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ABSTRACT Zero voltage switching (ZVS) of power MOSFETs is essential for resonant converters and
the ZVS criterion should be formulated appropriately to achieve the ZVS condition. Conventionally, the
energy-based criterion has been considered the most accurate ZVS criterion for non-resonant converters
and thus has been directly applied to the resonant converters without any doubt. Through a theoretical
investigation along with a few examples, this study shows that the energy-based ZVS criterion is not
as accurate for resonant converters as it is for non-resonant converters. A more accurate ZVS criterion,
considering energy stored in every energy tank element, the power dissipation of the load, non-zero current
assumption at the end of dead time period, and the energy absorbed or supplied by the input dc voltage
source, is proposed. The energy-equivalent inductance is introduced to represent resonant tank energy and
is used in formulating ZVS criterion for various modulation strategies. In addition, the minimum dead time
for successful ZVS transition is also investigated in this study. Experiments have been conducted to validate
our new finding and the proposed method is shown to be more accurate than the conventional method.

INDEX TERMS Soft switching, resonant converter, zero voltage switching condition.

NOMENCLATURE ig, Iy Source current and the resonant tank current.

Coss MOSFET parasitic output capacitance. ic;»ic,  Capacitor current in Cogy1, Coss2.

Co.eff Charge-equivalent capacitor of Vs, ver  DC input voltage, resonant capacitor voltage.
MOSFET. L, Resonant tank inductance.

Ooss Total stored charge of Cygs. C, Resonant tank capacitance.

O, Absorbed or supplied charge from the fs Switching frequency.
voltage source. Wo Resonant angular frequency.

0 Absorbed or supplied charge from the We Energy-equivalent angular frequency.
resonant tank. L, Energy-equivalent inductance.

Eos Stored energy of C;. s Time required for the complete ZVS transition.

Eivitial Initial tank energy.

Efinal Energy stored in the resonant tank. I. INTRODUCTION

Egpsorbed jsuppliea  Absorbed or supplied energy from the
power source.
Egissipated Dissipated energy in the load.

The main objectives for effective power converters is to obtain
high power density and high efficiency while achieving the
optimal output performance. To attain high power density,

the operating frequency of the power converter should be
increased [1]. However, the operating frequency is restricted
The associate editor coordinating the review of this manuscript and by the switching loss caused by the on/off transition of the
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switches [2]. Therefore, in high-frequency converters, a soft
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switching technique is essential for achieving high efficiency
and EMI noise reduction. One of the most effective solutions
is the resonant converter.

To accomplish zero voltage switching (ZVS) in resonant
converters, the output capacitor of the power MOSFETs must
be completely discharged before the switching turn-on. There
are two common ZVS criteria used in determining the ZVS
condition of resonant converters: charge-based and energy-
based criteria. The charge-based criterion works under the
principle that the current flow in the circuit should be in
such a direction as to sweep out the charge stored in the
output capacitor of MOSFET and the charge displacement
also should be larger than the total stored charge in the
same capacitor. It is formulated by the initial current and
the dead time required to discharge the output capacitor of
the switches [3], [4], [5], [6]. However, the charge-based
criterion is only partly accurate since the output capacitor
of the switches is mostly regarded as being discharged by a
constant current source. On the contrary, for the energy-based
criterion, the energy in the output capacitor of the MOSFETSs
should be fully released during the dead time [7], [8], [9].
The energy-based criterion takes into account the energy bal-
ance of all components in the circuit, hence, it is considered
more accurate than the charge-based ZVS criterion [10], [11],
[12], [13]. The energy-based criterion was first introduced
in [10] and has been further improved in [11] and [12].
However, these reports studied only non-resonant converters
that involve only an inductor as the sole ZVS energy storage.

There has been three fallacies in the conventional way
of using ZVS criterion in resonant converters. First, the
energy-based criterion used for non-resonant converters is
directly applied to resonant converters without rigorous ver-
ification [7], [8], [9]. Therefore, the question of accuracy of
the energy-based ZVS criterion used in the resonant converter
remains unanswered. The ZVS criterion of the resonant con-
verter has been investigated in [4]. However, the charge-based
criterion has been used to determine the ZVS condition,
resulting in inaccuracies in the ZVS condition formula and
the dead time calculations. Second, the ZVS conditions and
the dead time required for ZVS completion may be entirely
different for different modulation strategies, which have not
been considered in previous studies [7], [8], [9], [14]. Third,
most previous work has assumed that the energy stored in
the resonant tank inductor is zero at the end of the dead
time [9], [11], [12]. However, this assumption makes the ZVS
criterion inaccurate. The current at the end of the dead time is
usually non-zero and should therefore be considered in ZVS
condition for a more accurate ZVS criterion.

