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Abstract—A switching control strategy to enable Zero-Voltage-
Switching (ZVS) over the entire input-voltage interval and the
full power range of a single-stage Dual Active Bridge (DAB)
AC/DC converter is proposed. The converter topology consists
of a DAB DC/DC converter, receiving a rectified AC line voltage
via a synchronous rectifier. The DAB comprises primary and
secondary side full bridges, linked by a high-frequency isolation
transformer and inductor. Using conventional control strategies,
the soft-switching boundary conditions are exceeded at the higher
voltage conversion ratios of the AC input interval. Recently
we presented a novel pulse-width-modulation strategy to fully
eliminate these boundaries, using a half bridge - full bridge DAB
configuration. In this papers the analysis is extended towards a
full bridge - full bridge DAB setup, providing more flexibility to
minimize the component RMS currents and allowing increased
performance (in terms of efficiency and volume). Experimental
results are given to validate the theoretical analysis and practical
feasibility of the proposed strategy.

Index Terms—AC/DC converter, bidirectional, Dual Active
Bridge, DAB, isolated, soft-switching, switching control strategy,
Zero Voltage Switching, ZVS

I. INTRODUCTION

Utility interfaced isolated AC/DC converters cover a wide
range of applications such as power supplies in telecommu-
nication and data centers [1]-[3], plug-in hybrid electrical
vehicles (PHEVs) and battery electric vehicles (BEVs) [4],
[5]. Bidirectional functionality is increasingly required since
the traditional electricity grid is evolving from a rather passive
to a smart interactive service network (customers/operators)
where the traditional central control philosophy is shifting
towards a more distributed control paradigm and where the
energy systems play an active role in providing different types
of support to the grid [5], [6]. In this area of grid-interfaced
systems, Dual Active Bridge (DAB) converters seem to be a
favorable choice for complying with future system require-
ments [7], [8]. The biggest advantage of the DAB topologies
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is that the AC/DC energy conversions can take place in a
single conversion stage, producing high quality waveforms and
complying with future regulations on low and high frequency
distortions of the mains AC power lines without the need for
increasing the size and reactance value of the passive filter
elements and for a separate front-end power factor correcting
converter [7], [8]. Therefore a DAB DC/DC converter is
used in combination with a synchronous rectifier, realizing
a single-stage, bidirectional AC/DC power converter [8]. The
soft-switching DAB consists of two full bridges, interfaced
by a high-frequency (HF) transformer, and was originally
introduced in [7] for realizing high-efficiency and high-power-
density, isolated DC/DC conversions with the capability of
buck-boost operation and bidirectional power flow. It was
shown in [8] that single-stage, unity power factor AC/DC con-
versions are possible by combining the DAB DC/DC converter
with a diode bridge rectifier or a more efficient synchronous
rectifier (for bidirectional operation). When using conventional
control strategies [7]-[10], the efficient soft-switching (ZVS)
region of the DAB DC/DC converter is restricted by its voltage
conversion ratio. Full-power-range soft-switching operation is
only possible when this ratio is equal to one. However, when
being used in an AC/DC setup, the input voltage of the DAB
is a rectified sinewave, implying a variable voltage conversion
ratio and restricted soft-switching operation. Recently we
presented a pulse-width-modulation strategy to eliminate these
boundaries, allowing soft-switching operation over the entire
input sinewave interval and power range [11]. In [11] a half
bridge - full bridge DAB configuration was used. In this papers
the analysis is extended towards a full bridge - full bridge DAB
implementation, providing more flexibility to minimize the
component RMS currents and allowing increased performance
(in terms of efficiency and power density).

The single stage Dual Active Bridge (DAB) AC/DC con-
verter topology is explained in Section II. Section III contains a
comprehensive analysis of the DAB switching modes, includ-
ing the derivation of the mode equations and soft-switching
boundary conditions. The final switching control strategy that
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Fig. 1. Circuit schematic of the bidirectional, isolated DAB AC/DC converter topology.

allows to control the DAB AC/DC converter under full soft-
switching is discussed in Section IV, followed by a topology
evaluation in Section V. The analysis in this paper is based
on the converter specifications provided in Table I.

