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Abstract: In a dual-bridge series resonant converter (DBSRC) working at a high switching frequency,
the dead-time effect is a serious issue. When the minimum current trajectory (MCT) method is
applied, the inductor current cannot be minimized due to the dead-time effect, and the range of
the soft switching is reduced. Considering the dead-time, this paper first presents a theoretical
analysis of the transmission power and the soft-switching characteristics based on the fundamental
harmonic approximation (FHA) approach. Then, a minimum current trajectory method considering
the dead-time (MCT-d) is proposed to achieve the minimum inductor current by compensating for
the dead-time. This method can extend the soft-switching range as well. Finally, the experimental
results validate the theoretical analysis and the improvement of the converter’s efficiency.

Keywords: DC-DC converter; dead-time; phase-shift control; zero voltage switching; resonant
converters; minimum current trajectory

1. Introduction

Dual active bridge (DAB) DC/DC converters have been widely applied in renewable
energy, DC power distribution systems, electric vehicles, energy storage systems, and
uninterruptible power supplies [1-8]. The topology of the dual-bridge series resonant
converter (DBSRC) is shown in Figure 1. Through the resonance tank, the inductor current
of the DBSRC is near a sinusoidal wave, and the soft-switching characteristic of the switches
is better than that of a DAB [9-14].
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Figure 1. DBSRC topology.

The basic modulation of the DBSRC is single phase-shift (SPS) modulation [6]. How-
ever, under this modulation, the conduction losses and switching losses of the power
switches cannot be minimized, which will significantly reduce the converter’s efficiency [15].
In the DBSRC, extending the soft-switching range and reducing the inductor current are
two key ways to significantly improve the efficiency [16,17]. Reducing the inductor cur-
rent’s root mean square (RMS) value can improve the efficiency more than by extending the
soft-switching range [18-20]. Therefore, a minimum current trajectory (MCT) method based
on extended phase-shift (EPS) was proposed to minimize the RMS value of the inductor
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current in the DBSRC, thus significantly improving the efficiency [10,20,21]. However, the
dead-time effects were not considered.

In DABEs, the effect of the dead-time cannot be negligible at a high switching frequency.
The phenomena of the voltage polarity reversal and phase drift of the DAB, which is caused
by dead-time, are reported in [22,23], and a power transfer model considering dead-time
was proposed in [24,25], but only SPS was considered in these studies. The minimum
dead-time to meet soft switching or safe operation was given in [26-28], but these studies
focused on adjusting the dead-time. The authors of [29] concluded that the converter
should be operated with less dead-time, but there is no comprehensive derivation on how
to lower the dead-time. An improved TPS method is proposed in [30], but it only considers
the case of low power boost and does not consider the optimization of current RMS.

In summary, the existing studies did not consider the dead-time effects on the current
stress optimization and the soft switching of the DBSRC and did not propose any solution
for the current stress minimization considering the dead-time within the full power range
of the DBSRC.

This study used the fundamental harmonic approximation (FHA) method to analyze
the working principle of the DBSRC [11]. Considering the dead-time effects on the trans-
mission power and soft switching, a minimum current trajectory with dead-time (MCT-d)
was proposed. The MCT-d compensates for transmission power deviation and extends the
ZVS-on range under the influence of dead-time.

The paper is organized as follows. In Section 2, the working principles of the DBSRC
and MCT optimization strategies are introduced. In Section 3, the effect of dead-time on
the output voltage of the active bridge is analyzed in detail, and a dead-time compensation
method for the minimum current RMS of the DBSRC is proposed. Experimental verification
is carried out in Section 4 to illustrate the reliability of the experimental method. Finally,
the conclusions are shown in Section 5.

2. Resonant Converter Control
2.1. DBSRC Fundamental Characteristics

In the DBSRC topology shown in Figure 1, the switches S;—S4 and their antiparallel
diodes D1-Dy form the primary-side H-bridge, and switches S5-Sg, with their antiparallel
diodes D5-Dg, form the secondary-side H-bridge. The two H-bridges are connected by a
resonant tank and a high-frequency transformer with a voltage ratio of ny. The switching
frequency f; is slightly larger than the resonant frequency f;.

