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Abstract—This paper presents a lossless regenerative dV/dt
snubber circuit for PWM converters to achieve high-efficiency
high power-density without significant cost and reliability penal-
ties. The dV/dt snubber employs lossless capacitors for each
MOSFET device in a converter to provide an additional path
to store the switching energy during turn-off transient and
decrease the actual turn-off loss of the MOSFET channel. A
novel mathematical turn-off loss model is built to separate the
actual turn-off loss of the MOSFET channel and the recycling
switching energy stored in the total equivalent output capacitance
including Coss, the dV/dt snubber, and etc. Necessary snubber
optimization strategy is proposed in order to balance the turn-off
loss with ZVS operation range and deadtime conduction loss, and
thereby achieving an optimal efficiency performance. To prove
the validity and accuracy of the novel turn-off loss model and
optimization strategy, the dV/dt snubber has been incorporated
into a 1.3kV/200kW DC/DC and a 1kV/70kVA DC/AC PWM
converters. Experimental results are given to demonstrate the
validity of the proposed dV/dt snubber capacitors and optimiza-
tion strategy.

Index Terms—Snubber capacitors, optimization, DAB

I. INTRODUCTION

The Dual Active Bridge (DAB), among many other iso-
lated topologies, has an intrinsic ZVS turn-on capability as
the transformer current is always lagging the primary side
output voltage [1]. However, the turn-off loss is typically
high and can become the dominant part at heavy load and
high switching frequency [2]. To reduce the device switch-
ing loss, soft-switching techniques have been developed for
PWM converters since the 1970s [3] [4]. Two main soft-
switching techniques can be categorized: active soft-switching
and passive soft-switching. The active soft-switching requires
additional active devices and thus increase control complexity
and decrease system reliability [5] [6] [7]. The passive soft-
switching usually requires extra components, such as resistors,
inductors, capacitors or diodes [8] [9]. The proposed dV/dt
snubber in this paper is the simplest snubber circuit which
only employs lossless capacitors for each MOSFET device.

In order to obtain the insight on how the snubber capacitors
influence the turn-off loss, a novel turn-off loss model of
the MOSFET channel during turn-off transient is developed
and introduced. Analytical equations for the MOSFET chan-
nel current and voltage during turn-off transient is used to
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separate the actual switching loss of MOSFET channel and
the recycling switching energy stored in the total equivalent
output capacitors including the snubber capacitors. To prove
the validity and accuracy of the novel turn-off loss model, nu-
merical calculation and experimental results are demonstrated
with a 1.3kV/200kW DAB under back-to-back DC/DC mode.
A curve-fitting turn-off loss model as a function of Vy, and
145 is developed based on the DC/DC experimental results.
Higher snubber capacitance will result in higher circulation
current in a soft switching converter and longer deadtime
requirement. Therefore, an optimization design based on the
turn-off loss model and including ZVS range, deadtime cal-
culation, and minimum circulation current is proposed to
achieve maximum system efficiency. A 1kV/70kVar DAB
with inductive load is demonstrated to verify the proposed
optimization strategy under DC/AC mode. Finally, the pro-
posed dV/dt snubber capacitors and optimization design can
be used as a generalized method for DC/DC or DC/AC power
electronic converters with ZVS or partial ZVS capability.

II. NOVEL TURN-OFF LOSS MODEL

During the turn-off transient of MOSFET, multiple ca-
pacitances influence the actual current flowing through the
MOSFET channel such as the turning-off MOSFET/body
diode output capacitance, the free-wheeling MOSFET/body
diode output capacitance, the parasitic capacitance of magnetic
components, and the dV/dt snubber capacitance across the
MOSFET drain and source terminal. In order to obtain the
insight on how the total equivalent capacitors influence the
turn-off loss, a detailed turn-off transient analysis is needed.

A. Turn-off Transient Analysis

Fig. 1(a) shows the typical waveforms of MOSFET during
turn-off. For simplicity, the drain voltage (v4s) begins to
increase linearly at time ¢, but the drain current (¢45) remains
constant at I pc. Part of the current is used to charge the output
capacitance (Cyq and Cys), and part of them flows through the
channel .. The channel current is responsible for the turn-off
loss. From time ¢; to to, the channel current is given by [10]:

ten(t) = gm - Var — Vru) (1

Where, Vi p is the plateau voltage, Vg is the gate thresh-
old voltage, g,, is the device transconductance. Between time
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t1 and to, a drain-to-gate current i p charges the gate-drain
capacitance Cgyq and the drain voltage increases at an almost
fixed rate, the plateau voltage is given by:

dvds (t)

