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Abstract—A semi-analytical modulation scheme to operate
a single-phase, single-stage dual active bridge (DAB) AC-
DC converter under full-operating-range zero voltage switching
(ZVS) is proposed. The converter topology consists of a DAB
DC-DC converter, receiving a rectified AC line voltage via
a synchronous rectifier. ZVS modulation strategies previously
proposed in literature are either based on current-based (CB)
or energy-based (EB) ZVS analyses. The combined phase-shift,
duty-cycle, and switching frequency modulation proposed in this
paper relies on a novel, current-dependent charge-based (CDCB)
ZVS analysis, taking into account the commutation charge of the
(parasitic) switch capacitances as well as the time dependency of
the commutation currents. Thereby, commutation inductance is
shown to be an essential element in achieving full-operating-range
ZVS. Experimental results obtained from a 3.7 kW bidirectional
electric vehicle battery charger which interfaces a 400 V DC-bus
with the 230 Vac, 50 Hz utility grid are given to validate the

analysis and practical feasibility of the proposed strategy.
Index Terms—AC-DC power conversion, battery charger, dual
active bridge, modulation schemes, zero voltage switching.

I. INTRODUCTION

An important application area for single-phase, utility in-
terfaced, isolated AC-DC converters is the charging of plug-
in hybrid electrical vehicles (PHEVs) and battery electric
vehicles (BEVs) [1]. Bidirectional conversion capability is a
key feature in the development of a smart interactive power
network in which the energy systems play an active role
in providing different types of support to the grid [2] (e.g.
vehicle-to-grid (V2G) concepts [3]).

The soft-switching dual active bridge (DAB) converter,
consisting of two active bridges interfaced by a high-frequency
(HF) transformer and optional series inductor, was originally
introduced in [4] for realizing high-efficiency, high-power-
density, isolated DC-DC conversions with the capability of
buck-boost operation and bidirectional power flow. By com-
bining the DAB DC-DC converter with a synchronous rec-
tifier (SR), it was shown in [5] that a single-phase, isolated,
bidirectional, unity power factor AC-DC conversion can be
effectively realized within a single conversion stage (1-S). No
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DC-link storage in the form of failure prone bulky electrolytic
capacitors is required and compliance with AC power line
EMC standards is possible [6], [7].

Various strategies have been proposed in literature to mod-
ulate the bridges of the DAB converter. Whether the DAB
is used in an DC-DC or a 1-S AC-DC configuration, they
mainly focus on minimizing a (mostly loss related) cost
function, without exceeding the boundaries of zero voltage
switching (ZVS). However, regardless their objective, all ZVS
modulation schemes so far presented are based on ‘theoretical’
current-based (CB) [6], [8]-[11] or energy-based (EB) [7],
[12], [13] ZVS analyses (explanation of CB and EB ZVS: see
last paragraph of Section II-B). When considering CB ZVS,
substantial parts of the ZVS regions involve incomplete bridge
commutations due to the presence of (parasitic) switch capaci-
tances [14], leading to reduced efficiency and in the worst case
destruction of the semiconductors switching devices. On the
other hand, the EB ZVS analyses are more accurate but still
involve difficulties, in particular concerning implementability
and accuracy (see last paragraph of Section II-B).

CB ZVS schemes: Simple modulation schemes for achiev-
ing full-operating-range CB ZVS are given in [6], [8]. A
modulation scheme with minimum reactive inductor power is
presented in [9] while in [10] an optimal scheme with respect
to minimum inductor rms currents is proposed.

EB ZVS schemes: A modulation scheme based on simplified
EB ZVS constraints is presented in [7]. However, EB ZVS
could not be fully achieved for the low power mode. More-
over, the transition between the low and high power modes
encompasses highly undesirable discontinuous steps in the
modulation variables. Also in [13] simplifications were made,
yielding a simple full-operating-range EB ZVS modulation
scheme which again involves a discontinuous mode transition.

To avoid the deficiencies of the CB and EB ZVS analy-
ses, this paper introduces a current-dependent charge-based
(CDCB) ZVS analysis, taking into account the commutation
charge of the (parasitic) switch capacitances as well as the
time dependency of the commutation currents. Subsequently,
a simple, semi-analytical modulation scheme for obtaining
full-operating-range CDCB ZVS as well as continuous mod-
ulation parameter trajectories is proposed, combining phase-
shift, duty-cycle, and frequency modulation. The concept of
commutation inductance is essential in this approach. The
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Fig. 1: (a) Circuit schematic of the single-phase, single-stage, bidirectional and isolated DAB AC-DC converter topology. (b) Top inset: simplified (lossless)
electrical model of the DAB. Bottom inset: complete operating range of the investigated DAB converter.

