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Analytical Closed-Form ZVS Boundaries of

Triple-Phase-Shift Modulated Dual
Active Bridge Converter

Prosen Dey
and Kaushik Basu

Abstract—A dual active bridge (DAB) is an isolated dc—dc con-
verter that supports bidirectional power flow and hence finds a wide
range of applications. To achieve high efficiency and power density,
zero voltage switching (ZVS) is needed in all power devices. The
magnitude of the current at the time of switching in a half-bridge leg
must be more than a minimum value set by MOSFET characteristics,
dc bus voltages, series inductor value, selected dead-time values, etc.
This is called the minimum ZVS current limit. One important step
in devising the most general triple-phase-shift (TPS) modulation is
to check if, given an operating condition (load and gain) and ZVS
current limits, it is possible to achieve ZVS in all switching tran-
sitions. Currently, this is done numerically by evaluating a set of
nonlinear equations and inequalities involving TPS modulation pa-
rameters, and hence, it is not suitable for real-time implementation.
This article determines all possible pairs of minimum ZVS current
limits the converter can support at a given operating condition.
When ZVS cannot be achieved in all switches, this article outlines
a procedure to design a shunt inductance to ensure ZVS with
minimal increase in current stress. The proposed ZVS boundaries
and shunt-inductance design procedure are experimentally verified
in a laboratory-scale DAB prototype.

Index Terms—Dual active bridge converter (DAB), electric
vehicle (EV), triple-phase-shift (TPS) modulation, zero voltage
switching (ZVS), ZVS boundaries of DAB.

NOMENCLATURE
DAB Dual active bridge.
EV  Electric vehicle.
SST  Solid state transformer.
TPS  Triple phase shift.
DPS  Dual phase shift.
EPS  Extended phase shift.
ZBC Zone boundary constraint.
DRC Duty ratio constraint.
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Zero voltage switching.

Root mean square.

Primary-side dc voltage.

Secondary-side dc voltage.

Turn’s ratio of transformer.

Switching frequency.

Series inductance.

Output power.

Filter capacitance of the output port.

Load resistance of the output port.

Current through series inductance L.

Current through series inductance L in per-unit.
Output port current.

Output port current in per-unit.

Average output port current.

Per-unit average output current.

Voltage conversion ratio.

Primary-side H-bridge output voltage.

Secondary-side H-bridge output voltage.

Primary-side H-bridge output voltage in per-unit.
Secondary-side H-bridge output voltage reflected to pri-
mary side in per-unit.

ZVS current of primary-side switches.

ZVS current of secondary-side switches.

ZVS current of primary-side switches in per-unit.

ZVS current of secondary-side switches in per-unit.
Primary-side bridge current.

Secondary-side bridge current.

Primary-side bridge current in per-unit.

Secondary-side bridge current in per-unit.

Shunt inductance connected across primary-side H-
bridge.

Shunt inductance connected across secondary-side H-
bridge.

Current through shunt inductance connected across
primary-side H-bridge.

Current through shunt inductance connected across
secondary-side H-bridge.

Per-unit current through shunt inductance connected
across primary-side H-bridge.

Per-unit current through shunt inductance connected
across secondary-side H-bridge.
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TP Dead-time of primary-side devices.

d
T5°¢  Dead-time of secondary-side devices.
d,  Primary-side H-bridge output (v,;) duty.
ds Secondary-side H-bridge output (v.q) duty.

Phase shift between v, and v.q.
Magnetizing inductance referred to primary side of
transformer.

]
Ly,

1. INTRODUCTION

AB-BASED isolated dc—dc converters are gaining pop-
D ularity due to a few desirable features, such as galvanic
isolation, bidirectional power flow capability, and the ability to
achieve soft-switching over a wide range of operating condi-
tions. Hence, DAB converters find wide applications, including
EV chargers [1], [2], SSTs [3], telecom power supplies [4], dc
microgrids [5], single-phase single-stage grid-connected sys-
tems [6], etc.

Duty cycles, d,, and d,, of the two quasi-square waveforms
generated by the two H-bridges of the DAB and the phase shift
between them, J, constitute the three modulation parameters of
the so-called TPS modulation. The transferred power averaged
over a switching cycle, P, can be written as a function of these
parameters. The expression of the power depends on the relative
alignment of the two quasi-square waveforms and can assume
five different expressions [7]. Each case, also termed a Zone, is
associated with an inequality involving TPS parameters called
ZBC. The natural limits on d,,d,, and 6 are termed here as
DRC [7].

There are a total of four switching transitions in each H-bridge
over a switching cycle. Due to half-wave symmetry, we need to
consider only two of these transitions. To avoid hard-turn-ON, we
need to ensure that the direction of the current at the ac port of a
half-bridge leg at the instant of switching is such that it results in
hard-turn-OFF of the outgoing device. For the soft turn-ON of the
complementary device, the magnitude of the switching instant
current needs to be higher than a minimum value. The minimum
value of the current, I’ . in primary-side H-bridge depends

PpzVs?
on the effective series inductance, dc-bus voltages (Vp and Vy),

MOSFET characteristics, and dead-time (77") [8], [9], [10], [11],
[12]. Similarly, I, is defined for the secondary bridge. If the
ZNS condition is satisfied for one specific transition, it is also
satisfied for the other transition. However, vice versa is not true.
The first transition is termed here as the critical one [7]. Each
of these ZVS-related constraints, corresponding to two critical
transitions, can be expressed as inequalities in the modulation
parameters.

The modulation problem reduces to finding d,,, ds, and 9,
which satisfies the power equation, DRC, ZBC of the cor-
responding Zone, and the two ZVS-related inequalities, and
minimizes one of the current-stress or loss-related objective
functions. The authors in [13], [14], [15], [16], and [17] con-
sidered peak-inductor current, and the authors in [18], [19], and
[20] considered rms inductor current as the objective function
while considering the minimum ZVS current to be zero. Nonzero
magnitude-based ZVS condition is considered in the special case
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of EPS modulation (ds = 1) in [8] and [9] and DPS modulation
(dp = ds) in [10]. In [21], a TPS modulation strategy is derived
at low power by solving the power equation and two other equa-
tions obtained by equating the two ZVS-related inequalities; in-
deed, this strategy produces suboptimal results when more than
one modulation parameters exist, satisfying the ZVS constraints.
The authors in [22] and [23] derived an optimal TPS modulation
strategy assuming the nonzero minimum ZVS current for both
the primary- and secondary-side devices to be the same. A
TPS modulation strategy that minimizes peak inductor current
while satisfying magnitude-based ZVS conditions is proposed
in [24].

Itis well known that we may not be able to find the modulation
parameters satisfying all of these conditions [21], [24]. Hence,
one important question for devising a modulation strategy is
first to check if a set of modulation parameters exists that
satisfies these conditions. It requires an evaluation of the equality
constraint (power equation) and four inequality constraints
(DRC, ZBC, and two ZVS-related constraints) for each of the
three Zones. The authors in [11] and [25] found the feasible
set of phase shift (0) that satisfies these constraints for fixed
primary and secondary duties (d, and d, respectively) using
a time-domain approach and frequency-domain approach, re-
spectively. The feasible set of TPS modulation parameters was
found numerically in [12] using a desktop computer in real time.
Understandably, real-time determination of the feasible set is
computationally challenging.

As it is not possible to achieve magnitude-based ZVS in
all devices over all operating conditions [21], [24], shunt in-
ductance can be added across one or both the ac ports of the
H-bridges depending upon whether devices in one H-bride or
both H-bridges are losing ZVS. The downside is an increase in
the bridge current. Xu et al. [9] used shunt inductance to achieve
ZVS in the load side H-bridge under EPS modulation.

From the above discussion, it is evident that the general
methodology adopted in prior works to determine ZVS bound-
aries typically involves the following steps: first, the ZVS current
requirement for the selected devices is estimated; then, the set
of output voltage and power conditions that satisfy these ZVS
constraints is identified, often under simplified assumptions
on the modulation parameters. However, this approach has a
significant limitation—once a specific modulation technique is
fixed, or certain modulation parameters are constrained, the
required ZVS current pairs may not be achievable by the DAB
operation, even though they could have been satisfied using an
alternate set of modulation parameters.

This article addresses this gap by providing the boundaries
of all achievable ZVS current pairs without assuming any par-
ticular modulation strategy. The validity of this approach is
demonstrated through a comparative study between the pro-
posed method and the existing literature for a specific DAB
specification and operating conditions.

The DAB converter specifications used in this comparison
are: V, =200V, n = 0.8, L = 34.3 uH, and f; = 50kHz.

1) Fig. 1(a) shows the complete set of achievable switch-

ing instant current pairs (Ip,vs, Is,vs) for the operating
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Fig. 1.

All possible ZVS current pairs in lpzys —
1190 W. (c) ZVS regions of all switches in Vs — I plane considering magnitude-based ZVS.

condition: V; =200V, I, =148A, and P =297W
(low power). The set of achievable switching instant
current pairs (s, Iszvs) in our approach is compared
against literature derived under specific assumptions on
modulation parameters.

Fig. 1(b) presents a similar comparison at a higher power
condition: V; =200V, I, =5.94 A, and P = 1190 W.
Finally, Fig. 1(c) illustrates the range of (V;and I,)
combinations where ZVS is achievable in all switches,
comparing the proposed strategy (without assumptions
on modulation parameters) to existing strategies (with
specific assumptions on modulation parameters). The
analysis assumes minimum ZVS current requirements of
I = 0.18 A and I3 = 1.48 A for the primary- and
secondary-side devices, respectively.

From these figures, it is clear that our approach is more general
and subsumes the ZVS regions of all other techniques available
in literature. Key contributions of our work with respect to ZVS
boundary determination and formulation of modulation problem
is described in the following paragraph.

1) This article determines closed-form analytical expression
for the soft-switching boundary of the DAB converter for
the general TPS modulation in the form of a single inequal-
ity for a given set of P, V), Vs, n, L, fs, Iy, and I3 .

By directly evaluating this inequality, one can check if all
of the conditions (Power equation, ZBC, DRC, and two
ZVS-related inequalities) can be satisfied or not. Note that
this inequality is independent of modulation parameters.
This results in a significant reduction in computation when
compared with numerical search. The time-domain-based
analysis is adopted for accuracy.

This article essentially determines all possible pairs of
minimum ZVS currents that the converter can support
for a given set of P, V,,Vs,n, L, and fs. This is im-
portant for devising an optimal modulation strategy and
design.

Armed with soft-switching boundaries, this article
presents a design procedure for the shunt inductor that
ensures soft-switching in all devices over a wide range
of operating conditions with minimal increase in current
stress.