TABLE 1
CONVERTER SPECIFICATIONS

Property H Value
Vac 230V (nominal)
AC-side 207V < Vagms < 253V
IAC,rms,nom 16A
DC-side Vo 400V (nominal)
360V < Vpea < 440V
fs 120kHz
nl/nz 1
L, Ly 11.2pH, 105.45uH

II. DUAL ACTIVE BRIDGE AC/DC CONVERTER
TOPOLOGY

Fig. 1 shows the schematic of the bidirectional, isolated
DAB AC/DC converter topology. The rectified AC line voltage
upci (t), coming from the synchronous rectifier, is directly fed
to the DAB DC/DC converter, putting a small high-frequency
(HF) filter capacitor C in between. The DAB comprises HF
transformer-coupled primary and secondary side full bridges,
performing the DC output voltage (Vpcz) regulation while
maintaining unity power factor at the AC side by actively
wave-shaping the line current ipci(¢) [8]. Therefore they
produce phase-shifted edge resonant square wave voltages
v1(t) and vo(t) at the terminals of the HF AC-link (inductor
L and HF transformer), resulting in an inductor current 4y, (¢).
Both active bridges act as AC/DC converters to their DC
side, transforming the AC current if (¢) into net DC currents
i1(t) and i5(¢) on the primary respectively secondary side.
After passing HF filter capacitors C; and C3, DC currents
ipci(t) and ipcy(t) are obtained. These two currents can be

phase aligned with vpcy (t) by proper control of the two active
bridges, realizing the unity power factor:

ey
@)

with wy, the 50Hz AC line frequency. The voltages vy (¢) and
va(t) generated by the active bridges are square waves with a
duty cycle of <50%.

As shown in Fig. 2 (right inset), each high-frequency switch
Sxx 18 implemented by a power transistor Txx, a diode Dy,
and a parasitic capacitor Cyy. Soft-switching operation occurs
when a voltage transition is initiated by turn-off of the respec-
tive switch Sxx, commutating the current from the transistor
Tix to the opposite diode Dy of the leg (e.g. commutation
from T}, to Dyy) [12], [13]. When this momentaneous resonant
transition (quasi-resonant ZVS) completes, T}, is turned on
under ZVS (anti-parallel diode is conducting). It was shown
in [12] that for high voltage MOSFETs a minimum turn-off
commutation current of Ioomm = 2A is needed to recharge the
parasitic drain to source capacitors within a 200ns dead-time
interval, avoiding increased switching losses.

iDCl (t) = |IDC1 sin(th)\

vpc (t) = | Ve sin(wi t)]

III. SWITCHING CONTROL ANALYSIS

The analysis of the switching sequences and control of the
DAB AC/DC converter can in a first step be simplified by
considering the magnetizing inductance Ly of the transformer
to be much larger than the inductance L and by neglecting the

vL(t)
—

.—V
i(t) S Txs Do Cix

izt

vi(1) V(1)

Fig. 2. Simplified model of the DAB (left inset), and representation of the
high-frequency switches Sy (right inset).
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Fig. 3. Possible switching sequences and corresponding switching modes of the DAB topology for positive power flow (ipc; > 0). The depicted waveforms

are derived for: fs = 120kHz, vpc; = 250V, and Vpcp, = 400V (nominal DC output voltage).
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Fig. 4. Ideal voltages and current waveforms for mode 1 (Fig. 4(a)) and
mode 2 (Fig. 4(b)) operation. The depicted waveforms are derived for: vpc
250V, and Vpcy = 400V (nominal DC output voltage).

transformer leakage inductances Ly, and Ly,. By referring

the model to the primary side of the transformer, a simplified

representation of the DAB is obtained (Fig. 2, left inset). The

primary side referred voltage v5(t) is given by:
ni

(1) = va(t)

3

For brevity, only power flow from the AC side (primary
side) to the DC side (secondary side) is considered, denoted

as the positive power flow. The analysis for reverse power
flow is similar. The power flow is controlled by applying an
appropriate phase shift angle ¢ between the voltages v1(t) and
v5(t) and additionally controlling the pulse width modulation
angles 71 and 7o of respectively vq(¢) and vj(¢) (angles are
defined in Figs. 4(a) and 4(b)).

A. Switching Modes

Depending on the sequence in time of the falling and rising
edges of the voltages v; (t) and v} (t), eight different switching
modes can be distiguished for each power flow direction, as
shown in Fig. 3 (positive power flow). The modes for negative
power flow are similar. It can be observed from Fig. 3 that
modes 2, 6, 7, and 8 also allow a negative power flow, resulting
in a total of 12 possible switching modes for the DAB.