TABLE I: Converter Specifications and Requirements

Property [ [ Value
230 (nominal)
AC-side Vac (Vims) 207 < VACA < 253
IAC, P nom (Ams) 16 (nominal)
fL (Hz) 50
DC-side Vbez (V) 370 < Vpcz < 470
EMC compliance CISPR 22 Class B
PF > 0.9 (at Iac,p 2 0.1 IAC,P,nom)

analysis is applied to the single-phase, single-stage AC-DC
converter (full bridge - full bridge DAB) shown in Fig. 1(a).

The specifications (Table I) of the investigated DAB AC-DC
converter shown in Fig. 1(a) are based on the requirements for
future electric vehicle on-board battery chargers, interfacing a
400 V DC-bus with the single-phase 230 V,ns / 50 Hz mains.
The ability to use residential power sockets dictates a nominal
(active) AC input current of Jacp = 16 Apys and a nominal
power of P, = 3.7 kW. The voltage ranges are further listed
in Table I. The 400 V,,,m DC-bus voltage was chosen based
on the examples given in [1]. Bidirectional power flow enables
vehicle-to-grid functionality, while galvanic isolation ensures
safety. Other requirements are a high conversion efficiency, a
high power density, EMC compliance to the CISPR 22 Class B
standard, a high power factor (PF), and a low total harmonic
distortion (THD) of the AC input current.

II. ANALYSIS OF THE DAB MODEL

Referring to the schematic in Fig. 1(a), the rectified AC line
voltage vpc1(t) = |vac(t)| = |VAC sin(wr,t)|, coming from
the SR, is directly fed to the DAB DC-DC converter, with only
a small HF filter capacitor C in between. The DAB comprises
HF transformer-coupled (with series inductor L) primary and
secondary side full bridges, performing the regulation of DC
voltage Vpce while maintaining unity power factor at the
AC side. Therefore they produce phase-shifted edge resonant
square wave voltages v; and vy at the terminals of the HF
AC-link, resulting in an inductor current ir,. AC currents iypy

R
Coniod DM1,d
iAC =1lipc1 DAB1

_ o
t 1Cpmz —
VAGC Lpni, §

—

Rpy2.d stsr=1

Rpnid

Fig. 2: Equivalent circuit of the converter’s AC input side, with controllable
current source, synchronous rectifier (SR), and 2-stage DM EMC filter.
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_ Fig. 3: Ideal input-side quantities for the worst case PF condition:
Dep = V2:0.1- IAC,Pnom = 2.26 A; Vac = VAC,max = 357.8 V;
PF =0.9.

and ippo are rectified by the active bridges, resulting in net
DC currents 41 and io at the respective sides. Filter capacitors
C1 and C5 bypass the HF components of 71 and ¢5. Averaging
i1(t) over one switching period Ty = 1/r. yields the DAB DC
input current ipap1, €.g. at instant k:

1 /(k+1)TS
TS kTg

Towards the converter’s AC input side the DAB can be
represented by a variable current source ipap; connected in
parallel with the EMC input filter and the SR (Fig. 2). In
order to realize the PFC requirement (Table I) the reactive
power drawn by the EMC filter capacitors Cpyp and Cpyro

i (t)dt. (1)

TDAB1,k = Ul,avg,k =
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(Table IV) needs to be compensated by the DAB, requiring a
limited reactive power transfer capability. For a given ampli-
tude of the (active) AC input current IA;C’P and PF (= cos(¢p);
see Fig. 3), ipap1 can be calculated with:

ipAB1 =StgRr |dir - (f;cﬁp/PF) sin(wr,t + dir - arccos(PF))—
wL(Cpur + Cpaz) Vac sin(wit +7/2) | 2

where wr, is the 50 Hz AC line frequency, Vac the amplitude
of the AC input voltage, stgr the state of the SR, and ‘dir’
the power flow direction:

1 if vac(t) > 0,
StSR = . AC( ) (3)
-1 if ’UAc(t) <0,
dir — 1 %f p(t) > 0 : prim. — s.ec. s%de, 4@
—1 if p(¢) < 0: sec. — prim. side.