In the resonant converter, the resonant tank consists of both
inductors and capacitors, indicating that the circuit incor-
porates the energy storage of these components. Therefore,
in the energy balance procedure, both the capacitor and the
inductor of the resonant tank should be considered simul-
taneously. Moreover, during the ZVS transition, the output
voltage of the resonant tank V,, can be considered as a dc
voltage sink, which can be a positive, zero, or negative value
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FIGURE 1. Series resonant converter.

based on the rectifier commutation, and fully consumes all
of the energy. Based on these considerations, a more accurate
energy balance equation should be established.

It is found that the conventional ZVS criterion for the
non-resonant converter without modification is not effective
for the resonant converter. Therefore, an improved energy-
based ZVS criterion that considers energy stored in every
energy tank element, the power dissipation of the load, and
the energy absorbed or supplied by the input dc voltage
source is proposed. In addition, the minimum dead time for
successful ZVS transition in the various types of modulation
strategies is also investigated in this study.

The full-bridge inverter with a series resonant tank is the
most common resonant converter configuration since the
series resonant capacitor can be employed as a dc blocking
capacitor and the current of the circuit decreases as the load
decreases [15], making the series resonant converter a popular
choice for many power converter systems [16], [17]. There-
fore, the full-bridge series resonant converter is used for the
analysis in this work. The same procedure can be applied for
other resonant tanks [15], [18].

The rest of this paper is structured as follows: Section II
discusses the ZVS equivalent circuit of a full-bridge series
resonant converter, then Section III reviews the conven-
tional ZVS criterion frequently used for resonant converters
and its limitation. The proposed ZVS criterion is presented
in Section IV. The analysis is experimentally verified in
Section V. After discussion in Section VI, the results of the
study are summarized in Section VIL

Il. FULL-BRIDGE SERIES RESONANT CONVERTER WITH
VARIOUS MODULATION STRATEGIES

The full-bridge series resonant converter is depicted in Fig. 1,
where four MOSFETs S; ~ S4 form the full bridge inverter
and L,, C, are the resonant inductor and resonant capacitor,
respectively. In resonant converters, many modulation strate-
gies have been presented, each having a different switching
sequence scenario [19], [20], [21]. However, upper and lower
switches on the same phase-leg should be operated in com-
plimentary states to prevent converter short circuits and
reduce conduction loss. Therefore, they can be grouped into
three switching sequence scenarios and every modulation
technique is a combination of those scenarios. In the first
scenario, the S; and Sy are turned on and off at the same
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FIGURE 2. Switching pattern of (a) FB (b) PSFB I (c) PSFB II.

time, S and S3 are complementarily operated compared to
S1 and Sy respectively as denoted as a conventional full bridge
(FB) in Fig. 2a. In the second, during the time the S; and
S> are turned off and turned on respectively, the switch Sy is
on and the switch S3 is off as illustrated as phase-shift full
bridge (PSFB) I in Fig. 2b. In the third case, while the S; and
S> switches are turned off and on, the switch S3 is on and the
switch Sy is off as shown in Fig. 2c and named as PSFB 1I.

In ZVS criterion analysis, the characteristics of MOSFET
parasitic output capacitance, C,gs, should be carefully inves-
tigated due to the nonlinear characteristics with drain-source
voltage vps as shown in Fig. 3a, where the curve is obtained
for the Si MOSFET (IRFP450A, Vishay) [22], [23]. When
the drain-to-source voltage is built up to Vi, the total
stored charge and its corresponding stored energy across the
nonlinear capacitor can be expressed as

Vs
Qoss ( Vs) = [) Coss (VDS )dVDS ( 1 )

QUSS ( VS)
Eps5(Vs) = /() vpsdQ (2)

where C,g5(v) and Q,s(v) are the curves in Fig. 3. Due to the
non-linearity of Q,g;s, it is more convenient to calculate the
stored energy using

Vs

Eos5(Vs) = Qoss (Vo) Vs — ) A Qoss(vps)dvps. (3)

lIl. REVIEW OF THE EXISTING ZVS CRITERION

A. CHARGE-BASED CRITERION

The total charge in the capacitor should be fully discharged
by the resonant tank current during the dead time in the
charge-based ZVS criterion. The resonant tank current i, and
MOSFETsS parasitic output capacitance, C,gs are assumed to
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FIGURE 3. Nonlinear output capacitance characteristics of MOSFETs
(IRFP450A, Vishay) (a) Coss as a function of vpg (b) total charge Qoss as a
function of vpg.