To determine the optimal control angles (¢, 71, and 73)
and the corresponding mode in every point of the SOHz input
sinewave, in a first step a selection/optimization algorithm was
developed. The objective function (to be minimized) of this
nonlinear, constrainted optimization/selection problem is the
equivalent RMS current I ¢q s in the high-frequency switches
Syx,» defined as:

1 /7 .
IS,eq,rms =1\ = (ZS,rms (th))2 d(th)
T Jo

The choice of the objection function is justified as the
switching losses for the soft-switching DAB are low,
especially when assuring a minimum switch commutation
current I.omm = 2A. The constraints of the algorithm are
the current ipc;(¢) (1), realizing the unity power factor, and
the minimum commutation currents I.,,m in the switches
Sxx, guaranteeing soft-switching in every point of the 50Hz
period. Moreover, the control angles ¢, 7, and 7o are
constrainted within their physical limits (0 < 71,72 < 7 and
—m < ¢ < 7). By analyzing the outcome of the algorithm,
it was seen that only two modes are preferably used in
the sinewave interval (further referred to as mode 1 and
mode 2, respectively depicted in Fig. 4(a) and Fig. 4(b))

“
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and forming the basis of the strategy proposed in this paper.
Intuitively this result could be expected as it can be seen
from Fig. 3 that the remaining 6 options lead to an increased
RMS value of the inductor current 71, and do not result in a
higher DAB power level. Moreover, for modes 3, 4, 5, and
8 the soft-switching constraints are difficult, or sometimes
even impossible to meet. Although the implemention of
the optimization/selection algorithm required the equations
(currents and soft-switching constraints) for all eight modes,
for brevity only the derivation of the equations for the two
most appropriate modes (mode 1 and mode 2) is given
in the following. In addition to the determination of the
optimal control angles ¢, 7, and 75 (inner loop), the design
parameters L (inductance value) and ni/ne (transformer
ratio) are varied in an outer loop, resulting in the optimal
L =11.2uH and ny/n2 = 1 shown in Table I

When chosing ¢ as the angle between the first falling edge
of v1(t) and the first falling edge of v4(t), the transition
between mode 1 and mode 2, occurs at ¢ = 0. According
to Figs. 2, 4(a), and 4(b), for each mode the dynamics of the
inductor current i1 (t) can be expressed as:

diL(t) UL(t)

at L )

with
vL(t) = v1(t) — vh(t) 6)

Solving these equations for ¢ (¢) in each interval defined
in Figs. 4(a) and 4(b), and evaluating the resulting system
of equations yields the expressions for ¢; at the different
switching instances 6 = {0, «, 3, v, and 7}:

Mode 1
. —2¢V! . — T1vpcy + T2V .
in(0) = 2P e ¥ aloer _ (M
S
- 20V — 11(2Vpes + vpet) + 12 Vi + 27V
(@) = 2L
S
(®)
. 2¢vpct + T1vpcr + T2 Vie, + 2mv
i (8) = ¢upct + T1 DC]2w L2 b2 DCI ©)
S
. 2¢vpcy + T1vper + T2 (Vi — 20
iL(y) = ¢vpct + 71 DC12w LQ( DC2 DC1) (10)
S
Mode 2
_ Vv
iL(0) = —HELETDG () (n
S
_ V!
it(a) = RS2 Tber (12)
S
. 2dvpc) + Tivper + T2 (Vi — 2v
i(3) = ¢upct + T1 DCle L2( bC2 DCl1) (13)
S
. 2¢vpct + T1vper — T2V
in(y) = $upci 21WDL1 2Vheo (14)
S
where 0 = wgt, with wg = 27 f,, and f; the switching

frequency. V}c, is the primary side referred DC output voltage.