The rest of this article is organized as follows. Section II deals
with the general description, such as equivalent circuit, Zones
of DAB, and ZVS criteria. Closed-form expressions of ZVS
boundaries of TPS modulated DAB at different operating Zones

2)

3)

2)

3)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 11, NOVEMBER 2025

+ Proposed
x[9]
10]
11],[25]
19],(20]

5 [11),[23)
u
[

e
Vi(V)

©

Iszvs plane for (a) Vs = 200 V, Io = 1.48 A, and P = 297 W, and (b) Vs =200 V, 1, =5.95 A, and P =

I(]

Fig. 2.

Schematic of a DAB converter.

and how one can use them to check ZVS at a particular operating
point are discussed in Section III. The shunt inductance design
to ensure ZVS in both the H-bridges is discussed in Section I'V.
The experimental verification of the analytical findings is dis-
cussed in Section V. Finally, Section VI concludes this article.
The derivations of ZVS boundaries of TPS modulated DAB at
different operating Zones, as well as the procedure to find ZVS
current requirements for the switches, are discussed in detail in
the Appendix.

II. GENERAL DESCRIPTION OF A DAB CONVERTER

A DAB converter consists of two H-bridges connected by
a series inductance and a high-frequency transformer whose
turns ratio can be represented as n : 1. A high-frequency trans-
former provides isolation between the two ports connected
at its primary and secondary sides. The circuit diagram of a
DAB converter is shown in Fig. 2. Here, L represents a series
combination of leakage inductance and series inductance, if
any, all referred to as the primary. The magnetizing inductance
of the transformer in Fig. 2 is neglected, assuming it to be
ideal.

A. Equivalent Circuit of DAB

The primary- and secondary-side H bridge output voltages
are represented by v, and v.4, respectively. The voltage across
the series inductance is the difference between primary-side
H-bridge output voltage (v,p) and reflected secondary-side H-
bridge output voltage (v’,;), where v/ ; = nv.q. The equivalent
circuit of DAB is shown in Fig. 3(a). In order to analyze the
equivalent circuit of DAB, the per-unit (p.u.) quantities are
defined as indicated in (1).
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Fig. 3. (a) Equivalent circuit of DAB. (b) Representative waveform of TPS
modulated DAB.

Vp, Vs, and f, represent primary- and secondary-side dc-link
voltages and the switching frequency, respectively. The switch-
ing cycle averaged output current (/) and the output port current
(is) are represented as j, and js, respectively, in p.u. The p.u.
quantities and actual quantities are related as given in (2)

Vo, W2
‘/—b:VpaRbZQﬂ—stw[b:ian:770:27Tf5t (1)
Ry, Ry,
Vab / 'Uéd . (FA [ Iy
ab = T, cd — 17 = 7 Js = —FsJo— —F - 2
Mab = P Meq = 7500 = 7o ds = 1osdo = 1 @)

With the above bases, the dynamics of p.u. inductor current (j7,)
can be described by the following equation:

di

GL = gy, — il 3)

do

where

mape{1,0,—1},  mL e{m,0,—m},
In the most generalized modulation scheme of DAB, there exist
three degrees of freedom. These degrees of freedom pertain
to duty ratios of m,;, and m/, pulses, which are denoted by
d, and dg, respectively, and the phase shift between these
voltage pulses, denoted by §. This kind of modulation scheme
is known as TPS modulation. A representative waveform of a
TPS-modulated DAB is shown in Fig. 3(b). Here, d,,, d;s € [0, 1]
and ¢ € [0, 2] for power flow from primary (V) to secondary
(Vs) port (forward power flow). For reverse power flow, § is
negative in the same range.

B. Converter Operating Zones

For forward power flow direction, m;, and m/,; pulses in the
TPS modulation scheme can be arranged in six possible ways,
which gives rise to six different Zones of operation. Among
these, rms and peak inductor currents are high in one of the
Zones, where 1 < ¢ < 2[7], [19]; for the same amount of power
transfer. So, we do not operate in that Zone. mp, m;d, and jr,
waveforms for the remaining five Zones are depicted in [7],
which are labeled as Zone-1-Zone-5. In all these five Zones,
dp,ds, and ¢ satisfy the inequality constraints of (4), which are
referred to as DRCs. Because of the pulse positioning conditions,
each Zone is associated with specific inequality constraints in
terms of TPS modulation parameters (d,, ds, and d), as given in
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(5), referred to as ZBC. It will be shown in Section II-D that out
of these five Zones, only in three Zones, direction-based ZVS
criteria can be satisfied. Hence, our discussion will focus only
on these three Zones

DRC: 0 < d, ds, 6 < 1 )
ZBC: f(d,, ds,5) < 0. 5)

C. Average Output Current

Due to the capacitor amp—sec balance, the p.u. load current
(jo) is the switching cycle average of the output port current
(js), and it is indicative of the active power flow at the output
port. j, can be derived from j; as indicated in the following
equation:

1 2w
Jo = 5= js(0)df = g(dp,ds,0),  where
2T ¢
1,ml,; >0
Js = jr % sign(m.y); sign(m.;) = 0,m,,; =0 (6)
-1,ml, <0.

The expressions of j, for the three operating Zones are given in
the sixth column of Table I.

D. Soft-Switching

1) Direction-Based ZVS Constraint: In order to achieve the
ZNS transition, the current direction at the switching node
should be such that the current should transit from the channel
of the outgoing device to the diode of the incoming device.
To satisfy this directional constraint, the inductor current at
four switching transitions, denoted by jr1—jr4 and shown in
Fig. 3(b), must satisfy the following conditions:

Jr1 <0, jr2 >0, jr3 >0, jra<O. @)

Note that, j;, has half-wave symmetry in steady state; hence, it is
sufficient to consider the currents between 0 < 6 < 7. InZones-
3and 4, jr1 = —7jr4 [7], so itis not possible to simultaneously
satisfy jr1 < 0 and jr4 < 0, meaning thereby that in Zones-3
and 4, the direction-based condition for soft-switching is not
met. Hence, the DAB operation should be restricted to Zones-1,
2, and 5. The representative waveforms of DAB in Zones-1, 2,
and 5 are depicted in Fig. 4.

2) Magnitude-Based ZVS Constraint: The current magni-
tude at the switching instant should be sufficient to charge and
discharge the output capacitances of the switches undergoing
transition. For the primary-side switches, the minimum magni-
tude of current required to achieve ZVS is represented as I3,
and the same for the secondary side isrepresented as I3 .. Actual
quantities, viz., I} and I3, are related to p.u. quantities,
viz., Jos and Jg, respectively, by the following relation-
ship. The procedure to compute J;7. /J5). for a given device
(primary/secondary H-bridge), dc-bus voltage (V,/V;), series
inductance (L), turn’s ratio (n), and dead-time (775" /T5°) is
articulated in Appendix D

SW ISW
SW__ T PZvs SW __ T SzZvs
L]pzvs - ’Jszvs - .
Ib n[b
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TABLE I
EXPRESSIONS OF SWITCHING INSTANT CURRENTS, ZBC (5), Jo (6) FOR VARIOUS ZONES
Zone Jjr1 JL2 JjLs3 JLa Jo = g(dp,ds,d) ZBC (f(dp,ds,9) < 0)
1 Z(mds — dp) Z(dp — mds) Z((m — 1)ds + 9) Z((1 —m)ds +9) 5dds ds +6—dp, <0
2 Z((m — 1)d, 4+ mé) %((i;g)% Z (md, — dp) z(dp — mds) T6d, dp+6—d, <0
Z(@2m — (m+ 1)d (1 —m)d x T(2-4§ T(1—(1—dp)?
5 ey | P me)y | BOH(m =Dy G D) B N I L
m ,;,A . .
s m m,abA ) Mal Jjri JL2
pr— ’
Med| . Meq —  jLo Moy 1/ mo
JL ; JL2 IL m ; - JL4
713 x JL \
/\V/ \oA\ 2ry NLALT A 2T /AR 2m
0-—-// ™ \\___ 9 0 // j ‘\-1--+/' \\\// | 0 ()—‘jp, X T | ‘\\\ 9
Jpa L L3 YL Jra JL —
_— _%77L
; 0519529 — 0})1 9p2 0s1 9p2
pl p2 o1 042 9p1 0o
(a)
() (©
Fig. 4. Different Zones of DAB. (a) Zone-1. (b) Zone-2. (c) Zone-5.
TABLE II
DRC, ZBC, AND ZVS CONSTRAINTS FOR VARIOUS ZONES
Zone DRC [substituting ¢ in (4) using (6)] ZBC [substituting ¢ in (5) using (6)] ZVS [substituting J in (9) using (6)]
0<dp,de <1 1A ‘ mds — dy + 222205 <0 1D
1 . d? —dpds + e <0 - IC )
ds > 22 — 1B (1 —m)d? 4 2szve g, 4 2o <0 IE
0<dpd <124 (m —1)d2 + 2eEvag, 4 2mio <0 2D
2 . 2 — dpde + 22 <0 - 2C
dp > 5= = 2B dp — md, + 2L5Evs <0 5 2B
(m + l)d + [)sz/5+
0<dy,dy <1 5A LYo m\/lf—f(lfd,,ﬁf(lfdﬁ)?§0%5D
5 y dp +ds + - >1 - 5C
(dp —1)* +(ds —1)*> <1— %2 — 5B (1—dp)?—(1—ds)? 1— (m+1)d, + 2 czus+
\/17477(1761,,)27(17(15)230»515
With magnitude-based ZVS, the constraints of (7) get modified constraints for Zones-1, 2, and 5 are provided in the following

to the following equation:

Jo

SZVS)

—Jn

SZVS®

ZVS: jr1 < —Jppe Jr2 = s 13 =

Jra < (®)
Note that, out of four ZVS-related inequality constraints ob-
tained using (8) and Table I, two of them are redundant. If
the remaining two, one corresponding to the primary transition
and the other corresponding to the secondary transition, are
satisfied, the other two will automatically be satisfied. These
two switching instants are called primary and secondary crit-
ical switching instants, respectively. These two critical ZVS

equations, respectively, and are highlighted in red in Table II:

Zone 1 :jra > Jop jra < —Jg (9a)
Zone 2 : jr1 < —Jppue Jr3 = o (Ob)
ZoneS: jr1 < —Jpp, jra < —J g )