be constant during the dead time as in [4], so the criteria for
the ZVS condition is provided as

ir([O)(ll - tO) = 2C()SS(VS)VS (4)

where the time interval from #y to #; is defined as the dead
time. However, the circuit is a resonant circuit of inductor
and capacitor, as seen in Fig. 1, the resonant tank current i,
changes during the dead time and cannot be regarded as con-
stant. Additionally, because C,q; is a nonlinear capacitor, the
capacitance varies according to the drain-to-source voltage
of the MOSFETs [22], [23]. Consequently, the ZVS criterion
is not determined correctly because of those presumptions.
Recently, an enhanced charge-based criterion has been pro-
posed in [5] and [6], where the nonlinear characteristic of
C,ss and the change of i, during the dead time are taken into
account and it is given by

n
/ i (T)dT > 2Coss(v0s)dvDs. )
fo

However, under various modulation strategies the resonant
loop is completely different. Therefore, the inductor current i,
during the dead time varies by modulation strategies and the
resonant current i, function can not be determined accurately
without taking these considerations into account. Therefore,
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FIGURE 4. Equivalent circuits of series resonant converter during the
dead time (£, ~ t;) (a) FB (b) PSFB I (c) PSFB II.

with the given condition of i.(#p) and dead time, the total
displacement charge could not be appropriately determined.
As a result, the current and dead time needed to achieve ZVS
conditions are either underestimated or overestimated, which
results in either hard switching or high circulating current,
respectively.

B. ENERGY-BASED CRITERION

According to the energy-based ZVS criterion, the total energy
in MOSFET parasitic output capacitance, C,s, should be
completely released by the stored energy in the resonant
inductor L, [7], [8], [9]. In [7], [8], and [13], considering the
capacitor C,g, is constant during the dead time, and thus the
ZNS criterion is given by

1 1
ELrl,%(l()) > ECUSS(VS)VSZ' (©)

However, since the characteristic of C,g varies during the
dead time, the total stored energy in C,; is incorrectly calcu-
lated. Recently in [9], the charge-equivalent capacitor Cp .4
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is utilized to account for the nonlinear characteristic of C,g;
and the ZVS criterion is provided by

1, 1 ,
erlr(tO) = ECQ,eff(Vs)VS . @)

Nevertheless, during the dead time, not only MOSFET par-
asitic output capacitor, C,g, and the inductor L,, but also
the capacitor C, are all involved in the energy balance pro-
cedure as the stored energy component. In addition, L, and
C, are connected in series, thus capacitor voltage V¢, leads
current i, by 90 degrees. Therefore, while L, supplies energy,
capacitor C, absorbs energy, and the reverse is also true. Fur-
thermore, the load dissipates the energy during the dead time.
As aresult, (7) does not fully account for all energy changes
during the dead time. Moreover, depending on the direction of
the charging and discharging loop current, the voltage source
V supplies or consumes energy. For example, in the case of
PSFB I and PSFB 1I, it supplies and consumes the energy
as shown in Figs. 4b and 4c, respectively. As a result, (7)
cannot be used for all modulation strategies. Another critical
condition in achieving ZVS is the dead time which should
be sufficient to produce ZVS with the initial energy stored
in the resonant tank. However, the time for completion of
ZVS cannot be computed correctly unless the energy balance
around the resonant loop during the dead time is appropriately
considered. As the summary, Table 1 shows comparison of
different ZVS criterion.

IV. PROPOSED ZVS CRITERION

A. ZVS ANALYSIS FOR FULL-BRIDGE RESONANT
CONVERTERS

The full-bridge (FB) resonant converters during the dead time
interval (o ~ #) and typical operation waveforms are shown
in Fig. 4a and Fig. 5a. During the dead time, the source current
ig and the resonant tank current i, can be described as

is(vps) = i¢;(vps) — ic,(Vs — vDs) (8)
ir(vps) = ic,(vps) +ic, (Vs — vps) ©)]

where vps and V; — vpg are the drain-to-source voltage
of Coss1 and Cyg40, respectively. By integrating (8) and (9),
absorbed or supplied charge from voltage source and resonant
tank are then computed as follows

Vs
0i,(vps) = /0 [Coss1(vDs) — Coss2(Vs — vps)] dvps
(10)
Vs
Qi, (VDS) = /0 [Coss1 (VDS) + Coss2(Vs — vps)l dvps.
(11)

Considering the energy balance equation during ZVS tran-
sition,

Einitial = Eﬁnal + Edissipated + Eabxorbed/supplied (12)

where Ejyjsiq; is the initial tank energy at time ¢ = f9, Efinal
is the energy stored in the resonant tank at the dead time

VOLUME 12, 2024
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FIGURE 5. Typical operation waveforms for (a) FB (b) PSFB I (c) PSFB II.