B. Input Current and Power Flow

Currents 41 (t) and i3(¢) can be derived from 4 (¢) by ana-
lyzing the conduction states of the switches Sy in respectively
the primary and secondary side active bridges (Figs. 4(a) and
4(b)). Averaging i1(t) over one switching period Ty = 1/ f;
yields the expressions for the input current ipc; and the input
power Pi:

1 T
Ine] = — 11 (t)dt (15)
ber =77 [ i)
Mode 1
. dopci
pCc1 — (2(;57T+27’17T72T1¢+27'2¢+T17'2
2w L
D VR S SRS
2 1 2 ) (16)
P = ﬁ(QQﬁﬂ' 4+ 27T — 271 + 279 + T T2
2w L
26?7 - 1 )
(17)
Mode 2
d 2 —
- UDC172(2W¢L+7TT1 T2) (18)
S
p— dvde 1220 + 11 — T2) (19)
2w L
where d is the primary side referred voltage conversion ratio:
A
q= Voc2 (20)
UDCl

For realizing the unity power factor, ipc; has to be controlled
according to (1). The control equations for the phase shift
angle ¢ can be found by combining equations (16) and (18)
with (1):

Mode 1
N, 7
0= 2 Tty
I S - 5 7  |Ipcisin(wit)|ws L
2 2 4 4 4 Vica
21
Mode 2
—T T Ipcy sin(wit) |ws L
b= T, T2 [Tpci (/L )|ws 22)
2 2 TQVDCQ

For mode 1 the ”-sqrt” solution should be taken, resulting in
the lowest peak and RMS currents in the main components
of the power circuit (i.e. the semiconductor devices, the HF
AC-link, and the HF filter capacitors).

C. Soft-Switching Constraints

Zero-Voltage-Switching operation of the converter switches
Sxx occurs when a voltage transition is initiated by turn-off
of the respective transistor Ty, transferring the total charge
Qoss.s stored in the nonlinear parasitic output capacitance
Cxx of the switch to the output capacitance of the oposite
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switch of the leg. A minimum turn-off (commutation) current
(primary side switches: I comm, secondary side switches:
I comm) 1s needed to complete this resonant transition within
the dead-time interval, avoiding shoot through and voltage
transition delay, and imposing constraints on the inductor
current 7, [12]. For both mode 1 and 2 the commutation
instances are indicated by a "y in Figs. 4(a) and 4(b)
and the constraints for ¢; are summarized in Table II.
The contraint funtions are determined by evaluating these
constraints through expressions (7-14), yielding:

Mode 1

o @%*%ﬁ% (23)
ir(e) : ¢27T—T1+7;_21+w &4
i(B) : b= _%_% W 05)

Mode 2

O <G % 27)
o) m <o % (28)
I sl
o ¢<?_2_W (30)

For mode 1, as 0 < m, < m, (23) is always satisfied
when (24) is satisfied. Similarly (26) is always satisfied when
(25) is satisfied. For mode 2 the soft-switching constraints
at switching instances § = 0 (27) and # = « (28) are the
same. These conclusions can easily be verified by analyzing
the waveforms in Figs. 4(a) and 4(b). As a result, the soft-
switching constraint functions for modes 1 and 2 can be
condensed to (24) and (25) for mode 1, and (28), (29), and
(30) for mode 2.

IV. CONTROL STRATEGY FOR FULL SOFT-SWITCHING,
BIDIRECTIONAL, AC/DC OPERATION

In the previous section it was explained for mode 1 and
mode 2 how the equations for the input current/power, as also
the soft-switching constraint functions can be derived. This
was done in a similar way for the six remaining modes for
positive power flow. The implementation of the equations in
the optimization/selection algorithm mentioned in Section III
and the analysis of the outcome led to the strategy that allows
to control the DAB AC/DC converter under full ZVS (i.e.
in the whole voltage and power range). In the following, the
control strategy, which is finally based on switching modes
1 and 2 only, is explained using Fig. 5 by moving step
by step through the 50Hz sinewave interval and considering

TABLE 11
SOFT-SWITCHING CONSTRAINTS

i I Mode 1 I Mode 2
7’L(0) = —iL (T{') < *Ip,comm Prim. < 7Ip,comm Prim.
bridge bridge
iL(a) < —Ipcomm < —Ipcomm
7/L(/6) > %Is,comm Sec. = %Is,comm Sec.
bridge bridge
iL('\/) > %Is,comm < %Is,comm