The ideal converter’s input-side quantities for the worst case
PF condition (Table I; jZC,P =+/2.0.1- Iac,Pnom = 2.26 A;
Vac = Vacmax = 357.8 V; PF = 0.9) are depicted in
Fig. 3. For meeting the PFC requirements, and leaving some
margin for dynamic controllability, the DAB input current limit
ipaB1,u(vpc1) = —ipaBi,i(vpc1) (Fig. 3) is determined as:

24 - vpci

ipAB1,u(vpC1) = min ( - +0.5,24 A) O

AC,min

yielding the complete converter’s operating range' shown in
Fig. 1(b) (bottom inset). On the assumption of ideal compo-
nents and by referring the model to the primary side of the
transformer, a simplified electrical representation of the DAB
is obtained (Fig. 1(b) (top inset)), where v} is given by v} =
Vg -"1/ns. ipaps is controlled by applying a phase shift angle?
¢ between v; and v} and additionally controlling the respective
pulse width modulation angles 71 and 7 (71,72 < 50 %;
Fig. 4). A last parameter that can be freely controlled (within
a reasonable range) is the switching frequency f;, resulting is
four modulation parameters: x = (¢, 71, T2, fs)-

A. Switching Modes and Commutation Inductance(s)

Depending on the sequence in time of the falling and rising
edges of voltages v; and v}, twelve different switching modes
can be distinguished [10]. Similar to [10], the final modulation
scheme presented in this paper relies on two out of the twelve
possible modes, which are the only ones feasible for efficient
ZVS operation of the DAB. Mode 1 (high power mode) can
be subdivided into a submode for positive power flow (i.e.
mode 17; Fig. 4(a)) and a similar submode for negative power
flow (i.e. mode 17; not shown). Mode 2 (low power mode;
Fig. 4(b)) can be used for both positive and negative power
flow. The given analysis is limited to mode 17 and mode 2
only (mode 1~ is similar to mode 17), being sufficient to

I'Within —30 V< v Ac < 30V, the bridges of the DAB are inactive (‘dead
zone’) as ZVS is quasi impossible in this voltage interval (see also Section III).

2The phase shift angle ¢ is defined as the angle between the first falling
edge of vy and the first falling edge of v/, (see Fig. 4).

derive the final modulation scheme. The modulation parameter
relations for achieving the respective voltage patterns are:

mode 17 : -1+ 7 < ¢ < T, (6)
mode 2 : -7 < ¢ <0. @)

The modulation scheme presented in Section III relies on
the inclusion of inductances which are placed in parallel
with active bridge 1 (i.e L.;) and with active bridge 2 (i.e.
L¢2), as shown in Figs. 1(a) and 1(b) (top inset). They are
further referred to as ‘commutation inductances’ and always
benefit the ZVS conditions due to the injection of a small
reactive current in the respective bridge (i.e. i1,c1 resp. irco,
Fig. 4). This effect is essential for achieving full-operating-
range CDCB ZVS (cf. Section II-B) and for obtaining smooth
mode transitions. According to Fig. 1(b) (top inset) and
neglecting the transformer leakage inductances, the dynamics
of the currents i1,(t), i1,c1(t), and 4] .5(t) can be expressed as:

din(t) _ o) divalt) _ v o dite(®) _ w0

dt — L dt Lo’ e
with vy, (t) = vy (t) — v5(t). The bridge currents igp;(¢) and
igre(t) are calculated using:

inr1(t) = in(t) + L (1), (®)
inra(t) = ifra(t) 7 = (iL(t) = i) . ©)

n2

Solving these equations in each interval within half the
switching period Ty/2, as defined in Fig. 4, under the as-
sumption of steady state operation (i.e. iy, (t) = —ir, (t+75/2);
iLe1(t) = —ire1(t + T5/2); and ipo5(t) = —iLeo(t + T5/2)),
and evaluating the resulting systems of equations yields the
expressions in Table II for the HF AC-link currents at the
different switching instances 6; = {a, 3, v, and &}, where
0 = wst, with ws = 27 f;. Vi, is the primary side referred
DC output voltage and d the primary side referred voltage
conversion ratio: d = VI/)CQ/’UDCL Currents 77 and i, are
derived from respectively ippr; and ¢ppe by analyzing the
conduction states* of the switches Sy. Applying (1) for
mode 17 and mode 2 and solving the resulting equations to
¢ yields the expressions for the phase shift angles® in order
to achieve a certain DAB input current ipap1:

—mA T
bts = %
B —(TQ—W)2+71(27T—T1) B Z‘DAB/lwsLﬂ'7 (10)
4 Vb
To —T1  ipAB1WsLm
= . 1
Om2 5 Vs (11)

Ly and Lo do not contribute to the power transfer and are
thus not present in the equations for ipap; and ¢.