TABLE 1. Comparison of different ZVS criterion.

Ref. Criterion Type of Consideration of Minimum dead
Equation ZVS criterion load-range modulation nonlinear characteristics  time formula
strategies of Clpgs
[4] 4) Charge-based No No No Yes
[8] (6) Energy-based No No No No
[9] () Energy-based No No Yes No
This paper (25), (33), (36) Energy-based Yes Yes Yes Yes
interval, Eqpsorbed /supplied 15 the absorbed or supplied energy source Vy is equal to zero, Eupsorbed /supplied = 0. When

from the power source, and Eyjssiparea 18 the dissipated energy
in the load. All of these elements are defined during the ZVS
transition time interval (g ~ 7).

The initial energy evaluated at ¢ = #) comprises the stored
energy in the four output capacitors of the MOSFETS, the
stored energy in the resonant tank can be calculated as follows

1. 1
Einiial = 2Eoss (V) + 5Lri7(10) + 5Crvg, (o). (13)

During dead time, the dissipated energy by the output voltage
sink and absorbed or supplied energy from the power source
can be determined as

(14)
(15)

Edissipated = Qir (vps)Vo
Eabsorbed /supplied = (3 (vps)Vs.

The value of the source current i is positive at time o and then
becomes negative when the current in the capacitor Cgs) is
larger than the current in capacitor C,1, as shown in Fig. 5a.
Moreover, the capacitors Cygs1 and Cogsp are simultaneously
charged and discharged with the same amount of charge.
Therefore, the delivered and absorbed energy at the voltage
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switches S| and Sy are turned on and off simultaneously, the
output capacitor C,g forms a series connection with Cigs4.
Therefore, the total amounts of charge in C,s1 and Cypge4 are
identical to Qyss(Vs). Similarly, Cyss2 and Copge3 have the same
amounts of discharge. By substituting (13), (14), and (15)
into (12), the energy balance equation then can be rewritten as

1 1
2E55(Vs) + ELri%(rw + Ecrvzc,(ro) = 2E,55(vps)
1 1
+ ELri%a) + Ecrv%,(r) + Qi (vps)Vo + 0, (vps)Vs.
(16)

The change of energy of the resonant tank capacitor C, with
the charge Q; (vps) is given by
1
2

1
2

107 (vps)

_Cr

Crve,(t) = — 5

Crvg,(t0) — (17)

The change of energy stored in the resonant tank is composed
of the change of stored energy in the resonant inductor L, and
the change of stored energy in the resonance capacitor C,,
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which can be calculated as follows

2
L0091y 120y — 20)

1
SLr (00 - 0) = 37 :
(18)

where L, and w, are energy-equivalent inductance and
energy-equivalent angular frequency and are given by

1

Le=Lr— = (19)

Vi) — (1) )
‘7 0;,(ps)

By substituting (18) into (16), the energy balance equation
then can be rewritten as

1
2Ep55(Vs)+ ELe (13([0) - l%(t)) =2E,55(vps)

+ 0i,(vps)Vo+Qi (vps)Vs.
(2D

Accordingly, the resonant tank current can be obtained and
given by

2(tg) + 22 008) 22)

ir(vps) = 2
e

where

K(vps) = 2E55(Vs) — [2Eo55(vps) + Qir (vps)Vo
+ 0i,(vps)Vol.  (23)

It is observed that the current i, is a highly nonlinear function
and only constant when L, — oo. If the ZVS criterion is satis-
fied, then vps equal to Vs when the time equals #;. Therefore,
the energy balance equation at time #; can be determined as

1 1
ELez%(m = 2Q0ss(Vs)V, + ELL):%(r]). (24)

The change of stored energy in the energy-equivalent induc-
tance should be greater than or equal to the dissipated energy
in the output voltage sink to achieve the ZVS criterion

