nonlinear behavior. As can be seen, the
charging/discharging of the output parasitic capacitances under
ZCS/ZVS leads to power losses in the channel of the device
which is turned on, regardless of the channel resistance Rgs on
[44]. Tt becomes clear from (25) that the larger C,ss and the
higher Vpp i, the greater the switching power loss. Hence,
the switching losses under ZCS/iZVS are not negligible,
particularly in power converters that require >1200-V devices.

Additionally to the switching losses, iZVS/ZCS also lead to
EM], for part/all of the dc-link bus voltage is abruptly switched
from one transistor to the complementary. As a result, the
output capacitances resonate with the stray inductance of the
semiconductors, as depicted in Fig. 4 (a) for ZCS and in Fig.
4 (b) for iZVS.

(24)

(25)

IV. ZERO-LOSS SWITCHING (ZLS)

If the LLC' resonant converter is conveniently designed,
DCM-ZLS can be achieved, which is the combination of ZCS
in the secondary devices, and turn-on ZVS and no-channel
(lossless) turn-off in the primary devices, while operating the
converter under DCM. The conditions for DCM have already
been deduced in Section II. Nevertheless, additional require-
ments apply to achieve lossless switching in the primary.

Fig. 3. Step-by-step iZVS process in a switching cell: (a) S; is on, S; is off,
i1 becomes iy,. (b) S; turns off and there is a partial charge/discharge of Coss
during the dead time. (c) S; turns on when it is still blocking voltage. (d)
Charging of Cyss, 4, and discharging of Cyss,; through the channel resistance
of 57
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Fig. 4. Switching of the resonant converter under DCM: (a) With ZCS. (b)
With iZVS, breach of the first requirement for 7,,. (c) With iZVS, breach of
the second requirement for i,,. (d) With ZVS.

A. Conduction states

The LLC resonant converter under DCM-ZLS shows up
to four conduction states. For the sake of clarity, the main
waveforms are depicted in Fig. 5 (a), together with the circuits
of the converter in each conduction state, where the key
components are highlighted. The conduction states can be



summarized as:

1) State 1: See Fig. 5 (b). It comprises of the resonant
half-cycle between L, and C,. Regarding the positive half-
switching period, S; and Sy in the primary, and S5 and Sg in
the secondary, are on. Hence, v1 = Vpp,1 and vo = Vpp 2.
During this state, power is delivered. The magnetizing induc-
tance L., is clamped to Vpp i by the primary converter.

2) State 2: Represented in Fig. 5 (c). It begins when 5 =0.
The secondary devices are reverse biased, while the dead time
in the primary converter has not started yet. Thus, v1 = Vpp 1
and vc, = Vg, so Ly, becomes clamped to Vpp 1 — Vg,.
The blocking voltage of S5 and Sg has a mean value of
Ve, /2 referred to the primary, as obtained in Section IIL
Additionally, since the diodes are not conducting, there is a
parasitic resonance between L, and Cl,. /n2. The resonant
capacitor C). is large enough to be considered as a constant
voltage source until the next half-switching period.

3) State 3: Refer to Fig. 5 (d). It takes place once all the
switches are turned off. During the dead time, the voltages
of the primary and the secondary sides switch simultaneously.
The role of the magnetizing current i,, is to charge/discharge
the parasitic capacitances of the primary switches Cp,;, the

HF transformer Cj;, and the secondary devices Cjs... The
share of the current in this process is proportional to the
relative value of the parasitic capacitance, so the slope of
the voltage is the same in the primary and the secondary.
Additionally, there is a parasitic resonance between L, and
(Cpri + Cstr)Csee /12 | (Cpri + Cstr + Csee/n?), since during
this state no semiconductor is on.

4) State 4: Depicted in Fig. 5 (e). If the conventional ZVS
requirement for ¢,,, is met, the secondary converter switches its
voltage within the dead time, and Sg and S; start to conduct.
There is a disadvantaged initial condition of the primary with
respect to the secondary devices, i.e. vpg 1 = 0 while UIKA75 =
Ve, /2 at the beginning of state 3. As a result, when v}, 4 -
reaches VI/)D,Z’ vps,1 < Vpp,1. Then, L, becomes Clampéd
to —V}/,p 5 by the secondary converter, so all the magnetizing
current flows through the secondary side, leaving the primary
with no net current. Therefore, the conventional requirement
on ¢,, may not be enough to ensure that the primary actually
turns on under ZVS. An additional condition of 7,,, which
is obtained later in this section, is required so vpg,; reaches
Vpp,1 before the dead time ends. In this state, L, resonates
with Op”‘ + Cyir.
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Fig. 5. Conduction states of the LLC' resonant converter under DCM-ZLS: (a) Main waveforms: top, gate voltages in a switching cell of the primary
converter; middle, voltages across selected transistors and diode; bottom, selected currents. (b) State 1, positive resonant half cycle. (c) State 2. (d) State 3.

(e) State 4.



B. Turn-on zero-voltage switching

To achieve turn-on ZVS in the primary devices, it is
necessary that enough current remains in the primary of the
resonant tank, so the parasitic capacitances can be completely
charged/discharged during the dead time (state 3 + state 4).
This way, the body diode of S; is forward biased before its
MOSFET is turned on. Then, the MOSFET of S; is turned on
with zero losses.