The control waveform of the DBSRC is exhibited in Figure 2, where d; and d; are the
duty ratios of the primary and secondary H-bridge output voltages; ¢ is the phase-shift
angle between the primary and secondary sides, and the sign of ¢ determines the direction
of the transmitted power; and 6 is the phase angle at which the resonant current lags behind
the primary bridge voltage.
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Figure 2. DBSRC voltage and current waveforms.

The primary- and secondary-side DC bus voltages are V), and Vs, respectively, and
the normalized voltage conversion ratio is k = 1,V / V). The periodicity time is Ts = 1/f;,
the half periodicity time is Tjs = Ts/2, the resonant frequency is f, = 1/(2my/L,C;), and
the switching resonant frequency ratio is F, = f;/f,. The characteristic impedance is
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Z; = +/L;/C;, and the dead-time is T; = d;T};. The following basic values were selected for
Equation (1) to obtain Equation (1) in the normalized form [10,11]:

Vg=V,, Zg=2,, Pp=V§*/Zp, Iy = V3/Zp 1)
In the subscript of the following variables, n denotes the Fourier decomposition
coefficient of the n-th harmonic of the voltage. The voltage can be expressed as Equation (2):

—+00
Vb, pu (1) = 123 4. cos[nmt(1— dq) /2] sin(nwst)
n=13,:

+§ M @)

acos[nm(1 —dp) /2] sin(nwst — ne)
n=13,-

vLC,pu(t) = vah,pu(t) - Ucd,pu(t)

Ued,pu (t) =

The resonant tank impedance and current are given in Equation (3):

+oo
XLC,pu = % [Tan - 1/(711:")]
n=1.15,":
. * Uab,n, MO 2 n, u () + 24/ Ay2+B,2 .
irc,pu(t) = B> : S Wgt)p = L m[sm(nwst + 6u)] ®3)
n=13, & n=13,-
where

Ay = ksin(nmdy /2) sin(ng), B, = ksin(nmdy/2) cos(ng) — sin(nmdy/2), 0, = arctan(B,/ Ay)

The phase of the fundamental component of the inductor current can be approximated
by Equation (4):

ksin(7tdy /2) cos(¢) — sin(7tdy /2)

0 ~ 6 = arct 4
1= arctan ksin(7tdy /2) sin(¢) @
According to Equations (2) and (3), the transmitted power can be expressed as:
1 = 2 4k = sin(nmdy/2)sin(nndy/2) sin(ne)
Py = — t)i Hd(wst) = —
0= an L[, teamDicapOden = 2 ) O 17 ©)

The theoretical maximum transmission power (Py) can be approximated by the
maximum transmission power of the fundamental wave as given by Equation (6):

4k 1
Pmaxzﬁg(Fn_l/Fn) (6)

The normalized transmission power is pg = P,/ Puax. In open loop control, pg will be
directly given, and in closed loop control, py will be calculated by the PI controller. Further,
the values of the three control degrees of freedom—d;, dp, and ¢—can be calculated
according to py.

Equation (3) indicates that the resonant tank equivalent impedance increases rapidly
at high frequencies, and the high-frequency inductor current decays rapidly. As a result, the
high-frequency harmonic of both the current and the transmitted power of the DBSRC is
small. In fact, due to the resonance of the inductor and capacitor, the resonant current and
voltage are close to sinusoidal, and the resonant converters can be analyzed and designed
using an AC equivalent circuit, as shown in Figure 3.
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Figure 3. DBSRC AC equivalent circuits.