III. DETERMINATION OF PRIMARY AND SECONDARY ZVS

For a

ZVS currents (

CURRENTS SUPPORTED BY A DAB CONVERTER

given gain (m), load (j,), and minimum magnitude of
S er Jams)» one needs to find out dp, ds, and §

pzvs? ¥ szvs
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ds d s Jszvs [
H H b1 | p
(0, 1) } 1A " (0,1) J1a —1F Tazus
1C 1D T 1E %&Sﬁ}?g feasible region
c DK ZVS Boundary
feasible 1c
region
Fig. 5b
o HE \D e
o 1D E Fig. 5a
4 Yis T Bt A<
0 G 0 Q
(0.0 @oydr 0.0 J/ b I
(@) (b) (c)
Fig.5. Zone-1. (a) Multiple feasible solutions. (b) Single feasible solution. (c) Feasible region in (Jp,vs, Jszvs) plane.
. . Jsz0
d. . . ds feasible point szvs
GLB _ED feasible region . - clB E \D.K F P
\
(0,1)
©.1) j A 2¢ A feasible region
5C 2C ZVS Boundary
2E 2E
2B Fig. 6b
> A —>2D P
12D - (o5 24— Fig. 6a
J J, Q
0 A C 0 A H
(0,0) % 00 ‘od o Tpeer
(@) (b) (©)
Fig. 6. Zone-2. (a) Multiple feasible solutions. (b) Single feasible solution. (c) Feasible region in (Jp,vs, Jszvs) plane.
TABLE IIT

so that duty ratio-related inequality constraints on TPS modu-
lation parameters (d,,, ds, and 6) given in (4), inequality con-
straint corresponding to pulse positioning condition involving
d,,ds, and ¢ given in (5), equality constraint of j,, as given in
(6), and ZVS-related inequality constraints of (9) get satisfied.
Using the sixth column of Table I, § can be eliminated from
all the inequality constraints given in (4), (5), and (9). Then,
the above problem reduces to finding out all pairs of dp,, d
that satisfy the abovementioned inequality constraints for a
given m, jo, Jpys. and Jgy . Table II presents those inequality
constraints as function of dy,, ds with m, jo, J5y., and Jg  as
parameters for different Zones. These inequality constraints
corresponding to Zone-1 are labeled as 1A—1E as presented in
Table II.

A. Zone-1

For any (m, j,) pair in Zone-1, the shaded region in Fig. 5(a)
indicates all pairs of d,,, d that satisfy all the inequality con-
straints of Table II (1A-1E). Here, 1D and 1E depend upon
Jomvs and Jo, respectively. As the values of J5\ and Jg
change, the feasible region will also change. Fig. 5(b) indicates
the limiting case when the feasible region reduces to a point. This
implies ID=1E and d,, = 1. Substituting d from 1D to 1E, we
derive a relation between Jg\ and Jgj . parameterized by m
and j,. Equation (10) provides an inequality that encompasses
all such pairs (Jp,ys, Jszvs) for which the derived relation holds
true for a given (m, j,) pair. This implies that these pairs satisfy

all the inequality constraints defining Zone-1. Graphically, this

CONSTRAINT ON (M, jo) FOR DIRECTION-BASED ZVS

a1 | 0G0 <55 gt <jo<3
Zone-1 Zone-5

m <l 0<jo< gml—m) | gm(l—m)<jo <
Zone-2 Zone-5

is shown as the shaded region in Fig. 5(c). The curve P(Q) can
be obtained by equating the left-hand side of (10) to 0. The
detailed derivation showing that indeed the picture of Fig. 5(b)
is the limiting case is given in Appendix A. Note that there
are certain combinations of (m, j,) pairs for which DAB can
operate in Zone-1 while satisfying the ZVS-related inequality
constraints of (9). The set of such (m, j,) pairs can be found by
putting direction-based ZVS criteriain (10) (/55,5 = J5, = 0).
(m=1)

-z As we are discussing
forward power flow (j, > 0), (”;:21) should also be positive,

which is possible only if m > 1. Hence, DAB can operate in
Zone-1 to satisfy the ZVS constraints of (9) only if m > 1 and

do < it 312U (cf., Table IIT)

This gives the condition: j, < 7

Jszvs - (z (10)

3
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200 . 20
T - =) 4jo (11— =)
m> 1o =5 m— — —(m+1) 1- - —~ <0, fordpos > Jipe Jpmvs < Jhms
Jazvs < Jopgs f0r Jpps < J0L (12a)
2., 45, 2 s
m < 1 N JpZVS — z 1 _ m(m - ﬂ) - (m + 1) 1 - i - m — & S 0) fOr‘]SZVS > J}q)zlvsa JSZVS < J,EZQVS
2 m s s
Tprvs < Jopes forTaps < JUh (12b)
. m m+ m2+(m2+2m+2)((2m+1)—w)

T 47, T 4

JUlo==1-m 1--2 , J2 =- 1-
prvs 9 i pEvs 9 m? + 2m + 2
(12¢)
, m+  m2—(2m2+2m+ 1)(1 — (m+1)2(1 — 2=))

m 4]0 ™ ™

Jlo== m- 1-=2  J¥2 - n-
SS9 ™ SES 2 2m?2 +2m + 1
(12d)
B. Zone-2 D. Procedure to Check ZVS Transitions of Both Bridges

For any m, j,, pair corresponding to Zone-2, the shaded region
in Fig. 6(a) indicates all pairs of d,,ds that satisfy all the
inequality constraints of Table II (2A-2E). Fig. 6(b) indicates
the limiting case when the feasible region reduces to a point.
Following the same procedure as Zone-1, all possible values of
Jpavs and Jg,y for a given m, j, pair in Zone-2 can be found,
and the same is given by (11). This is shown as a feasible
region in Fig. 6(c). The condition for a (m, j,) pair to lie in
Zone-2 can be found by putting direction-based ZVS criteria
(Jws = Jow. = 0)in (11). Hence, to satisfy ZVS constraints of

pzvs SZVS
(9) in Zone-2, m < 1and j, < T2 =2 (¢f Table IIT)

mm oM
Jszvs)(l—m>+]72j) SO (]1)
m — szvs

Jpzvs - (7 - ( .

C. Zone-5

For any (m, j,) pair in Zone-5, the expressions of all possible
Jpzvss Jszvs Pairs are given in (12a)—(12d), shown at the top of
this page. A detailed derivation is provided in Appendix C. It will
be shown in the Appendix C that to satisfy the ZVS constraints
of (9) in Zone-5 j, needs to satisfy the following inequalities:

. r(m-1) . =«

]Cll DR <]O<Zf0rm>1
1—

jz2 M<jo<%f0rm<l

(cf., Table III) [7].
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The procedure to determine whether ZVS can be achieved in
all switches for a given set of design parameters (n, L, and f)
and operating conditions (V},, V, P,Th", and T5°) is illus-
trated in the flowchart of Fig. 7. A step-by-step execution of
this procedure is described below with the help of an illustrative
example.

1) Getting Started: As shown in Fig. 7, the first
step is to collect the required inputs, such as DAB de-
sign parameters: (L,n, and f,), DAB operating parameters:
(Vp, Vs, P,TE", and T5°¢), and SPICE model (to find out the
minimum ZVS current requirement for the switches using LT-
Spice simulation) or datasheet (to find out the minimum ZVS
current requirement for the switches using analytical approach)
for the devices from the manufacturers website. Let us consider
the example: DAB design parameters: n = 0.8, L = 34.3 uH,
and, f; = 50 kHz, and DAB operating parameters: V,, =200V,
Vs =300V, P =356 W, Th" = 80ns, and 75° = 180 ns. The
part numbers of the primary- and secondary-side devices are
SCT3060AL and SCH2080KE, respectively. The SPICE models
and datasheet of the devices are downloaded from the official
ROHM website.

2) Determination of p.u. Gain and Load Current: The p.u.
quantities (m, j,) are found using the formula given in Fig. 7.

For our example case, the values of mandj, were
1.2 and 0.08, respectively.

3) Determination of Operating Zone: The operating Zone can
be found using Table III.

For the above case under consideration, since m > 1, using
the first row of Table III, j, was found to satisfy the condition
corresponding to Zone 1.



DEY et al.: ANALYTICAL CLOSED-FORM ZVS BOUNDARIES OF TRIPLE-PHASE-SHIFT MODULATED DUAL ACTIVE BRIDGE CONVERTER

DAB Design Parameters: n, fs, L
DAB Operating Parameters:
Vo, Vs, P, T3, T3¢

Spice model/ Datasheet of Primary
and Secondary side devices

Compute (m, j,) pair

Voo, L, fs — m— %’jo _ 27;{:/5213 —(m, J,)
Zone Determination
TapLE - Zome (1/2/5)
|
V ) }
Zone- 1 Zone- 2 Zone- 5

\ | |
!

Simulate the equivalent circuit of
Vo, Vs, . L, Fig. 31a following APPENDIX-D
Ty, Tsee T OR ~( e, T )
follow Section III-B of [21] prusT szus

Spice model ——
Determination of minimum ZVS currents‘
(gt 25)
Check if
Zone — Eqn. (10), (11) or (12) «— (m, Jo)

is satissfied 7

|
Yes No l

ZVS in all switches ZVS is not possible

in all switches
Procedure to check if ZVS can be achieved in all switches.

Fig. 7.

4) Determination of Minimum ZVS Currents:

a) LTSpice simulation-based approach: Simulate the zone-
specific equivalent circuit of Fig. 31(a) for both the primary
and secondary transitions using the SPICE models downloaded
from the manufacturer’s website and find the corresponding
(J3svss Jomvs) pair following the procedure described in Ap-
pendix D.

Corresponding to our example case, since the operating Zone
was found to be Zone-1 in Step 3, the equivalent circuit of Fig. 31,
corresponding to Zone-1, was simulated for both the primary
and secondary transitions. The corresponding (J;)\s, J5ys) pair
were found as (0.065, 0.1) following the procedure described in
Appendix D.

b) Analytical approach: If the SPICE model of the devices
is not available or one would like to find out the minimum
ZVS currents (Jpy, and Jg,. ) analytically, the same can be
done by following the procedure given in [21, Sect. III-B].
The procedure outlined in the above reference would provide
the absolute values of minimum ZVS currents (I3, and I55.,),
which can be perunitized using the base values defined
in (1).

Accordingly, the corresponding (J,)., J5y) pair for the ex-
ample under consideration was found as (0.085, 0.128).

5) ZVS Feasibility Check: Check if (J5n, Joms) computed in

pzvs? SZVS

Step 4 satisfies (10) or (11), (12a), and (12b) based on operating
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Zone found in Step-3. If yes, then ZVS is ensured in all switches
at the given operating point; otherwise, no.

Since the operating Zone is 1, (Jpuys, Jszvs) are replaced
by (Jpovs Jases) = (0.065,0.1), respectively, in (10) for the
LTSpice-based approach. From the above calculation, it can be
seen that (10) is satisfied. The same exercise can be done for the
analytical approach, which satisfies (10). Hence, ZVS is ensured

in all switches, as confirmed by both approaches.