1) Magnetizing current in the switching process: During
state 1, L, is clamped to Vpp 1. As a result, the magnetizing
current has a constant slope from ¢t = 0 to ¢t = 7,/2 and

responds to: i ”
Im DD,1
—_— = 26
dt L, (26)

Then, during state 2, the applied voltage to L,, is no longer
Vbp,1, but Vpp 1 — Vi, (assuming that the voltage drop in
L, due to i, is negligible). Thus, the slope of i, is:

di'm _ VDD,l - VCT

dt L '
As a result, the current available for state 3, that is the
switching event, can be obtained as:

Vopa T | Vop,a — Ve, (t ﬁ)
Lm 2 Lm 2 ’

where 4,,(0) is the magnetizing current intensity at t = 0. As
can be seen, i,, increases if Vpp 1 — Vi, > 0, or decreases
if Vpp1 — Ve, < 0. Logically, the first scenario is the
desired one, since it leads to larger available current during
the switching process [45]. Therefore, Vi, < Vpp,1 should
be achieved [see Section V-C]J.

The available current to achieve ZVS, i,,(ZVS), depends
on the instant when the switching process begins, i.e. depends
on the dead time ?4.,4 of the switches in the primary converter.
For the design process, the conservative scenario in which 4,
remains constant for ¢ € (T,./2, T, /2) can be considered. In
that case, the magnetizing current during the switching event
is assumed to be:

27

im = im(0) + (28)

Vbp ik
4mesw '

2) First requirement for the magnetizing current: Under
DCM, the discontinuity time tpcjs takes place between
t=T,/2 and t=Ts, /2, regardless of the load. During tpcars,
the resonant current is zero, as explained in Section III, but
turn-on ZVS can be achieved if the magnetizing current of
the transformer i,, is large enough to switch the charge in the
parasitic capacitances of the converter during this time. Thus,
i, needs to be large enough to ensure:

Tow =T, 1—k

2 2fsw’
where ¢, is the time required by the full switching event in the
primary/secondary devices, which corresponds to conduction
state 3 [see Fig. 5 (a) for the waveforms and (d) for the circuit
during t,.].

It must be noted that three different parasitic capacitances
are to be charged/discharged in the switching event: Cp.;, Csec
(Csee/ n? referred to the primary side), and Cj;,.. Fig. 6 shows

im(ZVS) = (29)

tor <tpom = (30)

the schematic of the resonant converter, including the relevant
parasitics, during state 3. In the primary side, C,,; of S; and
Sy switch their voltage from O to Vpp 1 and C,,; of Sy and
S3 from Vpp 1 to 0. It is worth mentioning that due to the
no-channel turn-off switching, there is no current through the
channel of the devices that are turned off in the primary, as
it is explained in detail in Section IV-C. As a consequence,
during state 3 all the current in the primary is only used
to charge/discharge the output parasitic capacitances of the
primary switches.

The two cells of the full bridge in the primary switch
their voltages simultaneously, and they are complementary
(S1 with Sy, and S, with S3). Hence, there is a recir-
culation of the primary current 73, which is associated to
the charge introduced/extracted in one switching cell, that
is 2Qpri(Vpp,1). Equivalently, in the secondary side o is
associated to 2Qsec(Vpp,2). As can be seen, iy is negative
durint t,, according to the sign convention in Fig. 6. The
voltage of Cjy, switches from Vpp 1 —Ve, to =Vpp 1 —Ve,,
so Cg, has to be discharged in this process, extracting
a charge of Qs (2Vpp1) = 2Qstr(Vpp,1). To sum up,
im = i1 — ic,,,. — i2/n. Regarding the sign convention, it
becomes i, = |i1| + |ic.,,.| + |i2|/n, and thus:

_ 2Qpri(Vbp,1) +2Qstr(Vbp 1) + 2Qsec(VDp,2) /10

t’U’I”

Tm ’

(31
where it can be seen that the larger i,,, the shorter ¢,,.. Consid-
ering the charge-equivalent values of the parasitic capacitances

and that Vpp 2 = Vpp,1/n, (31) can be expressed as follows:

o 2(Cpri + Cstr + Csec/HQ)VDD,l o 2C’sw‘/DD,l
B tor B tor

Im ’
(32
being C',, the equivalent parasitic capacitance involved in
the ZVS process, referred to the primary side. If turn-on
ZVS is to be achieved by means of the magnetizing current,
the following requirement can be obtained by applying the
boundary in (30) to (32):

4Csw VDD,I fsw
1—-k ’
where i, (ZV'S) is the magnetizing current when the zero-
voltage switching process takes place. When i,, fails to
fulfill this specification, the full soft-switching event cannot be
reached in the available discontinuity time ¢pcar. Therefore,

im(ZVS) > (33)

VDD,I

Fig. 6. Current flow during state 3, including parasitic elements, when S1
and S4 switch off, and So and S3 are to be switched on.



iZVS takes place in the primary converter, as shown in Fig. 4
(b). The obtained requirement is the conventional specification
in the literature for turn-on ZVS in LLC converters under
DCM.

It is important to note that even if this requirement is
satisfied, the complete soft-switching of the primary might
not be achieved. The reason is that the initial condition of
state 3 for the secondary devices is different from the primary
devices: vpg1 = 0 while vy 4 5 = Viz,./2, as it is obtained in
(10), in Section II-2. At the end of state 3 (beginning of state
4), Vg a5 = Vhpo» While vps1 = Vpp 1 — Ve, /2.