the currents in the primary and secondary side switches at
the different switching instances 6 ={«, £, v, and 7} (isp
and ig¢ in respecively Fig. 5(a) and Fig. 5(b)). It should
be reminded that the primary side switches commutate at
instances § = {a, w}, while the secondary side switches
commutate at instances § = {3, v}. In order to achieve
full ZVS, the constraints depicted in Table II have to be met
during the whole sinewave interval. In a next step, Fig. 5(c) is
used to explain how the transformer magnetizing inductance
Ly can facilitate commutation current in the secondary side
switches around mode transition. The explanatory curves are
derived for the minimum AC input voltage Vacmms = 207V,
the minimum DC output voltage Vpc, = 360V, and the
nominal AC input current Jacimsnom = 16A (i.e. the most
critical operating condition). A minimum commutation current
of Iy comm = Iscomm = 2A is assumed for both the primary and
secondary side high-frequency switches. For clarity, in each
figure only a quarter of the SOHz period is shown.

A. Quasi Full Soft-Switching Operation

It was seen from the optimization/selection algorithm that
in the beginning of the 50Hz sinewave interval mode 2 is
preferably used (interval A-D, Fig. 5), turning into mode 1
in a second interval (D-F). For convenience, the explanation
starts in point B of the 50Hz interval. The resulting control
angles for the considered operating condition are shown in
Fig. 6 (solid lines).

o Interval B-C: mode 2a
During interval B-C, the commutation current in the primary
side switches is exactly equal to the one that is minumim

required, isp(a) = —Ipcomm = —2A and isp(7m) = Ipcomm =
2A. The same can be remarked for the commutation current
iss(7) = —ILicomm = —2A in the secondary side switches.

This condition can be achieved by replacing the ”’<” by a ”="
in equations (28) and (30), and by combining them to eliminate
71 and Ty, yielding the expression for ¢ (Table III, mode 2a).
The expression for ¢ can be used in (22), and combined with
(28) to find the expressions for 7; and 75 (Table III, mode 2a).
Since is () > 2A, all soft-switching constraints according to
Table II are satisfied. It can be analytically verified that the
resulting quasi triangular shaped inductor current gives the
minimum RMS switch current.
e Interval C-D: mode 2b

From point C of the 50Hz period, the result of the equation for
71 (Table III, mode 2a) is > m, being physically impossible.
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Fig. 5. Primary side switch commutation currents (Fig. 5(a)), secondary side switch commutation currents without consideration of the transformer magnetizing
inductance Ly (Fig. 5(b)), and secondary side switch commutation currents with consideration of the transformer magnetizing inductance Ly (Fig. 5(c)).

From this point the soft-switching constraints for mode 2 can
not all be met, causing the algorithm to select the inefficient
mode 5 (not shown in Fig. 5). However the abrupt mode
transition would introduce an unwanted dynamic behaviour
and therefore it was chosen to continue in the more efficient
mode 2, clipping 7 to 7 (smooth transition). As a result,
To is calculated with (28), replacing the ”<” by a ”=", and
¢ with (22) (Table III, mode 2b). Now the commutation
current in the primary side switches still equals the minumim
required commutation current, isp(a) = —Ipcomm = —2A
and igp(m) = Ipcomm = 2A, while ig4(7y) increases towards
zero (i.e. soft-switching constraint (30) for the secondary side
switches is violated).
e Interval D-F: mode 1

At point D, ¢ becomes zero (transition from mode 1 to
mode 2). However, as the soft-switching constraints for mode
1 can not all be met during interval D-E, from the algorithm it
was observed that inefficient mode 5 (not shown in the figure)
is selected instead of mode 1. For the same reason as explained
above it was chosen to continue with mode 1 and meeting
only the primary side commutation constraints. It can be seen
from equation (24) that this can be achieved by calculating 7
according to Table III, mode 1, knowing that 7 is still clipped
to 7 (smooth transition) and that for mode 1, ¢ > 0. ¢ is then
calculated with (21). The commutation currents isp(7) and
isp(a) in the primary side switches meet the soft-switching
constraints during the whole interval D-F and are equal to the
minimum required commutation current in point D. Note that
the abrupt line transition at ¢ = 0 in Fig. 5 is because of the
definition of angles J and ~ in Figs. 4(a) and 4(b), while the
real converter currents experiance a smooth transistion. The
soft-switching constraint (25) for the secondary side switches
is violated. However, at a certain point E, iss(8) > 2A and
again full soft-switching is achieved. The control angles for
mode 1 (according to Table III, mode 1) slightly differ from
the ones obtained with the optimization/selection algorithm,
resulting in a suboptimal (close to optimal) switch RMS

| |~ facmsnom=16A
{ |7~~~ Iacms20%=2-3A

D A

Control angles ¢, 7;, and 7, (rad)

/4 /2
Angle o t (rad)

Fig. 6. DAB control angles ¢, 71, and 72 for nominal (solid), and 20% of
nominal (dashed) power.

current. The expressions for the angles that give the real
optimum could not be presented due to length restrictions but
will be given in the transactions version of the paper.