IV. DESIGN OF SHUNT INDUCTANCE (L, Lj,) TO IMPROVE
SOFT-SWITCHING BOUNDARIES

A. Five Different Possible Cases

Given the operating conditions and parameters of the con-
verter (V,,, Vs, In/ P, n, f,, and L), one can find out (m, j,) pair
corresponding to that particular operating point. The procedure

to compute Jp;.. and Jj is described in Appendix D. Based
on the position of (37, J5) pair with respect to the feasible

region in the Jp,vs — Jszvs plane for a particular (m, j,) pair,
five possibilities can emerge as indicated in Fig. 8. Here, all
the possibilities are explained with respect to a representative
feasible region of Zone-1 in the J,,ys — Js,vs plane. The same
can be extended to Zones 2 and 5.

InFig. 8, (Js, Jos) pointis denoted by A (red dot). If Alies
below the curve P(@), the magnitude-based ZVS can be achieved
in all the primary and secondary legs. The pink shaded region
in Fig. 8(a) indicates the possible feasible operating points. If
A lies above the line PR but to the left of the line R(Q), as
indicated in Fig. 8(b), no matter how we modulate the DAB,
one of the secondary legs will experience partial ZVS. In this
case, by operating in the purple-colored region, we can ensure
ZVS in both the primary legs, but one secondary leg will lose
ZVS. Fig. 8(c) represents the case where A lies to the right
of the line R(Q but below the line PR. In this case, we can
never achieve ZVS in both primary legs. By operating in the
green-shaded region, we can ensure ZVS in both the secondary
legs, but one primary leg will lose ZVS. If A lies to the left of the
line RQ and below the line PR, as shown in Fig. 8(d), then we
can either ensure ZVS in both the primary legs by operating in
the purple shaded region, but one secondary leg will lose ZVS,
or we can ensure ZVS in both the secondary legs by operating
in the green shaded region, but one primary leg will lose ZVS.
Lastly, Fig. 8(e) depicts the case when A lies to the right of
the line R(Q and above the line PR. In this case, we can never
achieve ZVS in both the primary legs or both the secondary legs;
always one leg from the primary and one leg from the secondary
will experience partial ZVS.

B. Design of L, and Ly, to Ensure Soft-Switching

By connecting shunt inductances L, and L; across the pri-
mary and secondary bridges, respectively, one can ensure soft-
switching at a particular operating point corresponding to the
cases in Fig. 8(b)—(e). The equivalent circuit of DAB in the
presence of L, and Ly is shown in Fig. 9. In Fig. 3(a), L, and L,
were infinite, as a result of which the primary bridge current (4 )
and reflected secondary bridge current (i.,.) were same as the
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JSZ'US JSZ?)S JSZ’US
T . [VUUU i
TR R :
o b ; z
: L, f.od
Jsur N - }’ E }_"
19) 0] Iz Jpzvs o Jpivs  Ipzvs
(b) (c)
JSZ'US s
P JSZ'U& w .
. Jszvs A]pri + A . .
: I Primary- ZVS in both legs
: Secondary- ZVS in both legs
) . Primary- ZVS is lost in one leg
s : T Secondary- ZVS in both legs
Aj/ : Ajgee
see : Primary- ZVS in both legs
Secondary- ZVS is lost in one leg
: ‘Q Toivs
0 Ajpri J5w JZDZUS Jpzvs

paUs

()

Fig. 8. (a) All switches experience ZVS (pink shaded). (b) ZVS in both the primary legs (purple shaded). (c) ZVS in both the secondary legs (green shaded). (d)
ZVS in both the primary legs (green shaded) or both the secondary legs (purple shaded). (e) ZVS in both legs is not possible in primary as well as secondary.

i i L faee 'l mab‘ ! . m, d‘ LA
. iLa iLh . Jr ]2 L3 JL2 A 2m
Vab ) L, Ly oy Gl Jra 4 \1/_| — 4
JLa JrLb — Ajiee 27
(@ (b) — Q3 0
. . . L. Jpri ’_, j2 72 Jir
Fig. 9. Modified equivalent circuit of DAB: (a) T model and (b) Y model. Jsec L / /\ 9
Z j\; Fs \/ — 0
inductor current (7, ). The relationship between actual quantities ) Os1  Opo
of Fig. 9 and its corresponding p.u. quantities is given in (13). In L Vs
presence of L, and L, the currents through them jr, and j1; (b)
for given m,,;, and m/,; waveforms can be easily found by using
(14): Fig. 10. Modified waveforms (a) with L4 and (b) with L.
o = e = T dra = = ()
Lo dira Ly dis ) switch.ing instant current withgut altering the directi(?n; Fhe
T gp " e T . Mg (14) same is true. for L; corresponding to the secondary switching
transition. Since jr, depends on my;, and j1;, depends on m’cd,
Jpii = JL + JLas jéec =JL — JLb- (15) this is always true irrespective of any operating Zone. The

magnitudes of the additional currents provided by L, and L,
are in (16). Here, d,, and d represent the corresponding duties
of mg;, and m’,; waveforms

The bridge currents jp; and j/,. can be obtained from induc-
tor current (jz,) and the current through the parallel branches
Jjra and jrp, as given in (15). Since the waveforms applied to
parallel branches are half-wave symmetric, the currents should
also be half-wave symmetric with zero average, as shown in A Jori = £

I dp’ A.] éec =
Fig. 10. Observe that L, increases the magnitude of the primary 2 La

L
— s- 1
I md, (16)

Nl
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Fig. 11.  Flowchart for the design of shunt inductance.

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on August 26,2025 at 16:27:50 UTC from IEEE Xplore. Restrictions apply.



16880

Based on the requirement of current boost for the primary and
secondary critical switching instants, L, and L; can be designed
using (16) as explained below.

For the case corresponding to Fig. 8(a), there is no require-
ment for L, and L; since it can satisfy ZVS in both primary
and secondary bridges if operated within the shaded region. In
Fig. 8(b), one can achieve ZVS in the primary bridge; however,
in order to achieve ZVS in the secondary bridge, L; needs
to be designed such that it provides a current boost of Ajl,..
Similarly, for the case corresponding to Fig. 8(c), L, has to
be designed to provide a current boost of Ajyi. However,
Fig. 8(d) and (e) cases are a little different from previous
cases.

In Fig. 8(d), there are two different possibilities: one can
operate at point X and design L, to give a current boost of
Ajpi or operate at point Y and design L; to give a current
boost of Aj.,.. Practically, it is seen that for the m > 1 case,
it is easier to achieve a higher magnitude of ZVS currents in
the primary side bridge and vice-versa for the m < 1 case.
That is why corresponding to the case in Fig. 8(d), if m > 1,
then one should operate at Y, and L; needs to be designed to
provide a current boost of Aj!.., conversely, form < 1 case, one
should operate at X, and L, needs to be designed to provide a
current boost of Ajpy. In Fig. 8(e) also, there are two different
possibilities similar to Fig. 8(d). For m > 1, one should operate
at Y, and L, needs to be designed to provide a current boost
of Ajl.., whereas, for m < 1 case, one should operate at X,
and L, needs to be designed to provide a current boost of A jpy.
However, to find the point X and Y on the ZVS boundary, it
needs to be extrapolated for J,,,s < 0 and J,,,s < 0 regions,
respectively, as indicated in the figure. It can be seen from
Fig. 8(e), the x-coordinate of X is < 0, meaning that if one
operates at X, one of the primary legs would be hard-switched
(direction-based condition will not be satisfied). Similarly, at Y,
one of the secondary legs would be hard-switched. A detailed
design procedure of L, and L; considering these five different
possibilities is elaborated in the next sub-section.

C. Detailed Design Procedure of L, and Ly, for Wide-Range
Application

To ensure ZVS in all switches across a wide range of operat-
ing points (V™" < V, < VM and [MM < [y < I3, one can
design shunt inductance L, and L; following the procedure ar-
ticulated in the flowchart of Fig. 11. The step-by-step procedure
is explained in the following, along with a design example.

1) Getting Started: As indicated in Fig. 11, one needs
to get the inputs to the flowchart, such as DAB specifica-
tions: (L,n, and f), the range of DAB operating param-
eters: (V,, Vmin ymax min pmax 70 and T5°°), and SPICE
model/datasheet for the devices from the manufacturer’s web-
site.

Consider the following design example: DAB design parame-
ters:n = 0.8, L =30 uH, and f; = 150 kHz, the range of DAB
operating parameters: V,, =200V, V, =300V, pmin —200W,
pPmax = 1350 W, TH" = 120ns, T5°° = 190 ns, and part num-
bers of primary- and secondary-side devices are SCT3060AL
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and SCH2080KE, respectively. The SPICE model (to find out
the minimum ZVS current requirement for the switches using
LTSpice simulation) or datasheet (to find out the minimum ZVS
current requirement for the switches using analytical approach)
for the devices is downloaded from the manufacturer’s website.
If the specifications are in terms of power (P); it can be converted
in terms of output port current (I,) using the relation P = V.

In our example, ™" = 0.66 A and I™> = 4.5 A.

2: Choosing Operating Voltage and Current from the Given
Range: Discretize the set of all possible Vy, Iy in a MATLAB
script. Pick a (V, Ip) pair from the discrete set of V, I.

In the above example, since V is fixed VMM = Vmax =300 V.
I, can be discretized into an array with 100 elements satisfy-
ing 0.66 A< I, < 4.5 A. From the set of all possible (V, I,,)
pairs, the first element, i.e., V; = 300V and I, = 0.66 A, is
chosen.

3) Checking ZVS at the Operating Point: Find out whether
ZVS is achieved in all switches for that particular (V, Iy) pair
using the flowchart of Fig. 7. If the ZVS is achieved, then there
is no need of shuntinductance: L, (7, j) — oo, Ly (4, j) — o0o. If
no, then the flowchart of Fig. 7 can be used to find the operating
Zone, (m, j,) pair, and (Jp)., Jons) pair, which can be used
further in the process.

In our case, operating Zone is 1, (m, j,) = (1.2,0.116) and
(Jovss Jomes) = (0.08,0.27). The ZVS cannot be achieved in all
switches. Hence, we need to proceed to the next step.

4) Finding Out the Coordinates of (J,,, J5.,): In Step 4,

Szvs
one needs to find out the coordinates (J,,y,J5,) of the

corresponding point on ZVS boundary (PQ) of Fig. 8.
For example, in Fig. 8(b) and (c), the corresponding
points are Y and X, respectively. In Fig. 8(d) and (e) for
(m > 1) case, the corresponding point is Y, whereas for (m <
1) case, itis X. A detailed discussion on this is provided in the
previous section. The procedure to find out the coordinates of
the corresponding point is described in the flowchart.