1
ELe[i%ao) — 2(t1)] = 2Q0s5(Vs)Vp. (25)

In this formula, the energy-equivalent inductance L, is always
positive because the energy-equivalent angular frequency w,
must be higher than the resonant angular frequency wy =
1/ (VL,C;) of the resonant tank to achieve the ZVS con-
dition, where the impedance of the resonant tank becomes
inductive. L, is a function of the value of the passive com-
ponents in the resonant tank, and is much smaller than the
value of the resonant inductance L, in the conventional ZVS
formula for non-resonant converters [10], [11], [12] as shown
in Fig. 6. When the operating angular frequency is equal to
the resonant angular frequency (w, = ,), L. is zero, there is
no change in the energy in the resonant tank. Moreover, when
the operating angular frequency is smaller than the resonant
angular frequency (w, < wop), L. is negative. In both cases
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L, =0and L, < 0the ZVS condition is lost. In addition, the
new ZVS formula also includes load-side power dissipation.
Therefore, this formula takes into account all energy changes
during the dead time. It is clear that the stored energy in the
resonant tank should be larger than what would be expected
in the conventional ZVS formula. When C, equals infinity,
formula is the same as that of a non-resonant converter [12].

ZVS Region

A
L=

FIGURE 6. The energy-equivalent inductance verse energy-equivalent
angular frequency.

The minimum dead time required for ZVS is obtained as
follows. By integrating on both sides of (9), the time required
for the complete ZVS transition t,,; can be calculated as

i Vs Coss2(Vs—
s = / di — / 0ss1(VDS )+ 0ss2(Vs—VDs) dvps. (26)
10 0 ir(vps)

By substituting (22) into (26), t,,s rp can be calculated as
/VX Coss1(vps) + Cos2(Vs — vps)
Lvs,FB =
0

VB0 + 2

B. ZVS ANALYSIS FOR PHASE-SHIFT FULL-BRIDGE (PSFB)
RESONANT CONVERTERS

In the PSFB cases, only two switches change that state during
dead time. There are two possible switching patterns: PSFB I
and PSFB 1I as respectively shown in Fig. 4b and 4c. In both
cases, the resonant current formula is the same as the FB case
in (22), thus the charge can also be calculated as (11) and (27)
also can be used to calculated the time required for the com-
plete ZVS transition. The different between PSFB I and PSFB
II is the sequence of on/off status of switches S3 and S4. How-
ever, this makes a totally different resonant loop. Therefore,
they should be considered separately in the analysis.

dvps. (27)

1) PSFB |

In this case, the source current i is equal to the current in the
capacitor C,g1 as shown in Fig. 4b and Fig. 5b. Therefore,
absorbed or supplied charge from voltage source V; can be
expressed as

Vs
0:.(vps) = /0 Cosst (vD3)dvs. 28)

The total supplied energy to the voltage source during the
ZVS transition is given by

Esupplied = Qoss(vs)vs- (29)

VOLUME 12, 2024



C.-T. Truong, S.-J. Choi: Improved ZVS Criterion for Series Resonant Converters

IEEE Access

The initial energy at t = fy, which is a sum of the energy
stored in the output capacitor of the switches and resonant
tank, is given by

1
Einitial = Eoss(Vs) + ELei%ao). (30)

The dissipated energy in the voltage sink is the same as (14).
Therefore, the final energy at r = ¢, is given by

1
Efinal = Eoss(Vs) + ELez%(m. (31)

Then, the energy balance equation at time #; is given by

1 1
ELei%ao) = 2Q0s5(Vs)Vo — Qoss (V) Vs + iLeif(n). (32)

The minimum amount of energy that must be stored in the
energy-equivalent inductor to accomplish ZVS is provided by

1
ELe[i%(ro) — ()] = Qoss(Vs) @V, — Vi), (33)

In the PSFB I case, the voltage source provides the energy for
the ZVS process. Note that the energy-equivalent inductance
L, can be zero or negative when Vy > 2V,,, which means
that the inductive load condition is not always required in the
PSFB I case.

2) PSFBII

In this case, the source current iy is equal and opposite to the
current in the capacitor C,y as shown in Fig. 4c and Fig. 5c.
Therefore, the charge can be expressed as

Vs
Qi (vps) = — /o Coss2(Vps)dvps. (34)

The voltage source absorbs the energy, and the total absorbed
energy by the voltage source during the ZVS transition is
given by

Eabsorbed = _Quss(Vs)Vs- (35)

Therefore, the minimum amount of energy that must be
stored in energy-equivalent inductor to accomplish ZVS is
provided by

1
ELe[if(lo) — 2] = Qoss(V)) @V, + Vy) . (36)

Since the voltage source absorbs the energy, the inductive
load condition dose not always guarantee the ZVS condition.
In addition, the amount of stored energy in energy-equivalent
inductor is more than that of either FB or PSFB I under iden-
tical conditions. This makes the ZVS condition is difficult to
be met in PSFB II modulation.