It can be concluded that when calculating the control angles
¢, 11, and 1o according to Table III, the soft-switching con-
straints in the primary side switches are met during the whole
50Hz period. However, during a small interval (C-E) around
the mode transition, soft-switching in the secondary side
switches is not achieved (Fig. 5(b)). Theoretically in interval
C-E full soft-switching is only possible when assuming zero
switch commutation current, I, comm = Iscomm = OA, resulting
in increased switching losses. This problem can be solved
by considering the magnetizing inductance Ly; of the HF
transformer, using the Pi-equivalent circuit (Fig. 7) of the HF
AC-link as explained in the next section. It should be noted
that during a very small interval (A-B) of the 50Hz period
soft-switching can not be achieved. However, this does not
cause increased losses as in this interval the current ipcp is
almost zero anyway. During interval A-B, the control angles
are also calculated according to Table III, mode 2b, taking into
consideration the same remarks as for interval C-D. For low
power levels (Fig. 6, dashed lines) mode 1 will not be entered
and only mode 2a used.
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TABLE III
EXPRESSIONS FOR THE MODULATION ANGLES 71, T2, AND ¢ FOR ACHIEVING FULL SOFT-SWITCHING, BIDIRECTIONAL AC/DC OPERATION.

[ Mode 2 [ Mode |
2a 2b
sawr [ Ly 72 I comm G2 Iseonm)? | il une 11
1 Opci— Vi peomm (7 — 1) — 2 - 1 + =t =3) ™ ™
nz
T2 2wL <_ ny Tscomm \/<"1 Bcomm)? | ripejvpe; (- l)) 71 _ 2wllpeomm 7y _ 2ollpcomm
vpel— Vi 2 1 2wl d d Vi d Vi
WL(Ipcomm+ Is«.omm)
o) pr Eqn. (22) Eqn. (21)

B. Full Soft-Switching Operation by Inclusion Of the Trans-
former Magnetizing Inductance Ly

The magnetizing inductance Ly of the HF transformer
can be used to achieve soft-switching in the secondary side
switches during the small interval (C-E) around the mode
transition. Therefore the Pi-equivalent circuit (depicted in
Fig. 7) of the HF AC-link is used, where the inductance values
can be calculated with:

(L4 L) - (nl/nz)QLtrZ

Lxy = L + Lyt + ("/n2)? Lz +

Ly
(31)
(L+ Ly1) - Lm
Lxz=L+Ln+L AT el M B
X7 trl M + ("1/m)Lon (32)
n1/n, 2L . L
Lyz = L + (/ns)? Lyg + (L2 Loz (33)

L+ Ly

When the transformer leakage inductances are neglected
(Ly1 = Ly = 0), the equations simplify to Lxy = L,
Lxz = o0, and Lyz = Ly. The current in the secondary side
switches iss(t) can now be determined by applying Kirchoff’s

current law to node Y,

iss(t) = “Lig (8) = S () — iva(t))

na n2

By analyzing the primary side referred voltage v} in Figs. 4(a)
and 4(b) it can be seen that the current iyz in the trans-
former magnetizing inductance Ly always has a beneficial
contribution to the commutation currents is(3) and iss(7y)
in the secondary side switches (Fig. 5(c)), while having no
influence on the current is, in the primary side switches. It
can be shown that when calculating Ly with (35) (Appendix),
also the minimum commutation current in the secondary side
switches is satisfied during the small interval (C-E) around
the mode transition (Fig 5(c)), achieving ZVS operation over
the whole input sinewave interval and power range of the
DAB AC/DC converter. The derivation of the equation for Ly
(critical operating condition) could not be presented in the
paper due to length restrictions but, however, will be given in
the transactions version of the paper.