In our example at the selected (Vj,I,) pair, m > 1 and
operating Zone is 1, we need to put Jp,s = J;;VVS = 0.08 and
solve for J,. . by equating (10) to zero. Following the procedure,
J,vs Was found to be 0.1, which is > 0.

5) Calculation of L, andLy, at Selected (Vs,1,) Pair: Once
the coordinate of the corresponding point on the ZVS boundary
is found, the required value of (L,, L) at that operating point
can be found using (17a)—(17d), shown at the top of the next
page, as described in the flowchart.

Following the flowchart and using (18a)—(18d) shown at the
top of the next to next page, L, and L; values for this specific
(Vs, I,) combination are found to be oo and 264.63 pH, respec-
tively.

6) Storing the Value in a 2-D Array: The L, and L; found
in the previous step can be stored in a 2-D array whose indices
(4, 7) correspond to the corresponding (V, Iy) pair under con-
sideration.

In the design example under consideration, since there is
only one loop that corresponds to the I, under consideration,
L, and L, can be stored in a 1-D array, where L, (i) and Ly(4)
are the elements of it and 0 < ¢ < 99. In this iteration ¢ = 1, so
Lo(1) = oo and Ly(1) = 264.63.
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Expressions of shunt inductance(L,, Ly )for m > lcase:
Zone-1:
jo L
o J,. >0:L,—00,Ly= Mo (17a)
2 }
—J i J)‘:zvs o - < *
;m + ST + = (:rn L (J;;vvs - Jszvs)

T —-J . L
o Ji,<0:L,—o00,Ly= (jsw _pz}i ) (17b)

SZVS SZVS
Zone-5 :
° J:ZVS > O :
Tomes < Toovs

L 1 14 2Lany 4 1 120y 1 q 2 249 ) 142082 4 4o
™m (I4+m)(1+=2)+1 +  (I4+m)(1+=2)+1  —(m2+2m+2) (14 =)24 =L
L, — 00, Ly= ;
¢ 2(m2+2m+2)(JZ\ZA(/§7J:zv%)
J;‘ZVVS > nglvs :
27
L 45 1— =
N e (R (17¢)
2(Jszvs - Jszvs) ™ m
2.7z,
. mmL 45 1 - ==
° Jszvs<O:La_>ooaLb:2(sz ] 1-— 1—70— mﬂ (174d)
SZVS SZVS

7) Checking if All Operating Points are Considered: Check
whether all (Vj, o) pairs are considered. If not, repeat Steps
2-6 for the new (Vj, Iy) pair. If all (V, 1) pairs are considered,
move to Step 8.

In our case, we need to run the loop till 7 = 99 and keep storing
L, (i) and Ly (7). When ¢ = 100, we need to move to Step 8.

8) Finalizing L, Ly for the Design: Find the minimum ele-
ments of L, and L, arrays. The selected (L, L) will ensure
ZVS in all switches over the complete range of operating con-
ditions.

In the design example under consideration, the minimum
elements of L, and L, arrays are found to be — oo and 128 H,
respectively. This means we do not need to connect any in-
ductor across the primary side of the H-bridge. At the same
time, we need to connect a shunt inductor of (01_28%2 =200 uH
across the secondary bridge since the turn’s ratio of the trans-
former is n = 0.8 and the L; found in the procedure is ac-
tually the shunt inductor value reflected to the primary side.
This design will ensure ZVS in all switches over the com-
plete range of operating conditions. If we do not connect the
shunt inductor, one leg in the secondary H-bridge will ex-
perience hard-switching over the power range 200 W< P <
550 W.
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D. Realization of Shunt Inductor and Assessment of
Additional Volume

The proposed shunt inductance can be realized using the mag-
netizing inductance, as explained here. The equivalent circuit of
DAB with the shunt inductor across the bridges (L, and L;)
would look as shown in Fig. 9(a). The m model can be converted
to Y model, as shown in Fig. 9(b), using delta-star transforma-
tion given as follows:

LL
P La+ Ly + L
LyL
Lo+Ly+ L
L,Ly
Lo+ Ly+ L

L/

S

m

Here, L, and L', represent the primary side leakage inductance
and secondary side leakage inductance reflected to the primary
side of the high-frequency transformer, respectively, whereas
L., is the magnetizing inductance of the transformer. Hence, the
shunt inductance can be realized using magnetizing inductance
as well, using the above procedure. Moreover, the proposed
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Expressions of shunt inductance(L,, Ly )for m < lcase:

Zone-2:
J*zvsL ijoﬁ(l — m)
¢ s > 05 La = T I+ 1+ , Ly — 00 (18a)
pzvs a 2(1— m)(Jbri - J;zvs) (J;ZVS)Q
* (% B J:zvs)L
o <0:La= e Ly = 00 (18b)
e (‘];ri - Jpzvs)
Zone-5(m < 1) :
° J;ZVS >0:
. . 2 - :
L m2+(m+1)(m+@)+ m2+(m+1)(m+2J;:’”) —(2m2+2m+1) (2J£Z\,\+m)2+%
L,= T
2(2m2+2m+1)(‘];g_<];zv5) b o0
. j 2
7L 1— 1o gy 2l
L, = Ly — s
258 = s b (18¢)
. j 2
¢ o <0 La= Ly — oc. (18d)
o 2(‘];::, - Jp*zvs)

shunt inductor-based design can also be realized by DAB trans-
former with integrated leakage, [26], [27], [28], [29], in which
case the additional volume can be further reduced. The leakage
integration is beyond the scope of this article and, hence, not
discussed further. For this work, a separate shunt inductor is
used. To evaluate the increase in volume due to the introduction
of the shunt inductance, we have employed a basic area-product-
based method. The details of this procedure are provided below.
The required shunt inductance value is 200 pH, as determined
in Section IV-C. The voltage applied across this inductor is the
pole-to-pole voltage of the secondary-side H-bridge (v.q), as
shown in the equivalent circuit in Fig. 9(a). The maximum rms
current through the inductor occurs when v.4 is a square wave.
Through analysis, the peak and rms values of the inductor current
are found to be 2.5 and 1.45 A, respectively. The inductor is
designed to operate at 150 kHz, using an N87 Ferrite core. Given
that the saturation flux density of N87 material is approximately
0.3 T, we have chosen the maximum operating flux density 5,
of 0.2'T for this application. The core’s area-product, denoted
as A.A,, can be determined using the following empirical
formula:

o LkaIrms

AA, = B K.J

Here, A. and A,, represent the core cross-sectional area and
window area, respectively, in m? . L is the inductance value in
H, and I, and I;,,s denote the peak and rms values of the current
flowing through the inductor in A. The window utilization
factor (K,,) is taken as 0.4, and the current density, J, which
typically ranges from 2.5 x 10°to 5 x 10° A /m? for air-cooled
inductors, is selected as 4 x 10° A/ m? for this design. Using
these parameters, the required area product is calculated as
0.2157 cm* based on the given empirical relationship. Among
the available core options, the EE-30 core was found to have
an area product greater than 0.2157 cm?, making it suitable
for this design. The final dimensions of the inductor are 30,
30.6, and 7.3 mm, resulting in a total volume of 6.65 cm?,
which is very small compared to the total volume of the
converter.

V. EXPERIMENTAL RESULTS

A DAB converter prototype is built to validate the analytical
results, as shown in Fig. 12. In the primary bridge, 650V,
30 A SiC devices are used (SCT3060AL), whereas in the sec-
ondary bridge, 1200V, 40 A SiC devices (SCH2080KE) are
used. The devices are switched at a frequency (fs) of 50 kHz
for verification of five different cases in Section V-A and at
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TABLE IV
OPERATING POINTS OF THE CONVERTER
v, | V. | P CS A I I R U e (ol o L S I
Case ) ) W) Zone @ (hs) oA 7\ % 27;/1‘5:11’ L% V27ffs L 13 7w ‘Q/ﬂ'fs L Comment on ZVS
P j2 P
Pri-ZVS in both legs,
1 200 300 356.5 1 80 180 1.85 1.48 1.2 0.08 0.1 0.1
Sec-ZVS in both legs
Pri-ZVS in both legs,
2 200 300 356.5 1 80 115 1.85 4.45 1.2 0.08 0.1 0.3
Sec-ZVS is lost in one leg
Pri-ZVS is lost in one leg,
Sec-ZVS in both legs
3 200 200 297.1 2 65 115 1.85 4.45 0.8 0.1 0.1 0.3 OR
Pri-ZVS in both legs,
Sec-ZVS is lost in one leg
Pri-ZVS is lost in one leg,
4 200 | 2125 | 378.8 2 70 130 1.85 2.97 0.85 0.12 0.1 0.2
Sec-ZVS in both legs
Pri-ZVS is lost in one leg,
5 200 200 5333 2 70 115 1.85 4.45 0.8 0.18 0.1 0.3
Sec- ZVS is lost in one leg
Gate driver L,=381mH, L, =172mH, L = 30 H. (20)

board

Fig. 12.  Experimental setup.

150 kHz for verification of design of shunt inductance in Sec-
tion V-B. Gating pulses for the switches are generated by Texas
Instrument’s C2000 series LAUNCHXL-F28379D LaunchPad.
A planar transformer manufactured by PAYTON PLANAR is
used for the experiment; the transformer specifications are given
below.

Turn’s ratio is 0.8 : 1, primary- and secondary-side leakage
inductances are 5.4 and 16.8 pH, respectively, and rated voltages
of primary and secondary sides are 800 and 1000 V, respectively.
The output (C,) filter capacitance value is 60 uF. An inductance
of 12 uH was connected in series with the transformer. The Y
model with transformer magnetizing inductance, primary- and
secondary-side leakage inductance, and series inductance is con-
verted to an equivalent A model using the Y — A transforma-
tion. The parameters of the equivalent A model (L, L,, and L;)
used for the experiments in Sections V-A and V-B are given in
the following equations, respectively:

Lo =6.5mH, Ly = 6.37mH, L =34.3uH (19

A. Experimental Verification of Five Different Possible Cases

As discussed in Section IV, depending upon the position of
(Jpsvss Jomvs) Pair with respect to the ZVS boundary, there can
be five different possibilities. To experimentally verify these five
cases, five different sets of (12, jo, Jos, Jons) quadruple are
chosen, as indicated in Table IV. For a given design (transformer
turns ratio (n), switching frequency (fs), series inductance
(L), and primary- and secondary-side H-bridge devices) fixing
the input dc-bus voltage (V},), the following parameters: the
output dc-bus voltage (V;), output power (P), and dead-time
of the devices (77", T5°) are varied to obtain different sets
of (m, jo, Tovss . ¥ <) quadruple. For a particular (J;‘;VVS, JE)
pair, the procedure to select dead-time (77", 75°°) is discussed
in Appendix D. Note that the waveforms corresponding to the
primary and secondary critical switching instants are shown in
the experimental results. The critical switching instants corre-
sponding to different Zones are highlighted in red in Table 1.

