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Abstract—The letter presents an approach to develop an exact,
unified model of zero voltage switching (ZVS) regions and AC
current (peak and RMS) in dual active bridge (DAB) type DC-DC
converters for all its operating modes and modulation strategies.
It is executed for a single phase system, where the method is used
to compute closed form expressions of AC current at switching
instants. Then, exact formulae of ZVS regions for all devices,
and system peak and RMS currents are derived. Simulation and
hardware results are reported to validate the proposed approach.

Index Terms—Bidirectional dc-dc¢ converter, modeling, dual
active bridge, DAB, zero voltage switching, ZVS boundaries, soft
switching, AC current, peak current, RMS current.

I. INTRODUCTION

HE dual active bridge (DAB) type converters are a
class of bidirectional isolated DC-DC systems introduced
in [1], [2]. This class of converter systems is popular for
high power applications such as electric vehicle charging [3].
Its single phase form, shown in Fig. la, comprises of two
full-bridge converter circuits generating square or quasi-square
wave AC voltages across a transformer-inductor arrangement.
The operation of DAB converter is characterized by the
duty-ratios (dy,ds) of the square or quasi-square wave AC
voltages and the phase-shift (¢) between them, as defined in
Fig. 1b. The simplest operating mode is single phase-shift
(SPS) modulation, where the AC voltages are square-wave
in nature. Advanced modulation schemes, including extended
(EPS), double (DPS) and triple phase-shift (TPS), generate
quasi square-wave voltages at either or both AC ports [4].

A key advantage of using DAB converters is its soft
switched turn-on capability for all its semiconductor devices
[2]. It eliminates the turn-on losses and improves efficiency.
However, the ideal operating range where ZVS turn-on may
be achieved is limited by system parameters and its operating
conditions [2]. It is, therefore, essential to understand the
boundaries of the region where ZVS turn-on is maintained.

Several papers report the analytic models describing the
ZVS boundaries and AC-port currents of a DAB converter
operating in simple phase-shift modulation [2] and its more
complex modes [5], [6]. Most papers are limited to a specific
modulation strategy and restricted operating range [5]. In
others, multiple sub-modes are identified resulting in disjointed
and mode-dependent description of ZVS regions [6]. Some
papers [7] present unified models in form of infinite series,
thereby requiring a trade-off between accuracy and complexity.

In the letter, an approach is developed for an exact, unified
model identifying ZVS regions, peak and RMS current in DAB
type DC-DC converters for any operating mode or modulation
strategy. These are derived from switching instant currents
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Fig. 1: (a) Circuit topology of a single-phase DAB converter,
(b) timing diagram of the converter characterized by ¢, d1, ds.

that are modeled based on the principle of superposition. The
method is realized for a single-phase system.

II. BASIS OF PROPOSED APPROACH

The superposition principle is the basis of state space
averaged modeling of power electronic converters [8]. Its
variant has been employed for modeling of DAB converter
across its operating modes and modulation strategies in [4].
However, it is a reduced-order model and, therefore, cannot
describe ZVS boundaries or AC-port currents of the converter.

In DAB converter, the square or quasi-square wave AC
voltage waveform is generated by appropriate switching
of its four constituent half-bridge legs (Q1,Q2,Qs3,Q4).
These legs generate full square-wave AC voltage signals,
{Vo,,Vg,, Vo, Vo, }, which are phase-shifted from one
another by appropriate angles, as shown in Fig. 1b and
summarized in Table I. A factor of 1/2 appears in the voltages
as these are referred to the respective capacitor midpoint. A
schematic of the converter AC-port in terms of four AC voltage
sources and their respective phase-shift angles is illustrated in
Fig. 2. The variables A, B, C, D are defined in (1) using Fig.
1b.
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Fig. 2: Model of DAB converter to compute currents (I, , —Io, ) through {Q1, Q1 } at their turn-on (referred to secondary-side).

TABLE I: Voltage signals generated by Q1, Q2, Q3, Q4.

Per-unitized ac voltages and inductor current
T

Voltage Phase-shift /Iy [\'nllngv at inductor lurmlu(x‘l l] [Inducmr (',urm;u]
signals with respect to £1 fH
t=0 Vo, Va, Vo, Va, EU .\\
Vou A 0 A—B A—C A—(D—m
Vo2 B B-A 0 (B—m)—-C B-D 7[/; (Voltage at inductor terminal 2)
Vos C C—A C—(B-m) 0 C—-D 0 TE T, 3T,
Vo D (D—m)—A D-B D-C 0 Fig. 3: Typical waveform for sub-circuits in Fig. 2.