C. EXTENSION TO OTHER MODULATION STRATEGIES

In resonant converters, many modulation strategies have
been proposed with different switching sequences such as
ADC [19], ACM [19], PS-PFM [20], APWM [21], and
SPWM [21] as shown in Fig. 7. However, those modulation
strategies are just combinations of three scenarios: FB, PSFB
I, and PSFB II as discussed in Section II. For example, ACM
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FIGURE 7. Various modulation strategies of resonant converters (a) ADC
(b) ACM (c) PS-PFM (d) APWM (e) SPWM.

TABLE 2. ZVS conditions for different modulation strategies.

Control strategies ZVS condition

S1 S S3 S4
ADC 25) (25) (25) (25)
ACM (25) (33) (33) (25)
PS — PFM (36) (36) (36) (36)
APWM (36) (25) (25) (33)
SPWM 25) (25) (25) (25)

modulation shown in Fig. 7b is the combination of FB and
PSFB II where switches S1 and S4 operate as FB case, while
switches 7 and S3 operate as PSFB II. Therefore, there are
cases where more than one ZVS criterion should be applied.
The summary of ZVS criterion for different modulation
strategies are shown in Table 2.

V. EXPERIMENTAL VERIFICATION

To verify the accuracy of the theoretical analysis, a 1 kW full-
bridge series resonant converter prototype was built as shown
in Fig. 8. The value of the resonant inductance and capaci-
tance were 600 wH and 4.5 nF, respectively. The operating
frequency f; was set to fy = 1.03fy, which is slightly higher
than the resonant frequency fy. The dc voltage source Vs was
varied from 1 V to 400 V. The experiment parameters are
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B Full Bridge
Inverter

(@) (b)

FIGURE 8. Experimental setup: (a) converter (b) measurement
equipment.

TABLE 3. System parameters for the experiment.

Symbol Parameters Values  Unit
Vs DC Input Voltage 0-400 |4
V, DC Output Voltage 0-400 %

fs Switching frequency 100-110 kHz
L, Resonant tank inductance 600 uwH
C, Resonant tank capacitor 4.5 nkF

summarized in Table 3. The components and instrumentation
used in the experiment are shown in Table 4. Under this
condition, the ZVS transition of the switch S was analyzed
in the experiment.

In the three cases of FB, PSFB I, and PSFB 11, the required
energy stored in resonant inductor, calculated for the pro-
posed ZVS criterion is much larger than for the conventional
criterion [11], as shown in Fig. 9. As illustrated in Fig. 9a for
the FB case, the required energy stored in resonant inductor
L, increases with increasing output voltage and input volt-
age. Due to the supply energy of the input voltage Vi, the
minimum initial current is far less in the PSFB I case than
in the FB case, as shown in Fig. 9b. In the case of PSFB
II, because of the absorbed energy of the input voltage Vi,
the required energy stored in resonant inductor should have
a higher value than both FB and PSFB I cases as shown in
Fig. 9c. They all shows that the proposed method is more
accurate than the conventional method in calculating the ZVS
boundary. A detailed analysis of the case Vy; = 400 V with
Qoss = 71 nC is given for FB, PSFB I, and PSFB 1II in the
following subsections.

A. FB CASE
When the output voltage V,, was set at 340 V, according
to (25), the minimal energy stored in the energy-equivalent

5340

inductance was calculated as 54 pJ. Consequently, the initial
current i, (fp) should be larger than 1.4 A and i,-(t1) should be
equal to 1 A to meet the ZVS condition. The dead time to
reach ZVS can be computed to be 230 ns by (27). As illus-
trated in Fig. 10a, ZVS is obtained when the proposed ZVS
condition is met, and the ZVS transition time matches well
with the calculated dead time in (27).

On the contrary, when the conventional criterion is applied,
the value of the inductor L, is used in the ZVS calcula-
tion instead of the energy-equivalent inductance L, in (25).
Therefore, the minimum initial current i,(fg) to achieve ZVS
was calculated as 0.4 A to achieve ZVS. As Fig. 10b shows,
however, switching occurs at a very high drain-to-source
voltage Vps. c2, resulting in high switching losses and ZVS
fails.