1) Case 1: The (m, j,) pair of the first row of Table IV sat-
isfies the inequality constraints of Zone-1 provided in Table III.
The feasible region in the Jp,ys — Jyvs plane for a (m, j,) pair
in Zone-1 is given by (10). The (J}y, J5y) pair of first row
of Table IV satisfies the feasibility condition of (10), which can
be verified by replacing (Jpzys, Jszvs) With (), S ) in (10).
The feasible region and the location of the (Jp)\, J3) pair
are plotted in MATLAB and shown in Fig. 13(a). Hence, both
the primary and secondary critical transitions are expected to be
ZVS if we operate at point @ indicated by a green dot. The TPS
modulation parameters at point a can be found using (17a) as fol-
lows: d, = 1,ds = 0.797, and § = 0.0634. The gating pulses

corresponding to the TPS modulation parameters are applied
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Fig. 13.  Case-1. (a) Jpzys — Jsuvs plane plot. (b) Primary critical transition (6 = 8p2). (c) Secondary critical transition (8 = 8s2).
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Fig. 14.  Case-2. (a) Jpzys — Jszvs plane plot. (b) Primary critical transition (8 = 8p2). (c) Secondary critical transition (8 = 8s2).

to the switches. The waveforms corresponding to primary and
secondary critical transitions at point a are shown in Fig. 13(b)
and (c), respectively. From the waveforms, it is clear that the
voltage across the incoming device becomes zero just before
the end of the dead-time. Hence, both the transitions are ZVS,
as expected. This verifies the analytical expression of (10) as the
feasible region in the J,,,ys — Ji,vs plane.

2) Case 2: The (m,j,) pair corresponding to the second
row of Table IV is the same as that of the first row. Hence,
the feasible region in the J,,ys — Jozvs plane will be the same
as that of the first row and is given by (10). In this case,

the (57, Jows) Pair does not satisfy the feasibility condition
of (10), which means the (J,)., J5y) pair lies outside the

feasible region. The feasible region and the location of the
(Jpgvss Jorvs) pair are shown in Fig. 14(a). If we operate at
point a marked in green (d, = 1, ds; = 0.797, and 6 = 0.0634),
then the primary critical transition can be ZVS, whereas the
secondary critical transition will be partial ZVS. The same can
be verified from the waveforms corresponding to primary and
secondary critical transitions at point a in Fig. 14(b) and (c),
respectively.

3) Case 3: Similarly, the (m, j,) pair corresponding to the
third row of Table IV satisfies the inequality constraints of Zone-
2 provided in Table I1I. The feasible region in J,vs — J,vs plane
for an (m, j,) pair in Zone-2 is given by (11). The (J5;, J5s)
pair does not satisfy the feasibility condition of (11), which
means the (J3%., J5 ) pair lies outside the feasible region. The

pZvVs? < SZVS
feasible region and the location of (J3Y, Jiv ) pair are shown

PZVS?
in Fig. 15(a). If we operate at point ¢ indicated by the green
dot (d, = 0.546,ds; = 1, and § = 0.116), then the secondary

critical transition will be ZVS, but the primary critical transition

will be partial ZVS. Whereas if we operate at point b indicated
by the pink dot (d, = 0.73,ds = 1, and 6 = 0.087), the pri-
mary critical transition will be ZVS, but the secondary critical
transition will be partial ZVS. The waveforms corresponding to
primary and secondary critical transitions at point a are shown
in Fig. 15(b) and (c), respectively. The same corresponding to
point b are shown in Fig. 15(d) and (e), respectively.

4) Case 4: The above exercise can be done for the (m, j,)
pair corresponding to the fourth row of Table IV. If we operate
at point a indicated by green dot (d, = 0.72,d; =1, and 0 =
0.106) in Fig. 16(a), then the primary critical transition will be
partial ZVS and the secondary critical transition will be ZVS,
as shown in Fig. 16(b) and (c), respectively.

5) Case 5: Lastly, corresponding to the operating conditions
of the fifth row of Table IV, if we operate at point a indicated
by green dot (d, = 0.765,d, = 1, and 6 = 0.15) in Fig. 17(a),
then both the primary and secondary critical transitions will be
partial ZVS, as shown in Fig. 17(b) and (c), respectively.

B. Experimental Verification of Design of L, and Ly

The detailed design procedure for the following DAB
specifications and operating conditions is discussed in Sec-
tion IV-C. DAB design parameters: n = 0.8, L = 30 uH,
and f 150kHz, the range of DAB operating parame-
ters: V, = 200V, V, = 300V, IMM = 0.66 A, ™ = 4.5 A,
T = 120ns, and T5°° = 190 ns, and part numbers of primary-
and secondary-side devices are SCT3060AL and SCH2080KE,
respectively. It was found that in order to ensure ZVS throughout
the power range, we need to connect a shunt inductance of
200 pH across the secondary H-bridge.
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Fig. 15. Case-3. (a) Jpzvs — Jszvs plane plot. (b) Primary critical transition corresponding to a (8 = 8p1). (c) Secondary critical transition corresponding to a
(8 = Bs1). (d) Primary critical transition corresponding to b (8 = 8p1). (e) Secondary critical transition corresponding to b (8 = 6s1).
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Fig. 16.  Case-4. (a) Jp,vs — Jszvs plane plot. (b) Primary critical transition (8 = 8p1). (¢) Secondary critical transition (8 = 8s1).
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Fig. 17.  Case-5. (a) Jpzvs — Jszvs plane plot. (b) Primary critical transition (6 = 8p1). (¢) Secondary critical transition (8 = 8s1).

Transient waveforms corresponding to primary and secondary Efficiency comparison of the proposed L; design with exist-
critical transitions and corresponding steady-state waveforms at  ing modulation techniques reported in the literature [19], [20],
1, = 0.66 A before and after the introduction of shunt inductor [21], [22]; is done over the power range of 200 W—-1350 W with
Ly, are shown in Figs. 18 and 19, respectively. From Fig. 18(b), primary- and secondary-side dc port voltages maintained at 200
it can be seen that the secondary critical transition is partial and 300 V, respectively. Note that in this design of shunt induc-
ZVS. Whereas, after connecting the shunt inductor L;, the sec-  tance, the optimal modulation strategy of [21] is followed. The
ondary critical transition becomes ZVS, as shown in Fig. 19(b).  efficiency versus power plot for the abovementioned operating
However, primary critical transition remains unaffected after the  conditions is shown in Fig. 20. It can be seen that over the range
introduction of Ly, as it can be seen from Figs. 18(a) and 19(a). of 200-550 W, we get an efficiency benefit of 7%—-9% by using
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Fig. 18.  Before connecting the shunt inductor Ly,. (a) Primary critical transition. (b) Secondary critical transition. (c) Steady-state waveforms.
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Fig. 21. Bridge RMS current versus power before and after the introduction
Fig. 20.  Efficiency versus power for different existing modulation strategies.  of shunt inductance.

a shunt inductance. However, due to the introduction of shunt
inductance, there is an additional loss in the core and the winding
of the shunt inductor. Moreover, due to introduction of shunt
inductor, the secondary-side bridge rms current increases and at
higher power in the range of 550-1350 W, where we can get
ZN'S without the help of shunt inductance, the efficiency goes
down compared to the existing modulation techniques.

Fig. 21 compares analytically estimated and experimental
secondary bridge rms currents without and with L;. The esti-
mated conduction losses, both in absolute terms (W) and as a
percentage of operating power, are plotted in Figs. 22 and 23,
respectively, for the above cases. The ON-state resistance used
for estimating the conduction losses is 80 mf2, which matches
that of the device (SCH2080KE) used in the experiment. The
estimated increment of conduction loss due to the introduction
of shunt inductance is limited to 0.2% of the operating power

throughout the operating range. It is worth noting that the dom-
inant component of loss due to which our efficiency goes down
at high power comes from core and copper losses of the external
shunt inductor, which is approximately 5.5 W when a square
wave voltage of 300 V gets applied across it. This is exactly the
scenario at high-power conditions when the pole-to-pole voltage
of the secondary-side bridge (v.q) becomes a square wave.
The loss due to the external shunt inductor can be reduced by
realizing the shunt inductor through the magnetizing inductance
of the transformer. Even with the external shunt inductor, the
degradation in efficiency at higher power is comparatively small
(0.19% — 1%) relative to the operating power.

Table V summarizes the ZVS feasibility and efficiency of
the proposed approach in comparison with existing strategies
at two different power levels—namely, minimum (200 W) and
maximum (1350 W) operating powers. From the comparison, it
can be observed that at 200 W, the proposed technique achieves
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TABLE V
COMPARISON OF ZVS FEASIBILITY AND EFFICIENCY

P = 200W P = 1350W
ZVS ZVS lost Efficiency | ZVS | ZVS lost | Efficiency
Sl ) 527 53,
[19], [20] S7, g S S S 87.8% All - 92.05%
51,82, 53,
[21] S Ss, S6 90.4% All - 92.05%
51,52, 53,
[22] A Ss, S6 89.2% All - 91.8%
Proposed All - 97% - 91.86%
¥ M—without I, (Analytical) ‘ . ! M—without L; (Analytical) 1

8- —with L; (Analytical)
« without L (Experimental)
o with L;, (Experimental)

Secondary Bridge RMS Current (A)

I J
1200 1400

600

800
Output Power (W)

1000

Fig. 22.  Conduction loss versus power before and after the introduction of
shunt inductance.

an efficiency improvement of approximately 7% — 9% over the
existing modulation strategies. In contrast, at 1350 W, there is
a marginal efficiency reduction of 0.19% compared to the exist-
ing strategies. This characteristic makes the proposed method
particularly attractive for applications, such as EV charging,
where the converter typically operates at low power for extended
durations and only reaches high-power operation for a short pe-
riod. Enhancing efficiency in the low-power region significantly
improves overall energy efficiency in such scenarios.