3) Second requirement for the magnetizing current: The
specification to consummate ZVS in the primary in state 4
can be deduced from 71, which is the current that transfers the
charge in the primary devices. Once the secondary converter
completely switches, L, becomes clamped to —V7, , , and all
the magnetizing current flows through the secondary. Hence,
the dc component of ¢; is zero during state 4, while it has an
ac component result of Cy,.; + Cg, resonating with L,.. The
transfer of the charge must be carried out by the remaining
energy stored in L,., which is related to ¢,,. Solving the circuit
in Fig. 5 (e), the following expression is obtained:

. d%iy
11 = _Lr(c’pm’ + OSI‘,T‘)W =

) t
11 = Ilp,S4COS < T (C — ; ) + 954) 3 (34)
r\“pri str

where I, 4 is the peak value of the parasitic resonant current
in the primary during state 4, and 6,4 the phase. These two
numbers can be obtained considering the initial conditions of
i1 and vy in state 4, resulting in:

ilzz'm(ZVS)gp”cos< = (ct —= )). (35)
sw r pri str

The peak value of the resonant component of vpg 1 must reach
Ve, /2 in order to achieve ZVS. This means that the amplitude
of v1, which can be expressed as:

Opri + Cstr
Cpri

Iip 4 N

L, (Cpri + Cstr)

L (Cpri + Cstr)
Csw

must be at least V., leading to the second boundary for the
magnetizing current:

Vl,r = Lr

Vl,r - Z7n(ZVS) 9 (36)

Csw

\/ LT'(Cpri + Cst'r') .

Introducing the expression of V. in (18) into (37), the second
specification for the magnetizing current becomes:

P7T2fswcsw Lr
im(ZVS) > 1/ . 38
( ) VvDD,lk2 (Cpri + Cstr) ( )

If i, (ZV'S) is large enough, so it is the peak of the resonant
current 7 in state 4, and vpg,1 can reach Vpp 1 and turn-on
ZVS is accomplished. Otherwise, vpg,1,vps,4 oscillate with
a mean value of Vpp 1—Ve, /2 while vps 2, vpg 3 do so with

(37

a mean value of Vi, /2 until the dead time is over. Then, the
primary devices are hard switched for the remaining voltage,
as shown in Fig. 4 (c). As a consequence, the turn on is iZVS.

It is worth mentioning that if 4,,(ZVS) is below the
first or conventional requirement, neither the primary nor
the secondary converter achieve soft-switching [see the iZVS
example of Fig. 4 (b)]. In case that 4,,, (ZV5) fulfills the first
requirement, but not the second one, the secondary converter
completes the soft-switching in state 3. However, the primary
cannot accomplish it in state 4 [see the iZVS example of Fig. 4
(¢)]. Finally, when i,,,(ZV'S) is larger than both requirements,
turn-on ZVS is accomplished in the primary converter, as
shown in Fig. 4 (d).

4) Required dead time: The dead time defined in the
primary converter must be so the full voltage soft-transition
can be achieved. Therefore, it must fulfill that:

tdead Z tyr + td,off - td,on; (39)

regarding the effect of the turn-off delay ¢4,y and turn-on
delay tq,, of the transistors. Then, t,, can be calculated
through the following expression:

tyr = ScswLm.fswa (40)

which is easy to use in the design process. The turn-off and
turn-on delay times can be obtained, respectively, by state-of-
the-art expressions as [46]:

Va,on — Vo
taors = Ra(Cap + CG’S)ln( o Vours >’

Va,ih — Vaory
Va,on — VG,off)
VG,on - VG,th ’

(41)
ta,on = Ra(Cap + CGS)ln(

where R is the gate resistance, Cop and Cgg are the Miller
and the gate-to-source parasitic capacitances of the primary
switches, respectively, Viz o, and Vg ¢ are the gate turn-on
and turn-off voltages, and Vi 4, is the threshold voltage of the
primary devices.

C. No-channel turn-off switching

While MOSFET lossless turn-on in the primary converter
is achieved if i, fulfills (33) and (38), 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 the circuit for one switching cell in Fig.7 (a), and consid-
ering a conventional, hard-switching turn-off, such as the one
presented in Fig. 7 (b). The analysis is performed assuming
that \S; turns off, and S; turns on afterwards.

During t,,, when the voltage is switched between S; and
S;, the total drain current ip ; through the MOSFET which
is turned off is divided. One part of this current, ipg ;, flows
through the channel of the MOSFET and causes power losses,
since vpg > 0. The other part charges the output capacitance,
Coss = Cap + Cpg, which is noted as Cp,; in the primary
devices. If the channel is put out before .S; begins to block
voltage, i.e., before vpg; > 0, it results in ipg; ~ 0. This
can be seen as a no-channel turn-off of the transistor. Thus,
the energy loss in the turn-off is Ey¢r; =~ 0 [46].
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Fig. 7. (a) Single switching cell with MOSFET model. (b) Main waveforms
during the conventional turn-off process of .S;.