3o and B correspond with the positive rising edge of respectively v1 and
v, while  and & correspond with the respective positive falling edges.

4The conduction states can be found in [6], Fig. 4.

SFor mode 17 a second solution for ¢ exists (i.e. involving ‘+,/7-7"). This
solution results in high HF AC-link rms currents and should not be considered.
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¢ =0.28 rad, 71 = 7 rad, 72 = 2.55 rad; fs = 120 kHz; mode 1+

¢ = —0.34 rad, 71 = 1.8 rad, 72 = 0.59 rad; fs = 115.3 kHz; mode 2

schale: v1: 200V /div; ve: 200V /div; ix: 20A/div;

1 iLcl -
HF1 / 11,

schale: vi: 100V /div; ve: 200V /div; ix: 10A/div;

T

wst [rad]

f-2 5+
T T T T
- e — .
[ S A ~U2 o]
[ f .
- Il)] iL(‘.l - 1Lc2

7L)/\/\ 4 F viHsz ‘:/ .

(a) Mode 17; with prim. side commutation current (left column); with sec
side commutation current (right column). Top inset: simulation, bottom inset:

. (b) Mode 2; with prim. side commutation current (left column); with sec.
side commutation current (right column). Top inset: simulation, bottom inset:

measurement. Conditions: vpc1 = 325 V; Vpco = 400 V; ipap1 = 18.4 A. measurement. Conditions: vpc1 = 150 V; Vpco = 400 V;ipap: = 2.12 A.

Fig. 4: Voltage and current waveforms for (a) mode 17T, (b) mode 2. The waveforms are obtained using: L = 13 pH, L1 = Lea = 62.1 pH, 71/ny = 1.

TABLE II: HF AC-Link Currents i1, irc1, and i ., for Mode 1% and

Mode 2
Mode 1 — Mode 17
- . -/
iL 1Lcl Lc2
o YDCL (d(—7'1+7'2/2—¢+ﬂ')—"'1/2) —vpC171/2 Vboa (:1—72/2+¢—")
wsL wsLcy wSLéz
5 vpol (dro/2471/2=79+0) vpor (r1/2-m2+9) —VihaoT2/2
ws L ws Ly wsLl,
vpor (A= 7a/246)+71/2) vDC1T1/2 Vb (r2/2-¢)
v wsL ws Lol wsLly
J o (—dra/2—r1/2—¢47)  |vper (—r1/2—é+7) VhaaT2/2
wsL wsLcy WSL,,:2
Mode 2
- . -/
i 1Lcl 2
N vpoy (dr2/2—71/2) —vpa1T1/2 —VheaT2/2
wsL wsLcy wsLly
5 o1 (dro/2471/2-79+9) vper (T1/2-m2+¢) Voo T2/2
wsL ws Ly mSLé2
vpei (—dra/2+71/2) vpCo171/2 VhcaT2/?
il ws wsLey wsLig
s vpei (—dra/2471+6) vper (T1/2+¢) VhaTa/2
wsL wsLcy wsLly

B. Current-Dependent Charge-Based (CDCB) ZVS Analysis

The zero voltage switching (ZVS) principle is explained
using Figs. 5(a) and 5(b), considering the commutation of
current 7jg,, = —igw1 from the bottom switch Si2 to the top
switch Sy of bridge legii (i1eg,, 1S positive at the switching
instant t.; tr1 1S negative; Fig. 5(b)). As shown in Fig. 5(c)
(top inset), each switch® Sy, consists of a power transistor
Tyx, a diode Dy, and a nonlinear parasitic capacitance Cyx
(i.e. Coss(Vps); Fig. 5(c), bottom inset). The total parasitic leg
capacitance to be considered for the commutation is highly

%In this work Metal-Oxide-Semiconductor Field-Effect Transistors (MOS-
FETs) are considered only. The FAIRCHILD FCH76N60NF SupreMOS
super-junction MOSFETs are used for the DAB active bridges due to
their excellent soft-switching performance (inter alia the nonlinear output
capacitance) and low on-resistance.