B. PSFB I CASE

In the PSFB I case, the output voltage was fixed at 300 V.
The minimum energy to be stored in the energy-equivalent
inductance was calculated as 16 wJ by (33). Therefore, the
minimum initial current i, (fg) should be 1 A and i,-(¢1) should
be equal to 0.8 A. The dead time to achieve ZVS was calcu-
lated as 335 ns. As aresult, ZVS was achieved, as illustrated
in Fig. 11a, and the dead time matches the calculation very
well.

On the contrary, when the inductor L, was used instead
of the energy-equivalent inductance L, in (33), the minimum
initial current was calculated as 0.3 A, which is much lower
than 1 A. However, as demonstrated in Fig. 11b, ZVS failure
with high switching losses is obtained.

C. PSFB Il CASE

The output voltage in this example was set to 320 V. By (36),
the minimum energy to be stored in the energy-equivalent
inductance was calculated to be 56.8 wJ. As a result, the
minimum initial current i, (f9) should be 2 A and i,-(¢) should
be equal to 1.8 A. (27) is used to compute the dead time
to achieve ZVS as 337 ns. As a result, ZVS was achieved,
as shown in Fig. 12a, and the dead time closely matches the
calculation.

In (36), the minimal beginning current was estimated as
0.4 A when the inductor L, was utilized instead of the
energy-equivalent inductance L.. However, as seen from
Fig. 12b, ZVS failure with large switching losses is observed.

D. EFFICIENCY AND POWER LOSSES

A power analyzer (Yokogawa Electric, WT1804E) is used
to examine PSFB I and PSFB II cases in order to compare
the efficiency and power losses of the proposed criterion
with the conventional criterion. As demonstrated in Figs. 13
and 14, power losses are composed of three parts: inverter
loss, resonant tank loss, and rectifier loss. The power loss
in the compensation inductors, capacitors, MOSFETs, and
diodes can be determined by considering their respective
inner resistances, which can be obtained from datasheets and
measurements. Because of the ZVS operation, the switching

VOLUME 12, 2024



C.-T. Truong, S.-J. Choi: Improved ZVS Criterion for Series Resonant Converters

IEEE Access

AN

This study

60

(t2)] (]
()] (]

2
’
2
™

i2(to) — @
H(to) — 1

ol
2

,4
iL.[i

1
2
1
2

(a)

AN

(b)

This study ZVS

This study

()] [w]]

(to) — i

;2
-

eli

1
2

FIGURE 9. Comparison of the minimum initial current ir (ty) to achieve ZVS (a) FB (b) FSFB I (c) FSFB II.

TABLE 4. Components and instrumentation used in the experiment.

Description Supplier Model Number Specification
S1-S4 Vishay IRFP450A 500V, 0.4 2 STIMOSFETSs
Di-Dy Cree C3D16060D 600V ,22 A, Vy =19V, SIC Diode
L, TDK PQ 50/50 core 320 mT, 1680 u.
C, Icel PWS2202470 2S2P 4.5 nF, 500V
PWM Generator Texas Instruments TMS320F28379D 200MHz CPU 1MB Flash
Gate driver switches Texas Instruments ISO58528 5.7 kVrms, 2.5A/5A single-channel
Oscilloscope LeCroy WAVESURFER 24MXSB 4-channel, 200 MHz
Power analyzer Yokogawa Electric WTI1804E 100V 50 A x 4 Input Elements + 0.15%
Voltage differential probe  Sapphire Instruments SI1-9002 1400 V 25 MHz
Current probe LeCroy CP030 30 A 50 MHz
Power suppler Elektro Automatik EA-PSB 11000-80 1000 V 80 A Bi-directional DC

loss in the inverter of the proposed ZVS criterion is sub-
stantially reduced in both PSFB I and PSFB II cases by
adopting the proposed ZVS criterion design instead of the
conventional way. It should be noted that because the initial
current is higher with the proposed method than with conven-
tional criteria, the conduction is slightly higher. However, the
proposed ZVS design makes total loss smaller than that of
the conventional ZVS design. As a result, the efficiency by
the proposed criterion in the PSFB I and PSFB 1I cases are
97.3 % and 97.1 %, respectively, which are an improvement
of about 1.5 % over the conventional criterion. The efficiency
improvement can be more significant in higher frequency
operations due to the dominance of switching loss. Further-
more, the ZVS condition achievement is crucial not only
for efficiency improvement but also for EMI noise reduc-
tion as another important considerations in power converter
design [24], [25].

V1. DISCUSSION

In this section, a thorough analysis regarding origin of
the accuracy improvement, the consideration of MOSFET
parameter tolerance effect, and limitation of proposed
criterion are discussed.