As can be deduced from Fig. 7 (a):

11 =1p; — IiDj, (42)

where:
iD= 1p0; +1DSi T 1DG, (43)
ip,j = 1iDS,j T IDG,j- (44)

In addition, the drain-to-source voltages of \S; and S; fulfill
that:

dvps,; = dvps,;
vps,; +vps,; = Vpp1 = —u TJ =0., 45
and, during t,,,:
dvps _ dvpa n dvgs ~ dvpg N iDs ~ ipG . 46)
dt dt dt dt Cps Cap

The gate current can then be expressed as follows:

iG,i = —ipG,i +1Gs,i = —iDG,i- 47)

The goal is to achieve null current through the channel
thanks to reducing the gate-to-source voltage of the MOSFET
so vgs < Va,n before the voltage switching begins. The gate
resistance can be defined as:

_ Va,off — vasy

Rg -
1G.i

; (48)
where it must be noted that i¢g; is negative in the turn-off
process. The gate resistance must fulfill an upper boundary,
so the switching process is quick enough in order to achieve
vGs,i < Vg, and hence, a lossless turn-off.

Considering (42)—(44) with ipg; = 0, the primary current
during the zero-loss switching is:

i1 =1ps, + DG, — IDS,; — iDG,j> (49)

which, considering (45) and (46), becomes:

C
i1 = 2ips + 2ipei = 2ipaa (ng + 1>. (50)

Then, regarding (47), the primary current can be expressed by
means of the gate current:

C Cori
i = —22'@,1'(02 + 1) = —2ig, CZT,;

(G

where C'gp is the Miller parasitic capacitance of the primary
switches. Since the parasitic capacitances of the switches are
not constant during the switching process, all the capacitances
considered in these calculations are their respective charge-
equivalent values, calculated over a voltage transition of Vpp 1
[25].

As depicted in Fig. 6 and described in Section IV-B, 7;
is a fraction of i, during the switching event. The primary
current can be expressed as a function of the magnetizing
current by calculating the share of the current according to the
parasitic capacitances involved, which are Cp,.;, Cst, and Cee.
The resulting expression for the primary current is obtained
as:

_ im (ZV S)Chpri Cpri
Cpri + Cstr + Csec/n2 Csw ’
which is convenient since it allows to continue with the design

variable 4,,(ZVS). If (51) and (52) are put in common, the
gate current under ZLS is obtained as:

= i (ZVS)

(52)

i

Cep
— i (ZV S)——.
Finally, (48) is particularized to the conditions imposed by
ZLS, which are vgg,; < Vg, for the gate-to-source voltage
and (53) for the gate current. As a result, the limit of the total
gate resistance for the lossless turn-off is:
(VG th — VG off)2csw
Rec jim = ; : . 54
G,lim Zm(ZVS)CGD ( )
It must be noted that Rg = Rq int + Ra ext, Where Rg jng 15
the internal gate resistance of each primary switch, and Rg eq¢
is its external gate resistance. R ¢+ is the only component
of the gate resistance that can be freely selected during the
design of the converter. Therefore, the boundary for lossless
turn-off can be obtained for Rg ¢4t as:

i = (53)

RG,ext < RG,ewt,lim = RG,lim - RG,int =
(Va,th — Va,or£)2Csw
im(ZVS)Can

As can be deduced from the obtained boundary for R ey,
the larger the current during the switching process, the lower
the gate resistance limit that allows to achieve lossless, no-
channel turn-off. Under the proposed ZLS, only a share of
the magnetizing current is in charge of the switching process
in the primary devices. As a consequence, the requirement in
(55) can be easily satisfied. In order to illustrate the differences
between conventional and lossless turn-off, simulation results
are depicted in Fig. 8 with (a) Rg ext > Ra eat,lim, and (b)
Ra,ext < Rag,ext,lim- As can be seen, in the first case there
is current ¢pg; through the channel when S; turns off and
is blocking an increasing voltage vps,; — Vpp.1. Therefore,
there are turn-off losses in S;, as represented with hatched
areas in Fig. 8 (a). On the other hand, when the obtained
specification for R ¢, is fulfilled as in Fig. 8 (b), ipg,; = 0,
and S; turns off with no losses.

Summarizing, the operation of the LLC resonant con-
verter under the proposed DCM-ZLS is for a fixed switching
frequency, and neither control nor sensors are needed. The

(55)

RG,ea:t - RG,int'
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Fig. 8. Turn-off process of switch S;. (a) Conventional turn-off, Rg ezt >
Rg ext,iim- (b) No-channel turn-off, R cot < Ra ext,lim-

voltage gain is fixed and independent of load, and lossless
switching is accomplished by a proper design of a set of
the converter parameters. Four requirements must be satisfied:
two of them, (1) and (19), in order to ensure DCM; a lower
boundary for the magnetizing current, which is the most
demanding of (33) and (38), for lossless turn on; and an
upper boundary for the external gate resistance of the primary
switches, obtained in (55), to achieve lossless turn-off.

V. DESIGN PROCEDURE OF THE RESONANT CONVERTER
FOR DCM-ZLS

The design of the resonant converter comprises of the
following design variables: switching-to-resonant frequency
ratio k, magnetizing inductance L,,, dead time tg.qq4, Series
resonant inductance L., series resonant capacitor C'., and
external gate resistance R c.¢, Which are conditioned by the
obtained requirements to operate under zero-loss switching.
In this section, a step-by-step design procedure is presented
and applied to an existing 18-kW test bench, which main
characteristics are shown in Table I. The proposed design
methodology can be easily followed with the help of the flow
chart in Fig. 9 and the descriptions of the steps, even if the
designer skips the principles of DCM-ZLS in the previous
sections. The results of each step in the design procedure are
presented in Table II.