(34)

V. EXPERIMENTAL RESULTS AND TOPOLOGY
EVALUATION

A prototype of the full bridge - full bridge DAB AC/DC
converter was in its final design phase at the moment of

® L Ly=0 Ler(nl/HZ) 0®

vi(t) Vy(t)
Ry=| | MLy vZ(t) ”
@ nyn,
is (=i (0 "ﬂ sy is)
vi(t) Lyy Vz(f) n(t)
ixz(t)l ~ in(l) Ly, ||
Xz~ X
n’ny

Fig. 7. Pi-equivalent circuit of the HF AC-link (inductor-transformer).

writing this paper. However, the proposed strategy to control
this converter under full soft-switching is an extension on
previous work [11], where the analysis was performed for a
half bridge - full bridge DAB implementation. Despite the fact
that with the full bridge - full bridge DAB more flexibility is
provided to shape the inductor current ¢;, and minimize the
component RMS currents, the basic control principle stays
the same. Therefore, to validate the proposed strategy, the
results obtained with the half bridge - full bridge prototype
of [11] are briefly summarized in Fig. 8. The inset shows

Nom. output power: 2 kW
Nom. input voltage: 230 Vac
Output voltage: 90-135 Vdc
Efficiency > 94.5 %

Power density > 2.6 kW/dm®

Fig. 8.  Single-stage, bidirectional, half bridge-full bridge DAB AC/DC
converter prototype.
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that a commutation current of 2A is achieved in the critical
operating point (i.e. at the mode transition). A high converter
efficiency of >94% was achieved at both the nominal and
minimum output voltage.

In order to investigate the potential (in terms of efficiency
and power density) of the single-stage DAB AC/DC converter
concepts (the Single Stage Full bridge - Full bridge DAB
(SSFF converter) analyzed in this paper on the one hand and
the Single Stage Half bridge - Full bridge DAB (SSHF con-
verter) analyzed in [11] on the other hand), a comprehensive
comparative evaluation was performed in [14], considering
also a state-of-the-art conventional Dual-Stage (DS converter)
concept (i.e. a bidirectional interleaved triangular current mode
(TCM) PFC rectifier in combination with a DAB DC/DC
converter). The comparison is based on common system spec-
ification (Table I) and showed the highest nominal efficiency
for the DS, while in partial load the SSFF outperformes
the DS converter (Fig. 9). The SSHF has the lowest overall
efficiency. Concerning component count and power density,
the single-stage concepts are advantageous as they use less
active components and show a lower volume for the passive
components, being also a cost and reliability advantage.

98

- SSHF converter
SSFF converter
DS converter

Efficiency 1 (%)

i T
1.00 2.00 3.00 3.68
Input Power P, (kW)

Fig. 9. Calculated efficiency of the SSHF, the SSFF, and the DS converters
[14].

VI. CONCLUSION

A switching control strategy to enable soft-switching oper-
ation of a full bridge - full bridge DAB AC/DC converter
in the entire input sinewave interval and full power range
is presented. An analysis of the possible switching modes is
provided from which a selection of two “most feasible” modes
is made. The final switching control strategy combines these
two modes in an appropriate way in order to achieve full soft-
switching AC/DC operation and unity power factor. It is shown
that both active bridges can operate with a finite commutation
current, enhancing the resonant transition at transistor turn-
off. Hereby the magnetizing inductance of the transformer is
used to facilitate commutation current in the secondary bridge.
Although the theoretical analysis of the proposed strategy
requires much effort, the final control equations and design
rules are relatively simple. This, together with the promising
results obtained from a comprehensive system comparison,
makes the single - stage full bridge-full bridge DAB a feasible
solution for isolated, bidirectional AC/DC applications.
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APPENDIX

1 ( 1
= 2
ZW(Ip,comm + %Is,comm) 2‘/DCI,min
/ 2
(4wL7TVDC1,minIP,comm - 2U-]L7TIDC1,maXVDClmin + ™ Vbctmin’

/ 272 272 2 272 272
Vocmin + (40° LT 150 max Vicomin — 16w0° LT Inc) max

Ly

Vbel,min T
(Vo

/ 3 )2
VDczgmjn VDC 1,min Ip,comm —4dwlm IDC 1,mac VDC2,min VDC 1,min

,2
+ 7T4VDC2,minVDzC1,min)1/2) - 2Ip,comm)
(35)
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