2.2. Inductor Current Minimization of DBSRC

A small resonant current can reduce switching losses, on-state losses, and magnetic
losses, thus improving the efficiency. The optimization method of the MCT is shown in
Figure 4.

kVCd
4 4 Vap lic

(b) () (d)

Figure 4. MCT optimization strategy: (a) k <1, pg > pyct; (b) k <1, po < pmcr; (€) k> 1, po > pumcrt;
(d) k>1, po < pmcr-

If k < 1 and the transmitted power pgy > payicr, the primary- and secondary-side duty
ratios, di, and dy, are set to 1. This is equivalent to the single-phase-shift modulation,
which can control the transmitted power according to the phase-shift angle ¢. As shown in
Figure 4a, the resonant tank current phase lags the primary-side voltage and is ahead of the
secondary-side voltage. In this state, when the device is turned on, the current is negative
and will flow through the antiparallel diode, so ZVS on can be realized.

If k < 1 and the transmitted power pg < ppcr, the secondary-side duty ratio, dy, is set
to 1. As shown in Figure 4b, the inductor current is in the phase with the secondary-side
voltage, lagging the primary voltage. The secondary-side devices can be turned on soft.
The primary-side devices are turned on hard because d; is not 1, and the current of the
devices has passed zero before the device is turned on. The phase difference between the
resonant tank voltage and the secondary-side voltage is 90°. Therefore, the RMS value of
the resonant tank current is the minimum, and the reactive power on the secondary side
is zero.

When k > 1, dy, dy, and ¢ have a similar relationship to k < 1.

Ideally, when py > prmcr, all switching devices can achieve ZVS switching, and when
Po < pmcr, at least half of the switching devices can achieve soft switching. The pycr
should satisfy Equation (7). The expressions of the duty cycle and the phase-shift angle can
be found in Table 1.

if(k<1): if(k>1):
{ cosguier = ‘Snina = k { COS MCT = Fuinind: 2] = k @)

pPmcT = sin @pcr pmcr = sin @pcr
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Table 1. MCT phase-shift angle and duty cycle.

Po <pmcr Po = pmcr Pmcr
dy = %arcsin(\/;oo2 +k2> di=1
k<1 dy =1 dp=1 " pmcr = V1—k?
¢ = arctan(pg/k) ¢ = arcsin(po)
di=1
2 . 2 2 dy=1 2
k>1 dp = Zarcsin| \/po? + (1/k) dy =1 paer = /11— (1/k)
¢ = arctan(kpy) ¢ = arcsin(py)

In practical applications, the switching frequency in the DBSRC is high. Therefore,
the dead-time cannot be negligible. A significant difference between the duty cycle and its
theoretical value can be observed, which significantly impacts the transmitted power. Mean-
while, the results of the MCT show a deviation, which is analyzed in the following section.

3. Dead-Time Effect and Its Compensation under MCT
3.1. Effect of Dead-Time on the Half-Bridge Output Voltage

Considering a half-bridge consisting of S; and S,, the bridge’s output voltages under
different switching states are analyzed in this paper. The conclusions obtained from the half-
bridge are also valid for other multilevel half-bridge topologies (e.g., three-level half-bridge).

In a half-bridge, the current paths under different switching states are shown in
Figure 5. The blue current path is denoted as negative, and the red current path is denoted
as positive. When 5; or 5, is turned on, the voltage at point O is independent of the current
direction. However, during the dead-time, both S; and S; are turned off. When the current
flows out of point O, the voltage at point O is Vp, and when the current flows into point O,
the voltage at point O is V. The direction of the current determines the output voltage at
point O.

(b) (d)

Figure 5. Voltage and current paths in various switching states in a half (H)-bridge: (a) current path
A; (b) current path B; (c) current path C; (d) current path D.