TABLE 1
INPUT CHARACTERISTICS OF THE TEST BENCH

Parameter Value
Rated active power P 18 kW
Switching frequency fsw 200 kHz
Max. input dc voltage Vpp,1,, 4. 600 V
Transformer turns ratio 0.8:1.0

Primary switches
Secondary switches

FF6MR12W2M1_Bl11
DDB2U20N12WI1RF_B11

Gate turn-on voltage Vg on 15V
Gate turn-off voltage Vg o1 3V
Gate threshold voltage Vg 11 345V
Internal gate resistance Rg int 0.5 Q2

|

Select k
Calculatc I,
pri
Esllmate /
q Measure

boundary
L] )
Calculate M Calculate
@ boundary —/ L c,
Y
Transformer
prototype
¥ Ly
Update
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Y
Update Lm,/r’m‘l
Calculate Lm’ 2
Redesign L,
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AddL,,

@ Design C, | |

L]

@ SelectR;,,

¥

@ Define z,,

End

Fig. 9. Flow chart of the proposed design procedure for DCM-ZLS.

A. Selection of k and estimation of rated I

The parameter k, defined in (2), is paramount in the ZLS
resonant converter, for it links conduction and switching of
the semiconductors. The rms value of the current intensity
in the switches and HF tank depends on k, as expressed in
(3). It can be deduced that the closer k to unity, the lower
I, for a given delivered power, and thus lower conduction
losses. However, if k& — 1, the discontinuity time tpcas 1S
reduced and this can lead to an excessive magnetizing current
requirement to achieve turn-on ZVS, as shown in (33). As a
result, the selection of k is under the criterion of the designer.
In this application example, k£ = 0.75 is defined. Hence, in the
design of the HF transformer I; = 38 Arms can be considered
for rated power P = 18kW.

B. Characterization of the parasitic capacitances of the semi-
conductors

The parasitic capacitances that must be characterized in the
design stage of the converter under ZLS are Cl,., Cppy and
Csec. The first one is the stray capacitance of the transformer
and thus, it is not known beforehand. In a first stage of the
design, Csyy = Cpri + Cjee/n? can be assumed.



1) Characterization of Cpy;: It is deduced from the mea-
surements on the primary converter with an inductive load.
In this test, large enough dead time is set to allow complete
charge/discharge of Cp,;, as in ZLS. In this switching process,
the primary ac current ¢; and the primary ac voltage v; are
related by means of the capacitor equation. In one switching
cell of the primary, the capacitance of one MOSFET is charged
and the complementary is discharged simultaneously. Thus,
integration of 71 during the voltage switching, as depicted in
the hatched area of Fig. 10, leads to obtain twice ()p;. Then,
Cpri is calculated as:

dUl
- 70;07"@' =

dt
tt+tyr .
ft & dt — QQpri
vi(t) —vi(t+twr) 2Vbpa

Alternatively, it can be measured at small signal with an
impedance analyzer, or obtain it from the manufacturer.

2) Characterization of Cap and Cgs: The Miller capaci-
tance of the primary switches is needed to calculate the limit
of Rg eqt. It is also necessary, together with Cgg, to estimate
tq,0rs and tq ,y,. Both parasitic capacitances can be obtained
through measurements with an impedance analyzer, or from
the datasheet. In this paper, Cop and Cgg are obtained from
the manufacturer.

3) Characterization of Cs..: The parasitic capacitance of
the diodes can be obtained from the datasheet, or measured
straightforward by means of an impedance analyzer with a dc
voltage bias, as it is conducted in this application.

The primary converter of the test bench comprises of
two FFOMR12W2M1_B11 SiC MOSFET modules, one per
switching cell of the full bridge. It has been reutilized from
a higher rated power application. As a result, the primary
switches are overdimensioned for the current 18-kW appli-
cation, which enables to study the ZLS in a system with large
output parasitic capacitances. The secondary converter com-
prises of two SiC diodes modules DDB2U20N12W1RF_B11
in parallel. The values of Cp,i, Caop, Cgs and Cg. can be
seen in Table II.

It must be noted that Ci,; and C,.. are charge-equivalent
output parasitic capacitances and thus, voltage-dependent pa-
rameters. As a result, if Vpp 1 varies during the operation
of the converter, the worst-case scenario must be considered
regarding Cl,, for the design boundaries that are obtained
in the following steps. For the magnetizing inductance and
the time t,,, which is used to set the dead time, it is the
minimum Vpp 1, which means the maximum value of Cl,.
For the external gate resistance, it is the maximum Vpp ;.
Nevertheless, it is obtained that for Vpp 1 > 400V, the
charge-equivalent capacitances Cp,; and Cy. of the devices
used in the test bench can be assumed constant.