Vep = Rg {CGD,(w dt

} + Vas, Low (2)

Where, R, is the gate resistance, Vg5, 10w 1S the gate voltage
at driver input which is either zero or a negative value during
the turn-off, Cgp 40 is an assumed constant average value of
the gate-drain capacitance (Miller capacitance). Between time
t1 and to, the channel is modeled as a gate-voltage controlled
current source and the governing equation with vy, (t) as the
dependent variable is:

dvgs(t .
C'Mosfiist() +icn(t) = Ipc 3)
Where, Cyjos is the total equivalent capacitance of the
turning-off power MOSFET which is given by:

C’MOS = Coss,MOS + Coss,D + Cm'id + Oextn (4)

Where, C,ss, m05 is the output capacitance of the turning-
off MOSFET which typically equals to Cyq+Cls, Coss,p s
the free-wheeling MOSFET/body diode output capacitance,
Ciniq 1s the equivalent capacitance across the midpoint and
DC+ of the circuit model which includes the parasitic capac-
itance of magnetic components in a practical design, Ceyin
is the snubber capacitance across the turning-off MOSFET.
Substituting equations (1)-(4), the above equations can be
solved as:

Ipc + gmVru
s(t) = t 5
v ( ) C(MOS + nggCGD,av ( )

At time t,, the load current begins to transfer from the
MOSFET to the freewheeling diode. Between time 2 and i3,
the drain source voltage remains constant at Vpc and the gate
current discharges the gate-source capacitance, therefore, the
channel current follows the gate voltage until it reached zero
at time t3 when V, reaches Vrp:

t—to

ton(t) = gm |Vap — Vas,ow)e T — Vg (6)

Where, Cy, is the gate-source capacitance. Therefore, the
power loss dissipated in the MOSFET channel is:

PLOSS (t) = Vds (t) . Z.ch(t) (7)

Fig. 2 shows the turn-off waveforms and channel power
losses with different snubber capacitances under Vpo =
1200V, Ipc = 300A. The average loss during one turn-
off without snubber capacitors is 19.3m.J. Contrarily, the
average loss with 10nF snubber capacitors decreased by 61%
to 7.5mJ. With larger C.,1,, the turn-off loss can be reduced
to close to zero at the expense of much longer turn-off time.
Due to the ZVS turn on capability of DAB, the energy stored
in the snubber capacitors during turn off transient will be
transferred to the load or source in the next switching cycle.
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Fig. 2. Turn off waveforms and channel power losses.
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Fig. 3. 200kW DAB back-to-back DC/DC efficiency comparison.

B. DC/DC Experiment Verification

To verify the accuracy of the novel MOSFET channel
loss model, a 1.3kV/200kW DAB back-to-back DC/DC test
was performed. The switching frequency is fixed at 15kH z.
Only primary side MOSFET devices are paralleled with 4nF
snubber capacitors in the test. Fig. 3 shows the 200kW back-
to-back DC/DC efficiency comparison. Using the above MOS-
FET channel model, the calculated efficiency with Cp¢p,=4nF
is around 0.16% higher than the calculated efficiency without
snubber capacitors, while the test efficiency with C.,¢p=4nF
is around 0.2% higher than the test efficiency without snubber
capacitors. This validates the accuracy of the proposed loss
model, and they can be used for the turn-off loss estimation
of SiC MOSFET power module application.

C. Curve-fitting Turn-off Loss Model

Using the proposed novel turn-off loss model, Fig. 4 shows
the calculated turn-off energy loss of the 1700V SiC MOSFET
versus the current. A curve fitting equation is further developed
to allow the use of the equation for DAB optimization. The
curve fitting result is given by:

Eopi(Vas, Las) = Kie®*1 4 K3+ Chrros Ka(eX#14—1) (8)

Where, K; to K are the curve fitting coefficients. For the
1700V SiC module, Table I lists the values of K7 to K.

With larger CMOS, the turn-off loss can be reduced to close
to zero at the expense of much longer turn-off time. The
minimum (dV/dt) i, occurs when the equation (6) equals
to zero. Increasing Cy;os beyond this point is useless while
making the ZVS turn-on harder and requires longer deadtime.
(dV/dt)maz corresponds to the case where no snubber Clyty,
across the drain and source terminal is used.