A. ORIGIN OF THE ACCURACY IMPROVEMENT

In non-resonant converter, the current waveform is a non-
sinusoidal. However, the current waveform is sinusoidal in
the resonant converter as shown in Fig. 15, thus the overall
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FIGURE 10. Experimental results of ZVS transition in the FB case under
the satisfaction of (a) the proposed criterion (b) the conventional
criterion.

consideration of energy at the end of the ZVS transient should
be considered differently. The time interval of dead time and
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FIGURE 11. Experimental results of ZVS transition in the PSFB I case
under the satisfaction of (a) the proposed criterion (b) the conventional
criterion.

the time to zero crossing time of resonant tank current are
given by
tqg =1 —10 (37)
t, =1t — 1. (38)

The ratio can be defined as
ta 1 — 1o
t, th—ty

(39)
and there are three possible cases: y < 1,y = 1,and y > 1.
In case of long dead time, ¢#; is greater than ¢,, which means
y > 1. However, too long dead time is not recommended
in both PSFB case and FB case because of the negative
impact on the operation and efficiency of the converter [26].
In most papers, it has been assumed y = 1 when the energy
stored in the resonant tank inductor at #; is equal to zero
S%L,if(tl) = O), which means i.(1;) = 0 [9], [11], [12].

owever, this assumption makes the ZVS criterion inaccu-
rate, because y < 1 is recommended for achieving ZVS in
most of cases. For example in case of PSFB, 1, is always
greater than 74, as shown in Fig. 15a, which means y < 1.
In the case of FB, resonant converter should be operated with
inductive load to reach the ZVS condition and i,(¢;) should
be positive to avoid recharging of C,gs, as shown in Fig. 15a.
Therefore, y < 1 should be also applied in case of FB. As the
results, y < 1 is should be used in resonant converter. When
y < 1, the energy stored in the resonant inductor L, at ¢y,
%Lr i%(tl) should always be considered as non-zero for more
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FIGURE 13. Loss breakdown of the PSPB I case under the satisfaction of
(a) the proposed criterion (b) the conventional criterion.

accurate ZVS criterion for resonant converter as is proposed
in this paper.

B. MOSFET PARAMETER TOLERANCE EFFECT

During the process of designing the series resonant con-
verter, it is possible to utilize the analysis that has been
discussed in [27]. Additionally, when the modulation tech-
niques are selected, Table 2 can be utilized for determining
the ZVS criterion, which allows for the calculation of the
value of energy-equivalent inductance L.. Through the uti-
lization of (19), it is possible to redesign the L, in order to
achieve the ZVS.
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FIGURE 15. The voltage and current waveform of resonant tank: (a) PSFB
case (b) FB case.

Moreover, in practice, the deviation of the parasitic
parameters of power transistors depends on several factors,
including the manufacturing process and the operating con-
ditions. The amount of deviation can also vary between
different types of power transistors and technologies. Among
the parasitic parameters of the power transistor, the output
capacitor C,y, is the only factor that affects of the calculation
of ZVS criterion, as shown in (25), (33), and (36). When there
are significant differences in the C,g; deviation, a maximum
output capacitance of C,, value is regarded as the worst-case
scenario and that value can be used in the ZVS calculation
process. Temperature is an important aspect of the operating
conditions, which could have a big impact on the parasitic
parameter deviation. However, as shown in [28] C,,; is almost
constant with different temperature conditions. As a result,
there is little impact on the ZVS criterion calculation’s accu-
racy from variations in the parasitic characteristics of power
transistors.

C. LIMITATION OF PROPOSED CRITERION

Compared to previous techniques, the proposed ZVS cri-
terion has greatly improved. However, a more complex
expression is required. In most cases the complex expression
does not cause any problem because the dead time is fixed
all the time in the most dc-dc converter systems. In case of
controllable dead time algorithm is used, the calculation time
may be the issue [29], but lookup table approach, on the other
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hand, can be used to save the precalculation dead time value,
which can minimize the computation time [30].

VIi. CONCLUSION

A new ZVS criterion for resonant converters based on stored
energy in the energy-equivalent inductance has been pro-
posed in this paper. ZVS criterion and dead time formulas
were derived to complete the ZVS transition for FB, PSFB I,
and PSFB II modulations strategies in resonant converters.
It should be noted that there are scenarios where more than
one ZVS criterion needs to be applied to a given modulation
strategy. Experiments were conducted to validate the theoret-
ical analysis. Compared with the conventional ZVS criterion,
complete ZVS can be achieved by using the proposed ZVS
criterion. In the future, the ZVS criterion of other resonant
typologies will be studied.
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