1 = 22.Coss =

Cpri =

(56)

C. Design boundary of the series resonant inductance

The requirement to ensure DCM is initially defined as
Ve, < 2Vpp,1 in (11). Then, this is transformed into a limit
for the active power P, as expressed in (19). Nevertheless, the
rated power of the converter is typically an input in the design

— i, 4 A/div
-V 200 V/div
2Qpri

Time [ps]

Fig. 10. Oscilloscope measurements to estimate Clpy.;.

process, so P is fixed while the series resonant inductance
is a design variable. Therefore, the requirement to ensure
DCM becomes a boundary of L,. Additionally to the DCM
condition, Vo, < Vpp,1 is desirable, so the slope of the
magnetizing current is positive in (28), as mentioned in Section
V-D. As can be seen, the upper limit of V- in this requirement
is Vpp,1, while that for the DCM condition is 2Vpp 1. As
a consequence, the condition Vi, < Vpp i implies a twice
more restrictive limit for the resonant inductance L,, which
is derived by a simple rearrangement of (19) and dividing by
two. The design limit of L, becomes:

21,2
k*VEpa

L, < L,jim = ——"=.
R, P

(57)

It must be noted that this is an upper boundary. As a
consequence, it is possible to use the leakage inductance of
the transformer as resonant inductor and thus, avoiding an
external resonant inductor. From this point, it is assumed that
the series inductance is L, = L;;. The value of L i, in
this example is presented in TableIl. Since manufacturers
can usually report a tolerance on L, up to £20%, it is
recommended to design the transformer with the minimum
achievable leakage inductance or, at least, with a safety margin
with respect to the theoretical L ;;, that considers the
aforementioned manufacturing tolerance.

D. Design boundary of the magnetizing inductance

Two requirements have been obtained for the magnetizing
current. Introducing the expression for i,,(ZV.S) in (29) into
(33) and (38), respectively, the following upper boundaries for
L,, to achieve turn-on ZVS are obtained:

(1—k)k

Ly < Lnjtima = —q—5—
" . 160310 f32w 7

(58)

Vipak®  [Cpit C
DD,1 pri + Clstr ) (59)
4P7TQCsw s2w le

For the first design of the HF transformer, the manufacturer
can consider only the specification in (58). The effect of
Cstr can be neglected initially, thus assuming Cl,, ~ Cpr; +
Csee/ n?. The initial requirement Ly, 1im,1 for this application
is presented in Table II.

Lm < Lm7lim,2 =



As can be deduced from the obtained boundaries (57), (58)
and (59), the design of the transformer should aim to minimize
le and Ostr-

E. Characterization of the HF transformer

It is key to characterize the transformer experimentally by
means of the short- and open-circuit tests, since its parameters
play a paramount role in the achievement of DCM-ZLS,
especially L;; and L,,. Both inductances can be subjected
of manufacturing tolerances that affect the design. Thus, it is
essential to check their actual values and proceed according
to the following steps.

1) Measurement of Lj,: The leakage inductance is mea-
sured by means of the short-circuit test, resulting in 1.3 uH.

2) Characterization of Cg,: The stray capacitance can
be obtained from the open-circuit test on the transformer,
following the procedure described in [47]. Once Cyy,. is
known, the equivalent parasitic capacitance of the system can
be computed as Csyy = Cppi + Csec/n* + Csir =3.531F.

3) Measurement of L,,: The magnetizing inductance of the
transformer is measured by means of the open-circuit test. The
measured value is L,, =282 uH.

F. Verify the adequate design of the magnetizing inductance

Once Cgyr, Ly, and Ly are known, the next steps are to be
followed:

1) Update the specifications for L,,: The updated upper
boundaries are Ly, jim,1 = 83 pH and L, jipm.2 = 59 pH. In
this design, the second requirement is the most demanding
one.

2) Check L,,: The test bench that is used to illustrate the
design procedure already implements a HF transformer, which
has not been designed attending to the obtained specifications.
As a consequence, L,, is too large. In this case, the designer
can choose whether to redesign the magnetizing inductance of
the transformer to meet the most restrictive specification, or
to add an external inductance. If the latter is selected, apply
the following step.

3) Implement L., (only if necessary): The external in-
ductor must satisfy that the equivalent parallel inductance is
Lpeq=Lum [/ Lewt < min(Lm tim,1, Lim,1im,2). The selected
Legt and the resulting Ly, ., are included in Table II.

G. Design of the series resonant capacitor

The resonant capacitance C). can be calculated through (17),
substituting L, by L, since no external resonant inductor is
implemented. The design value of C). is shown in Table II.

The resonant capacitor can also be affected by manu-
facturing tolerances, although normally narrower than those
of the transformer inductances. Typical values are £2.5%,
+5%, +10%. In addition, the capacitance can be affected
by temperature. For instance, in the implemented reference,
the temperature coefficient is -200 ppm/°C. The designer can
consider the worst-case scenario, in order to guarantee the
robustness of the design.

H. Selection of the external gate resistance

The design boundary obtained in (55) can be reformulated
to express it only by means of parameters and design variables
as:

RG,eact < RG,ext,lim =

_ (VG,th - VG,Off)gcswmesw R
= — G int,
CepVppak

(60)

where L,, must be replaced by L, ., if an external parallel
inductor is implemented.

As shown in Table I, the turn-off voltage applied to the
gate is Vg,ors = -3 V. For the gate threshold voltage Vg 1p,
the worst case scenario is considered, that is the minimum
value provided by the datasheet of the MOSFET. The value
of R¢ int can also been obtained from the datasheet. Finally,
Ra,ext,1im 1s obtained, as depicted in Table II. As can be
seen, this requirement can be easily satisfied. The external gate
resistance already implemented in the test bench is the default
value considered by the manufacturer, which is 1.8 €. It is not
necessary to modify Rg ¢4+, since it satisfies the boundary.

1. Selection of the dead time

The designer can define the dead time by calculating first
tyr by means of (40), and t4,rs and 1g,, through (41).
Then, apply (39). Note that L,, must be replaced by L, 4
in the estimation of t,, if an external parallel inductor is
implemented.