Between (dV/dt)maz and (dV/dt) i, the turn-off loss is
getting lower and lower with increasing Cros. Although,
higher Cj;os will result in lower turn-off loss, but more
narrow ZVS range and higher body diode conduction loss
due to deadtime. Therefore, C'y;os optimization is needed to
achieve maximum system efficiency under full load range.
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Fig. 4. 200kW DAB back-to-back DC/DC efficiency comparison.

TABLE 1
CURVE FITTING COEFFICIENTS OF THE TURN-OFF LOSS MODEL
[ Parameters [ Value ]

Ky 8.6

Ko 0.0039

K3 -7.4

Ky —2.618 x 10°

Ks 2.618 x 10°

III. COMPREHENSIVE OPTIMIZATION STRATEGY

This paper selects dual phase shift (DPS) modulated single-
stage DAB inverter as optimization objective. The ZVS con-
ditions for DAB inverter are complicated due to the rectified
sine wave voltage across the AC-link capacitors. Besides, one
drawback of the DAB inverter is the high turn-off loss when
the current and frequency are high [11]. The turn-off loss can
become the dominant loss at heavy load. Additionally, many
studies have reported that transformer circulation current is one
major concern for the DAB [12] [13]. Therefore, in order to
obtain high efficiency, a comprehensive optimization strategy
including ZVS range, deadtime calculation, accurate turn-off
loss estimation, and minimum circulation current is needed.

A. Accurate MOSFET Turn-off Loss

In a practical design, an additional snubber Ce.:, can be
placed in parallel with the MOSFET to further reduce the turn-
off loss. The proposed novel turn-off loss model as shown in
equation (8) is adopted to estimate the turn-off loss.

For the adopted 1700V SiC module, Table I lists the values
of K; to K. The curve of Cyssp and Cyss pr0s Versus
drain source voltage are extracted from the test results [14].
Cmia typically includes the parasitic capacitance of the DAB
inductor and the transformer. C,,;4 is the equivalent parasitic
capacitance across the switch nodes of the half bridge must be
charged from Vpeo to —Vpe (secondary AC side) or Vpe to
0 (primary DC side). The dual phase shift (DPS) modulation
is adopted in the optimization strategy which means only DC
side has zero-level voltage output. Therefore, there are totally
two MOSFETs turning off at the same time in the AC side
and one MOSFET in the DC side.

649

Authorized licensed use limited to: University of Texas at Austin. Downloaded on December 06,2023 at 17:13:42 UTC from IEEE Xplore. Restrictions apply.



Unfolding Bridge + Filter

Fig. 5. Single-stage, bidirectional and isolated DAB inverter.

B. Transformer Circulation Current

Referring to Fig. 5, the DAB converter consists of the
primary and secondary side full bridges connected with the
MFT. The two full bridges produce phase shifted voltages v;,;
and vsecq, resulting in an inductor current ¢;,. AC components
of ir, and 7s..q are rectified by the two active full bridges,
leading to net DC currents ¢; and i2 on both sides. Filter
capacitors C; and Cy absorb the high frequency components
of 41 and 2. Rectified AC voltage vc, (f) is connected to the
grid through an unfolding bridge and line frequency reactor.
The transformer turns ratio n = ny : ng is used in the analysis.

Typical waveforms of the DAB inverter with DPS modula-
tion over one switching cycle are shown in Fig. 6. ¢, is the
phase shift between DC and AC side, ¢4 is the phase shift
between the two half-bridge legs of the DC side. Ppap > 0
means the power flows from the DC to the AC grid. Key
equations of semiconductor devices, including [I;, I, I3,
Ip1,rms, and Ppap under two different power flow directions
are listed in the Appendix. To minimize the maximum turn-off
current under heavy load (HL), the partial derivative of I with
respect to 1 and @9 under different power flow directions are
given by equation (9)-(12). Definitions of variables a, b, ¢, M
and K are listed in the Appendix.

ol =bbvbiodac g < M < 0.5
e R B = TR

€))

(4o1 — 1) + /(41 — 1)2 — 8(4pF — 201 + K)

Y2, HL =

4
(10)
ol 0 N _ b+ VB —dac (11)
Dy~ V1Ppan<o PLHL = 2a
_ (4¢1+1)+\/(4¢1+14)278(499%2%7}() 0<M<05
Y2,HL = (4¢1+1)_\/(4¢1+1)2—8(4w?+2¢1—K) M >0.5
(12)

To guarantee ZVS for all switches under light load (LL), the
energy stored in the inductor L,. is required to discharge/charge
the junction capacitance [15]. Therefore, the required ZVS
constrains under different power flow directions are given by:
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Fig. 6. Typical operating waveform of the DAB inverter with DPS.