C. Dynamic Response of DAB

As itis well known in the literature [30] that the steady-state
equation of [y holds good even during the transients, DAB can
be modeled as a current source feeding an RC load

nV,
2nf L’

Iy :jo(dpvdsaa) X (TLI{,) :jo(dpvdsvé) X

Hence, the transfer function from the average output current (/o)
to the output voltage (V) is a large signal one as given in the
following:

_Vils) R
 Io(s)  14+sC,R

In this case, the controller can be designed to produce a
current reference, which will be converted to TPS modulation
parameters based on the modulation strategy employed. The
implemented TPS modulation parameters will generate a certain
average output current. The transfer function from the current
reference to the actual average output current can be considered
as unity. Hence, the loop gain is a multiplication of controller
C'(s) and plant transfer function P(s). A PI-controller will be

P(s)

—with L, (Analytical)
0.8 |« without L; (Experimental) 1
« with L; (Experimental) B

Conduction Loss percentage %

L
1200

400 600 800

Output Power (W)

1000 1400

Fig.23.  Conduction loss % versus power before and after the introduction of
shunt inductance.

sufficient since the plant is first order. The parameters of the
plantare: R = 1802 and C, = 10 uF. The specifications of the
PI controller are as follows: bandwidth = 100 Hz and phase
margin = 90°. With these specifications, a PI controller is
designed for the DAB with the following controller parameters:
K, =0.00628 and K7 = 3.5.

Dynamic response waveforms corresponding to a step change
in reference from 250 to 300 V and 300 to 250 V are shown in
Figs. 24 and 25, respectively. From the waveforms, it is evident
that the closed-loop controller successfully tracks the changes
in the reference voltage. Also, dynamic response waveforms
corresponding to a step change in load from 300 to 450 W and
450 to 300 W are shown in Figs. 26 and 27, respectively. The
reference voltage is fixed at 250 V in these cases, and the output
voltage continues to track the reference after the step change in
load.

VI. CONCLUSION

This article analytically derives all possible pairs of nonzero
magnitude ZVS transition currents—one for the primary H-
bridge and one for the secondary H-bridge—that a TPS-
modulated DAB converter can achieve under any operating
condition. The derivation is independent of specific modulation
techniques, providing a comprehensive set of current pairs to
consider when designing optimal modulation strategies and
system design. The analysis identifies three operating modes
(Zones) for a given power flow direction, each satisfying the
direction-based ZVS constraint. Closed-form expressions for the
boundaries of these regions are presented, defining the ranges
within which the ZVS transition requirements for nonzero
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current magnitudes are met. When the required ZVS current
magnitude pair falls outside these regions, this article classifies
five cases based on the relative position of the required current
pair with respect to the ZVS boundaries. Out of five, it is possible
to achieve ZVS in all devices only in one case; for the remaining
four cases where it is fundamentally not possible to achieve ZVS
in all devices through modulation, a design method is proposed
to determine shunt inductances that enable ZVS transitions in all
devices of both H-bridges, ensuring minimal additional current
stress. The proposed analytical ZVS boundaries and the shunt
inductance-based design procedure are experimentally validated
using a laboratory-scale DAB prototype.

APPENDIX A
DERIVATION OF ZVS BOUNDARIES OF ZONE-1

Observe that there are two ZVS-related inequality constraints
corresponding to both primary and secondary transitions. The
inequality constraints corresponding to the two primary transi-
tions, namely, j;1 < —Jp.vs and jro > Jp,ys, give the same con-
dition, which can be verified from the expressions of j1,1 and jro
provided in Table I. Therefore, considering one of them is
sufficient. Moreover, if § > 0

2 SW' 2 SW‘
(1= m)dy — 6+ 203 < (1 = m)d, + 6 4 2o
m ™
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Hence, satisfying jr4 < —J5 will also meet the requirement
of jr3 > Jone (cf., Table I). Therefore, two ZVS constraints,
instead of four, must be considered for Zone-1 operation. One
can substitute § = iif from the equality constraint of j,, as
given in Table I, in all the inequality constraints of (4), (5), and
(9a) to express them as function of two variables, viz., d;, and
ds, and parameterized with respect to m, jo, Jp\, and Jg .
With the above substitution, all the inequality constraints for
Zone-1 operation are tabulated in the first row of Table II, which
are also labeled as 1A—1E. For a given (m, j,) pair, the regions
satisfied by these five inequality constraints in the 2-D d, — d;
plane are indicated by the arrow marks in Fig. 5. The shaded part
in Fig. 5(a) is the region where all five inequality constraints are
satisfied. As 0 < d,,, ds < 1, the plot is restricted within the unit
square with OG =1 = OH.

Note that GB, GF, and GF are functions of j, and indepen-
dent of (Jpzvs; Joavs). With jo, < j L, the following relation also

holds true

290 1 o
aB=Hy<ge =L 1o 1%
T 2 T

1 890

<GF =- 1+ 1-Y

2 T
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The geometric lengths of GD and G K, which are functions of
Jszvs and Jp,ys, Tespectively, are given as follows:

I 2jom(m — 1)
GD=—"ms 1y qq T
Am-1) TR
L 2
GK = — = 1)
m

It can also be shown that GD > GE and GK < GF are always
true for Jyy, J5)s > 0. For a given (m, j,) pair, if both J3 ¢
and J3) ¢ are increased from their minimum possible values of
0, the length of G B, GFE, and G'F remain unchanged as they are
independent of J3;., and J3j\ .. However, as Jgj increases, G D
increases. On the contrary, G K decreases with the increment of
Joms- Therefore, there exists a pair of (Jp)\, J5y) for which
G D becomes equal to GK, as shown in Fig. 5(b). The feasible
region of Fig. 5(a) is reduced to a single point in Fig. 5(b). Further
increment in any of J37 c and J3\ ¢ will resultin no feasible point
of operation. Therefore, GD < GK condition must be met for
the feasible region to exist. Substituting GD and GK from (21),
the feasible set of (J;., J5) pairs for a given (m, j,) pair is
shown by the shaded region of Fig. 5(c) in the Jp,ys — Jozvs
plane. Equation (10) corresponds to the condition GD = GK

and represented by curve PQ in Fig. 5(c).

APPENDIX B
DERIVATION OF ZVS BOUNDARIES OF ZONE-2

Similar to Zone-1 in Zone-2, two ZVS-related inequality
constraints correspond to the primary and secondary sides each.
Note that two ZV S-related inequality constraints corresponding
to secondary transition, viz., jr3 > Jezyvs and jrg < —Jgzys are
same, which can be easily verified from the expressions of jr 3
and jr4 from Table I. Moreover, for § > 0

(m —1)dp +md + Jpps > (m — 1)dy — md + Jpyvs.

Hence, if jp1 < —Jp,s is satisfied, then jpo > Jpus will au-
tomatically be satisfied. Therefore, it is sufficient to consider
two ZVS-related inequality constraints, viz., jr1 < —Jp,s and
713 = Jszvs, instead of four.
One can substitute 6 = % from the power equation of
Zone-2, as given in Table I, in all the inequality constraints
of (4), (5), and (9b) to express them as a function d, and d,
and parameterized with respect to m and j,. All the inequality
constraints corresponding to Zone-2 are tabulated in the sec-
ond row of Table II, labeled as 2A-2E and plotted in Fig. 6.
GB,GE, and GF are independent of .J,,,ys and J,ys and func-

tions of j,. For 0 < j, < j 512, the following relation holds true:

270 1 o
aB(=2oy<gp =L 1o Y
™ 2 ™

1 8Jo

<GF =-(1 11— =

<oF =30+ 1-
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GK and G'D are functions of Jg,s and Jp,ys, respectively, as
given in the following:

GK: m_2JSZVS
v
z 2mjom(1l —
oD = —Jws | Zmier(l —m) 22)
ﬂ(l_m) Jp21vs

For Jy,uvs, Jozvs > 0, GD > GE and GK < GF. Fig. 6(a) indi-
cates theregion in the 2-D d, — d plane, where all the inequality
constraints of (4), (5), and (8) are satisfied. In Fig. 6(b), the
feasible region of Fig. 6(a) shrinks to a point. Following the same
procedure as Zone-1, the feasible set of (Jp,ys, Jszvs ) pairs can be
found by substituting GD and GK from (22) to the constraint
GD < GK, since this is the condition that has to meet for the
feasible region to exist. The condition GD = GK is given by
(11), and the same is indicated by curve P(Q) in Fig. 6(c).

APPENDIX C
DERIVATION OF ZVS BOUNDARIES OF ZONE-5

Similar to Zone-1 and Zone-2, in Zone-5 also, two ZVS-
related inequality constraints correspond to primary and sec-
ondary transitions each. The constraints corresponding to the
two primary ZVS-related inequality constraints are provided in
the following, which can be verified using the expressions of
jrz1 and jro from Table I:

Jr1 < —Jp,

pzvs

2
=2m—(m—1)d, —md+ —=J 0 <0
T

JZA

2
Jra > I = (m —1)d, —mé + =T < 0.
T

pZVS pzZVS

Moreover

JSW

2m — (m — 1)d, —mé + = J5

2 — (om =14,

—md + %J;‘Z”VS =2m(1 —dp) > 0,since0 < d, < 1.
Hence, if jr1 < —Jp,s 18 satisfied, then jro > Jp,y Will auto-
matically be satisfied. Similarly, the constraints corresponding
to the two secondary ZVS-related inequality constraints are
provided in the following, which can be verified using the
expressions of jrs and jr4 from Table I:

2
Jr3 = Jogys = —0 — (m — 1)d, + ;ngvs <0
2
jL4 S _Jz\zxi;s =2 - 0 — (m + 1)d5 + 7J;;VVS S 0.
s
Moreover

SW
2‘]SZVS

™

26— (m+1)d, + — (=6 — (m — 1)d,

L 203
s

=2(1—ds) > 0,since0 < dg < 1.