Figure 6 shows the possible O-point potentials during the period when Sy is turned
off and S; is turned on after dead-time. Different combinations of current paths will result
in different effects on both the soft-switching and O-point output voltages, as shown in
Table 2. As can be seen in Table 2, considering the output voltage, the dead-time has no
effect on the output voltage under Mode A; the output voltage waveforms under Mode B
are affected by the dead-time. The output voltage waveforms under Modes C and D are
also affected by the dead-time, but the effect is smaller compared to Mode B. For switching
losses, there is one hard-switching turn-on in Modes A and B. The switching actions in
Modes C and D occur near the current crossing zero point, and the switching losses are
both small. Overall, the switching losses and dead-time under Modes A, C, and D have a
more negligible effect on the output voltage. In contrast, the dead-time under Mode B has
a significant effect.
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Figure 6. Drive, current, and voltage waveforms considering dead-time: (a) Mode A; (b) Mode B;

(c) Mode C; (d) Mode D.

Table 2. Effects of different current conditions on half-bridge soft switching and output voltage

during dead-time.

Mode in
Figure 6

S, (off)

S, (on) C}lrre.n t Paths On/Off Losses Influence of Output Voltage
in Figure 5

A

B
C
D

hard
soft
soft
hard

none
heavy

medium

medium

medium

medium
light
heavy

a-c-d
a-b-d
a-b-c-d
a-c-b-d

soft
hard
soft
hard

1 4

0.8
poperg 6

0.

0.2

3.2. Effect of Dead-Time on Power Loss under MCT Strategy

In Section 3.1, the dead-time effects on the half-bridge output voltage and soft switch-
ing were analyzed. When the DBSRC adopts an MCT control scheme, due to the influence
of the dead-time, the actual output open-loop transmission power (popen) Will be inconsis-
tent with the expected value py, and the specific corresponding relationship is shown in
Figure 7. In order to illustrate the trend and limit the condition of the dead-time affecting
the transmission power, Figure 7 shows the influence of the popen when d; increases from 0
to 0.4. It can be seen that the larger the d;, the more serious the influence of the dead-time.
The power closed-loop control can compensate for the deviation of the open-loop transmis-
sion power caused by the dead-time. However, the RMS value of the inductor current will
no longer be the minimum value, and the losses will increase. Here, we analyze in detail
the open-loop control of the transmitted power and the closed-loop control of the current’s
RMS of the MCT control strategy under the influence of dead-time.

l A
0.8

dd:0.4
dd:0.3
dd:0.2
dd:0. 1

1 A
0.8

0.6
pO en
*0.4

dd=0.4
dd:O.3
dd:O.2

popeno'
0.4

0.2
0

0.2

A\ 4

0 02

@)

Po

04 0.6

-0.2

o
(o)
i 7

08 1 05

(b) (c)

Figure 7. Effects of dead-time on SRC open-loop control of transmission power under an MCT control
strategy: (@) k<1; (b)k=1;(c) k> 1.
3.2.1. The Effect of Dead-Time on the Full Power Range under Open-Loop Control

With the MCT control scheme, the impact of the dead-time on the DBSRC appears
in Figure 6 in Modes A, B, C, and D. As shown in Figure 8b, the DBSRC may have four
dead-time impact states, when k < 1, the sequence from a light load to a heavy load is Mode
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B-D-A, and when k > 1, the sequence from a light load to a heavy load is Mode B-C-A-D.
The flow chart for judging the different states is shown in the Figure 8a.
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Figure 8. Influence of dead-time on the full power range of the MCT: (a) calculation flow chart;
(b) dead-time impact range.

The influence of the dead-time on the DBSRC under a light load appears in Mode
B, and the transmission power and current RMS will be seriously affected. As the load
gradually increases, the DBSRC starts to operate in Modes C and D, where the dead-time
also impacts the transmission power, but the impact is more negligible than in Mode B. The
dead-time under the heavy load affects Mode A, while the transmission power and soft
switching are not affected.