As can be seen, the designer can set a fixed tgeqq that
satisfies (39) for any operating condition of the converter,
since none of the times involved depend on P and Vpp ;.
The estimated values of t,,, t40ff, and tq ., together with
the corresponding dead time set in the test bench, are included
in Table II.

TABLE I
RESULTS OF THE DESIGN PROCESS

Step Name Type Value
A k Selected by designer 0.75
A I Calculated 38 Arms
B Cpri Measured/Datasheet 1.86 nF
B Cap Measured/Datasheet 0.18 nF
B Cas Measured/Datasheet 15 nF
B Csec Measured/Datasheet 0.96 nF
C Lk 1im Design upper boundary 5.7 uH
D Ly tim,1 Design upper boundary 87 uH
E Ly, Measured 1.3 uH
E Clstr Measured 0.17 nF
E L Measured 282 uH
F Loy 1im,1 Design upper boundary, updated 83 uH
F m,lim,2 Design upper boundary, updated 59 uH
F Legt Selected by designer 55 pH
F Ly eq Calculated 46 pH
G Cr Calculated 270 nF
H Rg et iim Design upper boundary 20.0 ©
H Ra eat Selected by designer 1.8 Q
I tor Calculated 260 ns
1 tad,of f Calculated 36 ns
1 td,on Calculated 16 ns
I tdead Selected by designer 288 ns
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Fig. 11. Eschematic of the experimental setup.

VI. SETUP AND EXPERIMENTAL RESULTS

In order to validate the described operation of the resonant
converter under DCM-ZLS, a set of experiments are conducted
on a test bench. The input dc voltage, Vpp 1, is established
by a dc power supply. The load is a bank of resistances. In
order to operate the test bench in a power range of kW without
dissipating all the output power in the resistances, a back-to-
back setup is selected [48], as depicted in Fig. 11. Due to
this arrangement, the power source only needs to provide the
power dissipated by the converter and by the external load,
which is a fraction of the power through the converter.

First, the deduced limits for the magnetizing inductance
are verified, and the iZVS is compared to the ZLS based
on the experimental results. The test bench is operated under
DCM, and with Vpp; = 400 V and fs, = 200 kHz.
Three different values of magnetizing inductance are used. The
switching event for each scenario is presented in Fig. 12. In
(a), the magnetizing inductance is that of the HF transformer,
that is L,, = 282pH. No external inductance is added in
parallel. This inductance is greater than L, jiy, 1. Therefore,
the magnetizing current is too low, so the voltage cannot be
switched completely during the discontinuous time and iZVS
takes place in the semiconductor. As a result, there is a great
dvpg/dt and an undesired resonance, with a voltage overshoot
of 32% across the switch.

Then, in (b), an external inductance L.,; = 110uH is
connected in parallel to the transformer. The resulting parallel
inductance is Ly, = 79uH, which is so Ly, 1ima2 <
Ly eq < L 1im,1. As can be observed, vpg is switched almost
completely during t,,, but the secondary ends its switching
process first and there is not enough energy stored in Ly
to finish the switching of the primary devices. Consequently,
there is iZVS, although less critical than in the first scenario,
since Ly cxt < L im,1 and is close to Ly, jim,2. Finally,
an external inductance L.,; = 55uH is added in the test
depicted in (c), resulting in L, ¢ < min(Lu, 1im,1, Lim tim,2)-
The most demanding requirement for L,,, is satisfied and thus,
ZVS is achieved.

From the conducted tests, it is demonstrated that the design
of the HF transformer must satisfy the proposed boundaries
L tim,1 and Ly, jim 2 in order to ensure ZVS, so EMI and
voltage overshoot in the semiconductors are avoided. It is
worth mentioning that the measured dvpgs/dt is 14.7 kV/us
in (a) and 2.5 kV/us in (b), in both cases due to the forced

i 2 10 A/div
200 V/div

i P 10 A/div
200 V/div

—Vps,r’ —Vps,r’

0 1 2 0 1 2
Time [us] Time [us]

(a) (b)

il’ 10 A/div
200 V/div

—Vps,r

0 1 2
Time [ps]

()
Fig. 12. Switching event in a SiC MOSFET of the test bench primary con-
verter: (a) Lp,eq = Lm > L tim,1- 0) Lin tim,2 < Lp,eq < L, lim,1-
(©) Lp,eq < L tim,2 < L, 1im,1-

turn-on under iZVS, while in (c) the voltage is switched in a
controlled manner with dvpg/dt = 1.8 kV/us.

Then, two more experimental tests are conducted on the
test bench operating under DCM-ZLS. The characteristics of
each one are summarized in Table III, including the dc input
voltage, power, and external parallel inductor. The estimated
tyr 1s also presented, together with the dead time set in the test
bench, which is limited to steps of 32 ns. Additionally, for the
sake of comparison with the estimated value, simulated and
measured %, are depicted. Test 1 is conducted at partial load
and input voltage, while in Test2 the converter is operated
at rated Vpp 1 and rated power, 18 kW. The main waveforms
in the primary and secondary sides for Test 1 are depicted
in Fig. 13. The four conduction states theoretically analyzed
in Section IV can be easily spotted. Additionally, the main
waveforms in the primary and secondary sides of the test bench
for Test 2 are shown in Fig. 14.