4L’ystZVSVN + V]% - V]%
2Vp(Vp + Vn)

SOLLL‘PDAB>O = (13)

o = 1= D+ V(o1 — 1)~ 8(4pf ~ 291 + K)
2,LL 1
(14)

AL fslzvsVN + Vg — VI%I
2Vp(Vp + W)

5)

01,01l Ppap<0 =

(4p1 + 1) + /(41 + 1)2 — 8(4? + 21 — K)
4

Y2,LL =
(16)

C. ZVS Achievement and Deadtime Calculation

To achieve ZVS for all devices in a full bridge, a suf-
ficient transformer current and deadtime are required to
charge/discharge the four power MOSFETs equivalent ca-
pacitance Chy0s/@nrros the additional parasitic capacitance.
By applying energy conservation equation to a full bridge
converter before and after the ZVS transition, the required
ZVS condition from energy point of view is given by:

1 1
§L"/I%VS >m [/ Vdsonss,MOS + i(cmid + Ce:ctn)vdij
(r7)
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Where, m = 2 for primary DC side and m = 4 for sec-
ondary AC side MOSFETs. To avoid partial ZVS, a sufficient
deadtime is required on the primary DC side:

ton
/ Z'L (toff)dt > Qequiv (18)
t

off

Qequiv =2 [QOSS,MOS(Vdc) + (Cmid + Cextn)vdc] (19)

Where, ir(torr) is the primary side current during the
deadtime interval DT},.; = ton, —togf, Qequiv is the equivalent
output charge of the total equivalent capacitance Chros. A
minimum deadtime D7T;,;, = 500ns is used in the optimiza-
tion algorithm to avoid the half bridge short circuit and a
maximum deadtime DT,,,, = 2us is used to allow partial
ZVS turn on under light load condition.

Similarly, required deadtime to charge/discharge the total
equivalent output capacitance of secondary side is given by:

ton
/ iL (toff)ﬂdt > Qequiv (UCQ) (20)
toss n2

Where, n; and ny are the transformer winding turns of the
primary and secondary side, respectively. Since the secondary
side is a rectified sine waveform, the voltage dependence of
the charge must be included in the optimization. The above
equations can be utilized to find the minimum required dead
time to achieve ZVS while minimizing the circulation current.

D. Comprehensive Optimization Strategy

Minimizing the DAB circulation current must be satisfied
while meeting the ZVS condition. The turn-off loss reduction
from the external snubber capacitance C.,, has to be traded
off with the deadtime diode conduction loss. Therefore, the
external Cg,, on both the primary and secondary side could
be one optimization target based on this algorithm.

Moreover, typical input voltage range V;,=900V, 950V
..., 1300V and load conditions Ppap=Pratea™(10%, 20%
..., 100%) are adopted in the optimization model in order
to achieve the highest California Energy Commission (CEC)
efficiency. The flow chart of the proposed comprehensive
optimization strategy is shown in Fig. 7.

Fig. 8 shows the external total equivalent capacitance Cey¢p,
optimization results. The optimal capacitance for primary
and secondary side power stage is Cegin pri=S.7nF and
Centn,seca=4.6nI", respectively.

IV. EXPERIMENTAL VERIFICATION

In order to justify the proposed turn-off loss model and
optimization strategy, necessary experiments based on a
1kV/70kV ar DAB inverter with inductive load are performed.

A. DC/AC Inductive Load Test

Fig. 9 shows the developed prototype of the SiC DAB
inverter. The DC side voltage is 1000V. Dual phase shift is
used in this inductive load test. In addition to the phase shift,
the switching frequency is fixed 25k H z. The maximum tested
efficiency is 97.5% at 70kVar as shown in Fig. 11. Some

651

Authorized licensed use limited to: University of Texas at Austin. Downloaded on December 06,2023 at 17:13:42 UTC from IEEE Xplore. Restrictions apply.

Circuit Parameters:
Vvs Vaes Loy Lins Ly Lac,
n, Ciy, C,

4 2

Magnetic Parameters:
N).’FMRa AaXFMR7 sz ax, ﬂX,

N> Aeinds Kinds Cinds Pind /

l

PV Parameters:
V=900V, 9507,..., 1300V,
P =Psu*(10%, 20%,..., 100%)

\

/ ] \
Constraint: Minimum Snubber
Circulation Current Capacitance
01, 02, /s Optimization
A

Increase capacitance
Step size: 0.5nF

Snubber Capacitance
Cpi=0, 0.51F,..., 10*Cogq 11
Cieca=0, 0.5nF,..., 10*Cogs v

DeadTime Calculation
DTpiy DTseca

Minimize Optimization target
Pios=PontPogtPeonatPxentPina

l

Optimal Snubber Capacitance
Coris Cyecd
- J

Fig. 7. Flow chart of the comprehensive optimization strategy.