Hence, if jr4 < —J5n is satisfied, then jrz > Jiv will au-

tomatically be satisfied. That is why it is sufficient to consider
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Fig. 28.  (a) Jpsvs < Ipks and Jsyys < IE% with all the inequalities indicated (b) Jpovs < I5hs

Jspvs < nglvs—Feasible region. (d) Jpzys > nglvs and Jszys < nglvs—Feasible region. (€) Jpzys > nglvs and Jszys < nglvs—Feasible point.

and Jszys < JQZlVS—Feasible region. (¢) Jpzys = nglvs and

J (1,1) J G(1,1)

feasible region

ds
N 5D
(0,1)
5E G
b
(1,1)
A
E
SE
5D L
0 c M _d,
(0,0) (1,0)
() (d) (e)
Fig. 29.  (a) Jpss < IB%s and Jsyys < IBL with all the inequalities indicated (b) Jp,vs < I5hs and Js,ys < I8k —Feasible region. (¢) Jpus < I5h and
Jsavs = nglvs—Feasible region. (d) Jpzys < nglvs and Jg,ys = nglvs—Feasible region. (€) Jpzvs < nglvs and Jg,ys = nglvs—Feasible point.
two ZVS-related inequality constraints, viz., jp1 < —Jp;,, and o (dy — 217?1)2 (dy — 1)2
. SW . szprl . 1 > 1
Jra < —J., instead of four. P o z =
From Table I, § can be replaced in terms of d, and d s, with j,, as (27{ - E) (ﬂ —c)
a parameter and substituted back in all the inequality constraints 275,
of (4), (5), and (9¢), as provided in the third row of Table II, d, > (m + 7T )
which are labeled as SA—5SE and are plotted in the 2-D d,, — d (m+1)

plane, as shown in Figs. 28(a) and 29(a) form > land m < 1
cases, respectively. All the constraints derived from ZBC and

ZVS constraints of SC-5E are provided as follows: ZVS™: b2 b3 o =1
Za; — ©2 243 a2
2j0 ,
ZBC:d +d2 —2d, — 2d, + dpds + 1+ =20 1+ 2
dy+ds > 1 TTo(m+1)
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Fig. 30.  Feasible region in (Jpsys, Jszvs) plane (a) m > 1 and (b) m < 1.
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Fig. 31. (a) S1 — Sy transition generalized case. (b) Behavioral model of
switch with package parasitics.

where
2 1
@m= 2+—+—
mo m
1 2Js‘z)vvs
bh=2 1+— 1+ 41
m mm
QQIS;QQ 2 4:.0
¢ = 1+L *Jo
mm 7T'
ay = (m? +2m + 2)
2{]SW
by =2 (14+m) 1+ —2° +1
T
2%, 2 4
cy = 1+ﬂ _|_£.
m m

For ¢ to be real and to satisfy DRC related constraint on
§(viz0 < § <1), (dp,ds) pair should lie inside a circle in

1 — 4o

whose equation is given by 5B in Table I and indicated by curve
KL in Figs. 28(a) and 29(a). Observe that each of the inequality
constraints given by SC-5E represents an area in a dimensional
d, — ds plane, which are intersections of two regions. For 5C,
it is the exterior of ellipse UV and opposite to the origin side
of line M N. The exterior of the ellipse H I.J and the right-hand
side of C'D satisfy 5D. Similarly, the exterior of ellipse EFG
and the upper side of the line AB satisfy 5E. Observe that,

d, — ds plane having a center at (1,1) and radius of
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all the inequality constraints except 5D and 5E (cf., Table II)
are independent of J** = and Jg .. Here, 5D is a function of

pzZVs SZVS*
Jpwes and for a fixed Jg, with increment in J;., the ellipse

SZVS pzvs’

H1IJ and straight line C'D move toward the right. Similarly,

5E is a function of J3 and for a fixed J}, with increment

in J3\, ellipse EFG and line AB move upward. If Jp7 is
increased keeping Jg¢ fixed, then at some J7 = J;,’Zlvs, the

coordinates of J become (1,1). Similarly, if J) is increased
keeping Jpy. fixed, then at some Jgj = J b1 ., the coordinates
of G become (1,1). The expressions for J%). and JU.  can be
found by solving NJ =1 and MG = 1, respectively [refer to
Figs. 28(a) and 29(a)], and their expressions are provided in
(12c) and (12d), respectively. In Fig. 28(a), all the inequalities are
shown, and the intersection of all these inequalities determines
the feasible region, which makes it difficult to follow. To simplify
Fig. 28(a), only the active inequalities that are taking part in
deciding the feasible region are enlarged in Fig. 28(b) for better
clarity. The same exercise is done for Fig. 29(a). Note that
Fig. 28(a)—(e) are applicable for m > 1 case and Fig. 29(a)—(e)
are applicable for m < 1 case. Each case is discussed in detail
in the following.

1) m > 1: Fig. 29(b) is valid for J33 & < nglvs
SO BT = JbL and J5, < JEL, then all possible dy, ds
pairs that satisfy the inequality constraints of SA—5E would lie in
the shaded part of Fig. 28(c). If /7. > nglvs and J&¥ < JOL
then the feasible region in Fig. 28(c) will shrink to Fig. 28(d).
Fig. 28(e) indicates the limiting case when the feasible region in
Fig. 28(d) reduces to a point. This implies 5D=5E and d), = 1.
By solving them, we get an inequality constraint in terms of
o and JGo with m and j, as parameters, given by (12a).
In the case of m > 1, for all possible j, in Zone-5, it can be
proved that MG < 1 (at J&, = JbL, MG = 1). Hence, the
maximum .Jg,s that can be achieved for m > 1 case is Jsbzlvs.
For Jg,ys > szlvs, there is no feasible point that can satisfy
the inequality constraints of SA—5E. Hence, the shaded part
of Fig. 30(a) indicates all possible values of Jp,s and J,s for
which all the inequality constraints, including magnitude-based
ZVS constraint, will be satisfied for a given m and j, pair in
Zone-5 satisfying m > 1.

2)m < 1:Similartom > 1case, Fig. 29(b) is valid for J 7 ¢ <
J;gzlvs’ J;;VVS < nglvs' If J;)‘ZVVS < ng))zlvs and ‘];\Zhi/s = J.gzlvs’ then all
the possible d,, ds pairs that satisfy the inequality constraints
of SA-5SE would lie in the shaded part of Fig. 29(c). If J35, <
JhL, and Jin > JU. . then the feasible region in Fig. 29(c)
will shrink to Fig. 29(d). Fig. 29(e) indicates the limiting case
when the feasible region of Fig. 29(d) reduces to a point. Under
this condition, NG = NJ and d, = 1. In the case of m < 1,
for all possible j, in Zone-5, it can be proved that NJ < 1
(at 5% = Jbne, NJ = 1). This implies for J5% > JbL . there
is no dy,, d, pair that can satisfy all the inequality constraints
of Table II. Hence, the shaded part of Fig. 30(b) indicates the
all possible values of Jp,ys and J,s pairs for any m, j, pair in
Zone-5 satisfying m < 1.

: b1
The expressions of .J,,;

and JY <

SZVS

and J/2,, are provided in (12c), and
the same for JYL ; and JY2

s o= are provided in (12d). The condition
for an (m, j,) pair to lie in Zone-5 can be found by putting
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Fig. 32.  Simulation waveforms during S1 — Sp transition. (a) Vgs(S1) and Vgs(S2). (b) Vgs(S1) and vgs(S2). (¢) iL.
direction-based ZVS criteria (/5 = J5) = 0) in (12a) and DAB design parameters: n =0.8,L = 343 pH, and

(12b) form > 1and m < 1 cases, respectively. This tells us that,

to satisfy the ZVS constraints of (9) in Zone-5, jZ} % <
M<jo<§form<1

2 m?2
Jo < X for m>1 and jZ}
(cf., Table III) [7].

APPENDIX D
FINDING ZVS CURRENT REQUIREMENT OF THE SWITCHES
USING LTSPICE

In a complete switching cycle, four switching actions occur in
the primary, and the same is true for the secondary. Since the in-
ductor current waveform is half-wave symmetric, it is sufficient
to consider switching transitions occurring only in one-half of
the switching cycle. In every half cycle, two switching transitions
occur in the primary and two in the secondary. The following sec-
tion discusses the analysis of a generalized case corresponding to
the primary transition from S to Sz (6 = 6,2). The circuit dur-
ing the switching transition is shown in Fig. 31(a). The current
flowing out of the switching node is the same as the inductor cur-
rent (i7,). During the transition, depending upon the switching
state of S5 and Sy, P has to be connected to either T or 1. nv.q
is the reflected voltage of the secondary H-bridge, which can take
values {nVs, —nVs, 0} depending upon the switching states of
S5—Ss.

The behavioral model of MOSFET with layout and package
parasitics is explicitly shown in Fig. 31(b). In this model, MOSFET
is modeled as a three-terminal device. There are three nonlinear
voltage-dependent capacitors [Clys, Cya(vay), and Cys(vas)].
and lead inductances are Ly and Lg. In Fig. 31(a), dc-bus in-
ductance is Lgc, and the external gate resistance is I?,. Note
that, ZVS current requirement of a leg depends on these non-
linear device capacitors (Cys, Cyq, and Cys), lead inductors
(Lg and L), de-bus inductance (Lqc ), and gate resistance (R).
It also depends on DAB design parameters, such as a series
inductor and the chosen dead time of that particular leg. Since in-
corporating parasitic components analytically can significantly
complicate the analysis, this article proposes using SPICE sim-
ulations to determine the ZVS current requirements for the
selected primary- and secondary-side devices. Following is an
example of an LTSpice simulation of one of the primary legs
(S1 — Sy transition) with the following design and operating
parameters.

fs = 50kHz, and DAB operating parameters: V,, = 200V,
V=300V, P=356W, Th" = 80ns, and T35° = 180ns.
The part numbers of the primary- and secondary-side devices
are SCT3060AL and SCH2080KE, respectively. The SPICE
model of the primary-side device downloaded from the official
website of ROHM incorporates package parasitics, as shown in
Fig.31(b), with L; = Oand L, = 6.5 nH. The dc-bus inductance
(Lqc) and gate resistance (R, ) used in the simulation are 10 nH
and 4.7 2, respectively.

Corresponding to the design and operating parameters above,
the operating Zone can be found as Zone-1. From the rep-
resentative waveforms of Zone-1 in Fig. 4(a), the switching
states at 6 = 65 (S7 — Sy transition) can be determined as
S3, S5, S7 — OFF; Sy, S5, S7 — ON. Considering the switching
states in the equivalent circuit of Fig. 31(a), P has to be con-
nected to 75 and nv.q = 0, which is simulated in LTSpice. The
corresponding LTSpice simulation results are shown in Fig. 32.
The initial current of the series inductor is varied to determine
the minimum current at which the charging and discharging pro-
cesses of Cygs of the switches is completed within the specified
dead-time of 80 ns. Let us call this current as I, (6,2). From
the simulation, this number was found to be 1.2 A, which can
be converted to p.u. using the following formula:

W IS\ZVVS(GPQ)
J;ZVS(QPQ) = pT
Izs)\;vs(aiﬂ) X 27TfSL
B Vo
= 0.065.

Similarly, the equivalent circuit of Fig. 31(a) can be simulated
for S5 — S, primary transition (¢ = 6,,;). Following the above
procedure, one can find out the minimum current J3 (6,1)
for the specified dead-time. The minimum magnitude of ZVS
current can be found as J3y o = max (S5 (0p1), Sy (0p2))-

Since, in this case, both the primary transitions are identical,
as it is evident from the representative waveform of Fig. 4(a),
the minimum ZVS currents for the transitions at 6, and 6,
are the same. Hence, /3. (0,1) = 0.065. In the above example,
s = max(0.065,0.065) = 0.065. Following the same pro-
cedure for the secondary bridge transition, J3},, can be found
as 0.1.
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