The correctness of the theoretical analysis conducted in this
paper can be further verified by means of Fig. 15, which shows
a zoom into the switching event of the test bench under DCM-
ZLS in Test 2 (200 kHz, 600 V). In (a), the gate-to-source



(b)

Fig. 13. Experimental results of Test 1: (a) Primary side. CH1: v1. CH2:
i1. CH3: vpg, 1. CH4: vgg, 1. (b) Secondary side. CH1: vy. CH2: i2. CH3:
'UKA,G- CH4: UKA,5<

voltages of S; and S5 are depicted, and in (b), the main
voltage and current waveforms of the primary and secondary
converters are represented.

The four conduction states can be easily identified. When
i'9 reaches zero, state 2 begins. All diodes of the secondary
converter are turned off under ZCS. The average voltages
of S5, Ss, represented by v’k 4 5, become Vi, /2, while the
average voltages of Sg, S7, represented by vk 4 6, become
Vbp1— Ve, /2, as obtained in (10). These average values are
depicted in Fig. 15 (b) through dashed lines. As can be seen,
the parasitic resonance between Lj; and Cye./ n? is present
during state 2 in v/ k45 and v’k 4 6, as discussed in Section
IV. Then, S, is turned off [see vgg,; in Fig. 15 (a)], starting
state 3. During this state, the parasitic resonance is between

TABLE IIT
CHARACTERISTICS OF THE EXPERIMENTAL TESTS

Characteristic Test 1 Test 2

Vbp,1 400 V 600 V

P 3.8 kW 18 kW

Lext 55 uH 55 /,,LH
tyr(analytical) 260 ns
tdead 288 ns

tyr(simulation) 267 ns 293 ns

tyr(experimental) 224 ns 247 ns

Turn-on ZVS in S,

(b)

Fig. 14. Experimental results of Test 2: (a) Primary side. CH1: v;. CH2:
i1. CH3: vpg 1. CH4: vggs, 1. (b) Secondary side. CHI: v1. CH2: i2. CH3:
v A,6- CH4: v 4 5.

le and (Cpri + Cstr>csec/n2/(cpri + Cstr + Csec/n2)~

Attending to i'o, it becomes clear that its average value
is not zero any more, for during state 3 the magnetizing
current is shared by the primary and secondary devices
to charge/discharge their parasitic capacitances. Then, when
v K A,5 reaches Vpp 1 and v K A,6 reaches zero, the secondary
ends its switching process, but before the primary converter
does so, as predicted in the theoretical study of the LLC
converter under DCM-ZLS. Finally, the remaining energy in
Ly is in charge of finishing the switching event in the primary
during state 4, before the dead time is over.

As can be observed, the LLC converter of the test bench is
operating under DCM-ZLS in both experiments, regardless of
the load condition, thanks to the proposed design procedure.
In the primary, the switches are turned on under ZVS since
their body diodes start to conduct before the transistors are
turned on. Therefore, EMI are avoided in the switching, as can
be seen in CH1 and CH3 of Fig. 13 (a) and Fig. 14 (a), and
with more detail in the primary voltage v; in Fig. 15. The no-
channel turn-off can be experimentally verified attending to the
gate-to-source voltages vgs,1,vas,2 in Fig. 15 (a), where no
Miller effect takes place during the turn-off step, in accordance
with the analytical model and the simulation results in Fig.
8. In the secondary, the resonant current becomes zero before
the switching process begins, thus turning off the diodes under
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Fig. 15. Detail of the switching event in Test 2: (a) Gate voltages in
the primary converter: vgs,1,vas,2 (5 V/div). (b) Voltage waveforms
v1,v" kA5, KA,6 (250 V/div), and current waveforms i1, ¢, (20 A/div).

ZCS.

Operating the LLC converter under DCM-ZLS enables
high-switching frequencies, as it is demonstrated in the con-
ducted experiments, in which the test bench is switching
at 200kHz. The DCM-ZLS is ensured by design, and is
independent of the delivered power, as shown with the partial-
load and full-load tests. Moreover, the accurate estimation
of t,., as shown in Table III, has allowed to set a proper
dead time, which is not necessary to be adjusted during the
operation of the converter.

VII. CONCLUSION

The LLC resonant converter is widely used in industrial
applications where a fixed voltage gain is required, or where
an additional power conversion stage is in charge of providing
voltage regulation. The LLC converter can be operated at
fixed frequency under discontinuous conduction mode (DCM)
to achieve soft-switching and fixed voltage gain for any load
condition. This paper conducts first an in-depth analysis of
DCM, which is conventionally used to achieve ZCS in both
primary and secondary converters. However, as it is discussed
in this article, ZCS is not free of losses and lead to undesired

EMI. Taking advantage of DCM, zero-loss switching can be
achieved. ZLS is the combination of turn-on ZVS and no-
channel turn-off in the primary, together with ZCS in the
secondary. A detailed analysis of the conduction states in
the LLC' converter is presented, which enables to obtain the
requirements for the magnetizing inductance and the gate
resistance to accomplish lossless switching in the primary
devices. Then, a step-by-step design procedure is proposed,
which is applied to a 18-kW, 200-kHz test bench. Straight-
forward design expressions for the magnetizing inductance,
the leakage inductance, the gate resistance and the dead time
are provided. The resulting design according to the proposed
methodology is tested in the test bench for two load conditions,
including an experiment at rated voltage and power (600 V,
18 kW). The operation of the converter under DCM-ZLS
is experimentally verified, showing soft-switching in both
primary and secondary sides.
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