The circuit in Fig. 2 can be analyzed in multiple ways using
the principle of superposition. Consider two voltage sources
(nVin/2, V,/2) with other sources shorted. If + is an arbitrary
phase-shift angle between them, {I,, I,,} are inductor current
magnitudes at the rising edges of those sources (Fig. 3).

1nV;,
L= (r— M- (x—2]y))
1nVin
1, =+ (M (x —21u) @)
Vo
h M =
where, 7

III. AC PORT MODEL

Without loss of generality, the half-bridge leg ()1 formed
by complementary switches, {Q1, @1}, assumes the role of
reference phase with respect to which the phase-shift angles
of voltages generated by other half-legs (Q2,Qs3,Q4) are
described in Table I. In effect, the converter operation is
decomposed into three circuits formed by {Q1, @2}, {Q1,Q3}
and {Q1,Q4}, referred to the secondary side. Each circuit
comprises of two square-wave AC voltages separated by a
phase-shift angle (Table I). The equivalent sub-circuits are
shown in Fig. 2. A factor of 1/3 appears in Vp,, as it is
distributed among the sub-circuits. In each sub-circuit, the
current at the rising edge of Vy, — referred to secondary-side
of the transformer — is expressed in (3), derived using (2).

Im,Q17Q2 = 7372/2” (g - [71— - Q‘B - AH)

Lava=—jom(5-M fr-2c-4)) O
1nVin

Ioc,Ql,Q4 = _inwL (g - M- [W_2|D_7T_A|])

Half-leg (), is the common reference. Therefore, the currents
in (3) are simply added to obtain total transformer current
— referred to its secondary-side — at the turn-on instant of
Q1. Its magnitude is in direct correlation to whether the
complementary switches {Q1,Q;} turn-on with zero voltage.

1o, = (101G + 10.01.05 + 12.01.04) ©))

In a similar approach, the AC-port or transformer current at the
turn-on instants of other semiconductor devices are explicitly
calculated and summarized in Table II.

A. Determination of ZVS Regions and Boundaries

In ideal conditions, the semiconductor device turns-on at
zero voltage when the current flows through its anti-parallel
diode before commuting to the device. An example is
illustrated in Fig. 4. In Fig. 4a, I, <0, I, > 0O; therefore,
primary-side devices are soft-switched. Similarly in Fig. 4b,
Ig, > 0, Ig, < 0 and thus, secondary-side devices turn-on
at zero voltage. The hard switched turn-on of semiconductor
devices is accompanied by losses, and ringing in the voltage
waveform; it appears due to sudden discharge of the output
parasitic capacitance of the device. The ZVS regions and
boundaries may, therefore, be calculated using (5).

IQ17]Q4 <0; IQzaIQs >0 &)

The exact solution to the boundaries of ZVS regions for
each converter leg is expressed in (6). The ZVS regions and
boundaries are illustrated for SPS (Fig. 5a), EPS/DPS (Fig.
5b, Fig. 5c¢) and TPS (Fig. 5d) modulation strategies.

TABLE II: AC-port or transformer current at turn-on instants
of Q1,Q2,Q3,Q4, referred to its secondary-side.

Current Expressions <K = %"Xi”)
Io, +K~[M(W—|C—A|—|D—7r—A|)—|B—A\]
Io, fK-[M<7r7|DfB\f|C’fB+7r\)f\BfA|]
I, fK-[w7|CfA\f\CfB+7r|7M|DfC\]
Io, +K~[7r—|D—B|—|D—7r—A\—M|D—C\]
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Fig. 4: Experimental results demonstrating ZVS turn-on on (a) primary-side and (b) secondary-side semiconductor devices.
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Fig. 5: ZVS regions and boundaries for (a) phase-shift modulation, (b) duty-ratio modulation for primary-side bridge, (c)
secondary-side bridge and (d) for both bridges. Shaded region indicates soft-switched turn-on for all semiconductor devices.
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B. Calculation of RMS and peak AC current

The AC current waveform of a DAB converter is of
half-wave symmetric, piece-wise linear nature, i.e. its average
and RMS currents can be calculated if the vertices of each
piece-wise linear element in one-half cycle are known.

e Consider currents Ig,,Iqg,,1q,,Ig, as expressed in
Table II.

o Consider a half-cycle from the minimum of angles,
A, B,C, D; identify the switching events. If the angle
is within 180° of minimum, the corresponding high-side
device turns-on at {g, with current Ig_; else, it turns-off
at th with 71@17.