¥
CEC efficiency "

25010 T4
5107
75107,

chﬂl,[ln' (nF) 11078

-
1-107

Ca\‘m,\ecd (n F)

Fig. 8. Cegtn optimization results for the DAB inverter.



key waveforms are shown in Fig. 10(a) and the zoomed in
waveforms over few switching cycles is shown in Fig. 10(c).
The THD of inductive load current as shown in Fig. 10(a) is
4.5%. The voltage overshoot across the drain source terminal
is around 150V under this condition. The HIOKI power an-
alyzer PW6001 with 1500V voltage range and 500A/+0.02%
high-accuracy sensors CT6875 is used in the high power test.

B. Ceytn Optimization Verification

Fig. 11 shows the efficiency comparison with differ-
ent snubber capacitance Ceyy,. The maximum efficiency
of the DAB inverter without the proposed dV/dt snub-
ber capacitors is 97.16%. The maximum efficiency in-
creased by 0.33% to 97.49% when employing a snub-
ber Ceutn,seca=4nF and Cegin pri=8nF across primary and
secondary side MOSFETs respectively. The maximum effi-
ciency decreased to 97.4% when the snubber is increased to
Centn,seca=SnF and Cegip pri=16nF. Between no snubber
case and Cegin, seca=4nF' case, the system maximum effi-
ciency increases with the snubber capacitance.

Fig. 12 shows the maximum efficiency and CEC efficiency
curves with different snubber capacitance Cegin, secd- The
optimal snubber capacitance with the highest CEC efficiency
occurs around Cleyin, seca=4nF which verified the validity of
the proposed optimization strategy discussed in section III.

V. CONCLUSION

This paper primarily introduces a dV/dt snubber that em-
ploys lossless capacitors across MOSFET drain source ter-
minal in a converter to decrease the actual turn-off loss of
the MOSFET. A novel turn-off loss model for accurate loss
estimation is proposed and experimentally verified with a
1.3kV/200kW back-to-back DC/DC test. In order to improve
the DAB inverter power conversion efficiency, a comprehen-
sive optimization strategy based on the proposed novel turn-
off loss model and including ZVS range, deadtime calculation,
and minimum circulation current is proposed. A 1kV/70kV ar
DC/AC inductive load test is performed to verify the validity
and accuracy of the proposed novel turn-off loss model and
optimization strategy. Maximum efficiency 97.5% is achieved
in the inductive load mode while the efficiency under real
power mode is expected to be higher than 98%. The proposed
dV/dt snubber analysis and implementation in this paper could
provide some guidance on the real power electronics hardware
design using MOSFET.

APPENDIX

Some key parameters of the SiC devices, including I, Io,
I3, Ip1,rms, and Pp 4 g for DAB inverter under different power
flow directions are listed below.

A. DAB parameters definition for Ppap > 0

Vet (41 — 22 — 1) + ve2

L = 21

1 L, (21)
I, — ’Ucl(l — 2302) — ’ch(l — 4501) (22)
? AL, f,
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Fig. 9. Single-stage DAB inverter. Transformer is not shown here.
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DAB Maximum and CEC Efficiency vs Snubber Capacitance
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B. DAB parameters definition for Ppap <0

Ve (1 — 2¢2) — vea (1 + 4ep1)
4L fs

I, =

Ve1 (1 — 2p2) — ve2 (41 — 4o + 1)
AL, f

I, =

Ver (—4p1 4 200 — 1) + v

I =
3 AL,

V102 (493 — 4102 + 203 + 201 — @)

Ppap = SL.f
vJs

To minimize the maximum turn-off current, some key
variables, including a, b, ¢, M and K under different power

flow directions are listed below.

Veo
Ver

M =

_ 2L,fsPpap

K
Vcl ch2

a=16[V3 + (Vo1 — 2V.2)?]

c

b=8[VA + (Vo1 — 2Vi2)?] x sgn(Ppag)

(SK — 1)(Vc1 — 21/02)2 + V021
(Vo1 — 2V2)? — (8K + 1)V3

Ppap >0
Ppap <0
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