The voltage and current waveforms of the DBSRC from a light load to a heavy load
for k <1 and k > 1 are shown in Figure 9, where f, is the moment when the resonant
tank current crosses zero from negative to positive; t; is the switch-off moment when the
primary-side voltage jumps from the zero level to the positive level; f is the moment when
t, switches after a dead-time; f; is the moment when the resonant tank current crosses zero
from positive to negative; t, is the switch-off moment when the primary-side voltage jumps
from the zero level to the positive output level; ¢ is the moment when ¢, switches after
a dead-time. The corresponding relationship between #; to f and the different modes in
Figure 8b can be obtained from Table 3. {,~; can be expressed as in Equation(8):

t, =T/ tg = TpsB/ T+ Ty
ty = (—d1/2)Tps + Ts/2 te = (d+da/2)Ts + Tjs /2 8
te = (dg — d1/2)Ts + Tys /2 ty = (dg+d+da/2)Tys + Tys /2

Table 3. Correspondence between voltage and current phases and dead-time effects.

Lot ta <ty ty <t <te te <tg
< Mode B Mode D Mode A
k>1 ty<te tggtd<tf tffl'd

Mode A Mode C Mode B
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Figure 9. Inductor current and output voltage waveforms under MCT: (a) k = 0.5, py = 0.2; (b) k = 0.5,
po=04;(c) k=0.5p9=0.6;(d) k=0.5p9=08; () k=2,pg=02;(f) k=2,p9=04; (g) k=2, py =0.6;
(h)k=2,py=0.8.

3.2.2. Effect of Dead-Time on RMS Current and Soft Switching under Closed-Loop Control

The effect of the dead-time on the transmitted power is mainly focused on the dead-
time in Mode B, so we mainly analyzed the effect of Mode B on the MCT control.

When k < 1, the dead-time causes the actual duty cycle of the primary output voltage
Uy to decrease from d; to di — dg4, and the actual inter-bridge phase shift ¢ decreases to
@ — dyrt/2. At this time, the open-loop transfer power can be expressed as Equation (9).
When k > 1, the dead-time causes the actual duty cycle of the secondary output voltage
v, to increase from d1 to d; + dy, and the actual inter-bridge phase shift ¢ decreases to
@ — dgrt/2. At this time, the open-loop transfer power can be expressed as Equation (10).

/1 — pn2 — k2
NN 2 2 2 2

VIR =KPper -1 | (i, mdy mdg\ 1 . (mdy
pf_l T sin{ —= + cos > pocos| —= ) — psin| —= (10)

The effect of the dead-time on the high-frequency voltage, the phase-shift angle, and
the transmitted power under open-loop control is shown in Table 4. The closed-loop
control can solve the problem of insufficient transmission power. However, at this time, the
voltage and current phase are still affected by the dead-time, resulting in an increase in the
resonant tank current for the same active power output. In Figure 10c,g, it can be seen that
the closed-loop power regulation can make the DBSRC output the desired transmission
active power. However, the current phase distortion caused by the dead-time still exists,
generating reactive power and increasing the RMS value of the resonant current, reducing
the efficiency.

Table 4. Effect of dead-time on RMS, phase shift, and transmission power.

. Standardized
Uap RMS v.q RMS Phase Shift Transmission Power
k <1, with dead-time sin(7tdy /2) 1 Q Po
k <1, without dead-time sin(rtdy /2 — wdy/2) 1 Qp=¢ — 1dy/2 pp in Equation (9)
k > 1, with dead-time 1 sin(7tdy /2)

k > 1, without dead-time

P Po
1 sin(rtdy /2 + md,2) Pr=¢ — mdy/2 pr in Equation (10)
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Figure 10. Effect of dead-time on MCT: (a) k < 1, MCT, without dead-time influence; (b) k < 1, with
dead-time influence, open-loop control; (c) k < 1, MCT, with dead-time influence, close-loop control;
(d) k < 1, MCT-d, with dead-time influence, close-loop control; (e) k > 1, MCT, without dead-time
influence (f) k > 1, with dead-time influence, open-loop control; (g) k > 1, with dead-time influence,
closed-loop control; (h) k > 1, MCT-d, with dead-time influence, closed-loop control.