LT, if 6§ <min(4,B,C,D)+m

rT,, if 6 >min(4,B,C,D)+m

vV e {A,B,C,D} and V z € {1,2,3,4}

« Sort the switching events in chronological order to find

vertices of piece-wise linear waveform of AC current:
{Itl oA, It3a1t4} € {:l:IQl ) iIQQ? iIst :tIQ4} at
{tlv ta, 13, t4} € {th 1 1Qas tQs tQ4}

o Compute RMS value of each piece-wise linear element,

as in (9). Compute the total RMS current, as in (10).

Q. 7

®)

tk+1 — Tk
T,
= _Itl 5 t5 = tl + 05T3

2
IRMS,k‘ = \/3 (ItQk+1 + It2k, + Itk+1'[tk>
V ke {1,234} I,

9

4 1/2
IRMS,pri =n- IRMS,SCC =n- (Z Il%MS,k) (10)
k=1

Similarly, as the vertices of each piece-wise linear element
in the half-cycle are known, the peak current flowing through
the transformer and semiconductor devices may simply be
expressed as in (11).

kaapﬁ =n: ka,SCC = n-max (‘IQ1 |7 |IQ2|’ |IQ3|’ |IQ4|) (11)

IV. EXPERIMENTS AND RESULTS

The experiments are conducted on a hardware prototype,
parameters of which are listed in Table III. The transformer
turns-ratio, n, is unity. The AC-port current at the turn-on
instants of semiconductor devices (Ig,,lq,,Iq,,Ig,) for
forward and reverse power transfer are illustrated in Fig. 6
and Fig. 7, respectively. One of the three control variables,
{¢,d1,da}, are varied while the other two remain constant.
The simulation and experimental results are in agreement with
those extracted from the model. The AC-port or transformer
RMS current model, (7)-(10), is similarly validated for
forward and reverse power transfer in Fig. 8.

TABLE III: System parameters.

Parameter ‘ Variable ‘ Value
Input DC voltage Vi 200 V
Switching frequency fs 50 kHz
Power transfer inductance L 67 uH
Output capacitance C 450 uF
Output load resistance R 50 Q2
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Fig. 6: Forward power transfer: Comparison of simulation and experimental results with the model for currents at switching
instants with (a) phase-shift angle, ¢, (b) duty-ratio of primary side bridge, d;, and (c) that of secondary side bridge, ds.
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Fig. 8: Comparison of simulation and experimental results with
the model for secondary-side RMS current (Jrms sec)-

V. DISCUSSION

The exact, unified, closed-form solution of ZVS boundaries
for a single-phase DAB converter in any operating mode and
modulation strategy is derived in (6). It is evident that ZVS
regions are dependent only on the voltage gain, M, and the
respective phase-shift angles (A, B, C, D) of four constituent
half-bridge legs (Q1, Q2, @3, Q4).

In general, there are four points of intersection between
the ZVS boundaries of primary and secondary side converter
legs, listed in (12). The gain-axis coordinate, M, of these
points is the ratio dy /ds [7] as observed in Fig. 5. The x-axis
coordinates, ¢, are computed by substituting M in (6) by

experimental results with the model for currents at switching
side bridge, di, and (c) that of secondary side bridge, ds.

dy/ds, and solving the boundary condition.

(iﬂ'(dl —dg),%)
(:l:']r(]._dl_dQ),%)

The ZVS boundaries of {Qi,Q2} intersect with those
of {Q3,Q4} at single points. These points may coincide
one-another when either or both of d; or ds are 1/2. Contrarily,
the boundaries exhibit discontinuity between intersecting
points when either d; or dy diverge from 1/2 (Figs. 5b-5d);
although practically, there is a boundary between those points,
shown by the black, dotted line.

The exact, unified model of AC-port current at switching
instants (Table II), its peak (11) and RMS values (7)—(10) may
be used to compute current ratings of semiconductors and DC
link capacitor (Irms pri-sw, JRMS,sec-sw» IRMs,c)- It may be used
to estimate switching and conduction losses in the converter.
It may also be used for design optimization encompassing all
modes of DAB converter, which is out of scope of the letter.

1 1
%IRMs,pri 3 IRMS sec-sw = EIRMS,sec

12)

(¢, M)

IrMS pricsw =
(13)
Irms.c = IgMS’SeC — 12 ; where, I, =V, /R

VI. CONCLUSIONS

The letter proposes an approach, based on principle of
superposition, to develop an exact model of ZVS boundaries
and AC current in DAB type converters for all its operating
modes and modulation strategies. Closed-form expressions
of AC-port current at switching instants, its peak and RMS
values are derived. The ZVS boundary conditions are obtained
to recognize the operating regions where soft-switching is
maintained. Simulation and experimental results are presented;
they are in agreement with those extracted from the model.
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