According to the above analysis, the dead-time affects the high-frequency voltage
phase and RMS value, affecting the transmitted power and the soft-switching range of the
DBSRC. Therefore, a compensation method is proposed and described in the next section.

3.3. Minimum Current Trajectory with Dead-Time (MCT-d)

To address the impact of the dead-time on the MCT control scheme, it is necessary to
reconsider the vector relationship of the high-frequency voltage and current while adding
dead-time compensation to the drive signal. Three degrees of freedom, d1, dy, and ¢, can be
recalculated accordingly to achieve the minimum current RMS optimization scheme with
dead-time compensation.

When k < 1, compensating for the loss of the v,;, duty cycle can compensate for the
effect of dead-time on the transmitted power. The v, can be compensated by modifying the
primary-side part of the switching signal to operate in advance of the T, time. Figure 11a
demonstrates the drive signal compensation. By the dead-time, the duty ratios of v,; and
v, decrease to dy' =dy — dj and dp’ = d, — dj;. Therefore, the turn-on time of S; and S,
must change from #; and t; to t’ t;’. The vector triangle achieves the minimum current
RMS state at this point, as shown in Figure 10d.

Compensating for the loss of the v,, duty cycle can compensate for the effect of the
dead-time on the transmitted power. The v,, can be compensated for by modifying the
primary-side part of the switching signal to operate in advance of the d;T}; time. Figure 11a
demonstrates the drive signal compensation. By the dead-time, the duty ratios of v,, and
v,q decreased to dy' =dy — dj and dp’ = d, — d,. Therefore, the turn-on time of S; and S,
must change from t; and f; to t;” and £,". The minimum current RMS state is achieved at
this point, as shown in Figure 10d.

When k > 1, the situation is more complicated. To shorten the high-level voltage
duration of Vp and Vy;, S; and Sg must be turned on from t and #; to t¢' and t;’. Suppose
the primary-side voltage and resonant current are in phase. In this case, the primary-side
bridge outputs a high level when the current is positive and a low level when the current is
negative during the dead-time. This does not match the actual relationship between the
current and the output voltage during the dead-time.



Energies 2022, 15, 8484

10 of 16

MCT

MCT-d

dait g b d C
s s o 1(MCT) [ ' 42(MCT) |dd I [
T - R ,T A I R
ol iS:i: 11 Syl 0 | R BN
R oot : L oot
1= sy o w——
OT s ——— mMcT < O — T T
T e LR I J Vel b

0P\ T 0 . Tl !
v et S i
e G| e
g s IR (obud s el
PE ot P Pt
ig, | g, { gl ! big, !
0T S L Ss; > MCT-d <0Tv e —_y,
I 1 cd : :: ::
(I e ii 1% : 1
V | ¢ 0 T B ot
[ | t ST g
t b ot t3 13 1y ts  t5ts t7  tgls

(a) (b)

Figure 11. Drive compensation: (a) k < 1, primary H-bridge; (b) k > 1, secondary H-bridge.

Therefore, although the theoretical analysis without considering the dead-time effect
can achieve the same phase of the primary-side voltage and resonant current, the actual
waveform affected by the dead-time in the primary-side voltage and resonant current must
have a phase difference, and the absolute value of this phase difference is at least d;mt. The
primary-side device is in the hard on mode when the current is ahead of v,;,. When the
current is lagging behind v, the primary-side device is in the soft on mode. Adjusting the
voltage and current phase so that the current i;, lags behind the voltage v,;, by an angle of
rtdz can reduce the number of hard turn-ons. The new vector triangle at this point is shown
in Figure 10h. In Figure 10, it can be seen that the currents in Figure 10f,g,h are at a certain
angle to the primary-side voltage. The current in Figure 10f,g is ahead of the primary-side
voltage, and there is a hard turn-on. After the phase adjustment, the current in Figure 10g
lags behind the primary-side voltage, which is a soft turn-on.

In order to achieve the minimum current RMS control under the influence of the dead-
time effect, the new control parameters, ¢, d1, and dp, under MCT-d can be recalculated
according to Table 5, where 6 can be recalculated according to Figure 8a under MCT.

Table 5. MCT-d phase-shift angle and duty cycle.

Po < pMcCT-d Po = PMCT-d PMCT-d
dy = %arcsin(\/poz +k2) T d, dy =
k<1 dy=1 =1 VI— K2
¢ = arctan(52) + by ¢ = arcsinpo
d =1
2 : 2 dp =1
k>1 dy = Earcsm\/poz + (k— potan6)” —d, dr =1 —tan 04k tan? §—1
- . 1o g 2= . k+ktanZ
P = arCtanksin(n/pro tan@) 27 ¢ = arcsmpg

3.4. Comparison of MCT-d and MCT Optimization Effect

When the same power is transmitted, the MCT-d reduces the current RMS compared
to the MCT control strategy. At the same time, the MCT-d also has an advantage over the
MCT in ZVS soft switching.

According to the open-loop transmitted power shown in Equations (9) and (10), the
dy, dy, and ¢ needed for the closed-loop power regulation under MCT can be obtained
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correspondingly. Thus, the resonant current irc under the closed-loop control can be
calculated. The current RMS optimization is shown in Figure 12. When k < 1, the current
RMS value of the MCT-d is lower than that of the MCT, and when k > 1, the difference
between the RMS currents of the MCT-d and the MCT is small. The larger the dead-time,
the more the current RMS value is affected.

25 A 25 A 6 A
2 =04 2
Y  d¢=04 _
1.5 — dq=0.3 1.5 d_ ) 4 ~— dq=04
i — i — =03 Ic — d¢=0.3
LCpu — d¢4=0.2 LCpu _ pu
1 dd—01 — dg=02 ) =02
o — d¢=0.1 o
0.5 — d¢=0 0.5 _ d(:.:O ?jd:%.l
— d=
0 P> 0 > 0 P>
0 0.2 04 0.6 0 0.2 04 0.6 0 02 04 06
pO po po
(@) (b) ©)

Figure 12. Comparison of current RMS values at different dead-times: (a) k = 0.5; (b) k =0.75; (c) k = 2.

The MCT-d control strategy also extends the ZVS on the range. Figure 13 shows
the soft-switching cases with the MCT control strategy and the MCT-d control strategy.
Figure 13a shows the primary-side switching losses using the MCT scheme, Figure 13b
shows the primary-side switching losses for the MCT-d scheme, and Figure 13c shows
the secondary-side switching losses for the MCT and MCT-d schemes. It can be seen that
with the MCT-d scheme, the ZVS range of the primary-side switching device is extended.
At the same time, there is no effect on the soft-switching range of the secondary-side
switching device. The green part of Figure 13 shows the current crossing zero during the
dead-time, and the primary-side bridge is in the hard on and hard off modes at a dead-time.
However, at this time, the switching process is near the current crossing zero point, and the
primary-side switching losses are not significant.

N hard on, hard off 1 N hard on, hard off 1 14
l T T T T l T T T T T | : - ! !
Zvsont 7 7T Zvsont 137 T T 08 _ﬁVS Of';
08 |hard off-—/ 0.8 fhard off—/ -hard o
0.6/ 0.6
Po / Po
04 /ﬂ\!\ ; o = RN
hard on
hard on \/ ZVS on 0.2
0.2 /
ZVS off {-{-hard off S ORI |
> 0g——— > % 1 2 3
K 2 3 0 1 K 2 3 k
(a) (b) (0

Figure 13. ZVS range: (a) MCT, primary-side switches; (b) MCT-d, primary-side switches; (¢) MCT
and MCT-d, secondary-side switches.

4. Simulation and Experiment

To verify the proposed optimization method, a MATLAB/Simulink simulation and
an experimental prototype were built according to the parameters shown in Table 6. The
experimental prototype is shown in Figure 14.
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Table 6. Experimental prototype parameters.

Parameter Value Parameter Value
Ve 100-200 V L, 174 uH
Vie 100-200 V C, 110 nF

Ny 1 dead-time 1 ps
fs 40 kHz P, 2 kW

Figure 14. Experimental prototype (2 kW).
4.1. Current RMS Result

The simulated current RMS waveforms for k = 0.5 and k = 2 are shown in Figure 15.
For k < 1, the current RMS of the MCT-d control strategy was smaller than that for the MCT,
especially under a light load. For k > 1, the difference between the current RMS of the two
control strategies was small, mainly in the switching losses of the primary-side devices.

A A
st 20
( )15
_ 1 g . iLc(A
iLc(A) mgl[ d 10 —e— MCT-d
> f 5 ——MCT
0 : : : : : — 0 : . ‘ : : —
01 02 03 04 05 06 07 01 02 03 04 05 06 07
Po Po
(a) (b)

Figure 15. Current RMS simulation, dd = 0.1 Ths: (a) k = 0.5; (b) k = 2.

Using closed-loop power control, the voltage and current waveforms at py = 0.3 and
po = 0.6 are shown in Figures 16 and 17. Figure 16 shows the light load working condition.
At this time, the resonant tank current in the MCT-d optimization scheme was smaller, and
the waveform was closer to the sine. Figure 17 shows the heavy load working condition. At
this time, the resonant tank currents of the two schemes were similar, and the optimization
effect was relatively insignificant.
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Figure 16. py = 0.3 correction for soft switching and loss of voltage duty cycle: (a) k = 0.5, MCT;
(b) k =2, MCT; (c) k = 0.5, MCT-d; (d) k = 2, MCT-d.
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Figure 17. py = 0.6 correction for soft switching and loss of voltage duty cycle: (a) k = 0.5, MCT;
(b) k =2, MCT; (c) k = 0.5, MCT-d; (d) k =2, MCT-d.
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4.2. Soft-Switching Comparison under a Light Load

Figure 16 also reflects the soft switch optimization of MCT-d. Consistent with the
previous analysis, the MCT-d scheme under light load can expand the soft-switching range.
When k > 1, the MCT-d avoided the hard switching due to the dead-time. Meanwhile, a
better soft-switching characteristic than that of the MCT was achieved.

4.3. MCT and MCT-d Efficiency Curve

Figure 18 shows the efficiency of the MCT-d. The efficiency under a light load was
significantly improved compared to that of the MCT. However, the optimization effect was
not apparent under a heavy load. This efficiency result is consistent with that of MCT in
soft switching and current RMS optimization.

This is because the py, d1, d, and ¢ under light load are small, which will be close to
d4, and DBSRC will be seriously affected by the dead-time. In essence, the MCT-d scheme
aims to compensate for the efficiency reduction caused by dead-time. Therefore, MCT-d
works better under light load conditions that are more affected by dead-time. Under heavy
load conditions, the dead-time has relatively little impact, and the efficiency improvement
of MCT-d compared with MCT is limited.

100} —a— MCT-d 100 4 —— MCT-d
= —¥— MCT = —#—= MCT
> 904 > ——

g s
S 8} S 8ol
5 5
70 : : . : : > 70 ‘ A ‘ ‘ ‘ >
01 02 03 0-4p 05 06 07 01 02 03 04 05 06 07
0
Po
(a) (b)

Figure 18. Efficiency results: (a) k = 0.5; (b) k= 2.

5. Conclusions

This paper details the dead-time’s effects on the transmission power and soft-switching
characteristics based on the fundamental wave approximation method. Due to the dead-
time effect, the current minimization of the actual inductor cannot be ensured when
applying the traditional MCT method. This paper proposed an MCT-d method to eliminate
the dead-time effect. The MCT-d method minimized the tank current and extended the
soft-switching range, and the proposed method could reduce the switching losses and
improve the efficiency when the voltage ratio deviated from 1. Finally, the experimental
results validated the theoretical analysis.
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