nonlinear and can be calculated with:

Cleg,, = Ci2(vps,s;,) + Ci1(vps,s,,)-

Quasi lossless ZVS turn-off of switch Sy, is achieved if the
drain-source channel of T, is fully opened before ijeq,, has
provided enough charge to Cieg,, for causing a significant rise
of drain-to-source voltage vpss,, (quasi zero-voltage turn-
off of switch Si3). This can be seen in Fig. 5(b) where at
time instant ¢3 the gate of Sy is completely off while vpg g,
is still low. This is a result of the nonlinear parasitic switch
capacitances Cy, which have a high value at low voltages
(during to—t3; Fig. 5(c)), keeping vps,s,, low at turn-off.

Quasi lossless ZVS turn-on of switch S11 is achieved if 17
can be turned on when its anti-parallel diode D1, is conducting
(time instant tg, Fig. 5(b)). This requires the resonance which
occurs between Cieg,, and the HF AC-link inductances, and
during which Cleg,, is charged by iiee,, (= —inr1) (t3—t5) to
complete before turn-on of 77;.

The CDCB ZVS criterium proposed in this paper is based on
above considerations where the commutation of bridge leg,;
is driven by the current 7)., which flows into the leg and
charges Cicg,,. The total charge needed to complete the com-
mutation, Qcomm,req(VDc), can be subdivided into charges
QA req(Vbe) and QB req(Vne), each required to achieve a
voltage change of half the DC-bus voltage (Vpc/2):

comm,re %
Qarea(Ve) = @B ,req(Ve) = Q#Q(DC).

Qcomm,req(VDC)7 QA,req(VDC)9 and QB,req(VDC) for the used
MOSFETs are shown in Fig. 5(d) which was obtained using
circuit simulator GeckoCIRCUITS™ [15], where a nonlinear
capacitor C(u) that is based on small-signal measurements
(such as in Fig. 5(c), bottom inset) can be directly employed
[16]. Qcomm,req> @A req> and @B req do not only depend on

12)

13)
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Fig. 5: (a) Bridge leg of the DAB converter. (b) Example of a commutation of current ijg,, = —igr1 from the bottom switch S12 to the top switch S13

of bridge leg S11—-S12. The DC-bus voltage of the bridge leg, vpc1, is 150 V for this example. (c) Top inset: representation of the HF high voltage

switches Sxx (MOSFETs) of the DAB active bridges. Bottom inset: parasitic

output capacitance Coss(Vpg) of the used MOSFETs. (d) Charges required to

achieve a voltage change of the full DC-bus voltage (Vpc) and of half the DC-bus voltage (Vbc/2) during commutation of a bridge leg (i.e.

charging/discharging of the parasitic leg capacitance Cieg)

Vpc but also slightly on the leg current. Therefore they are
derived using an average 71, AvG, applying a margin (0.05 and
0.1 pC) for component variances and circuit imperfections.

ZVS commutation of a bridge leg (switching instant 6;)
occurs when the charges QA .y and QB that are available in
the leg-current before (i.e. Q4 av) and after (i.e. @B ay) instant
0; are at least equal to resp. Qa req(VDc) and @B req(VDC).
Qa,av and @p v are calculated using resp. a backward and a
forward integration of the leg current, starting at 6;:

0;_

np i o
LHF LHF
QA,asti Z / dé | + / de >QA,reqa
1 Ws Ws
L\V™" 0ijqa Oi—npg
(14)
[ mp  Oiti Oy .
—lHF —LlHF
Quav =5[> [ “MEap) v [ THEd0) > Qe
P Ws Ws
L\/™" itj Oitmp
(15)

O: first instant prior to 6; where iyp crosses zero;
fy: first instant after ¢; where igp crosses zero;
0;i_; and 6;;: switching instances of the three remaining
bridges;

np: number of switching instances between 6, and 6;;
mp: number of switching instances between 6; and 0y;
st =—1for 6, = {a, 6}, st =1 for 6; = {3, 7}

iHF = iHFl for Hi = {a, ’V}, iHF = iHFQ for 91 = {ﬂ, 5}

In order for a given set of input parameters (Vpca, vpoi, 71,
To, ¢, L, Lc1, Lea, ™ /n, and fi) to ascertain whether quasi
lossless ZVS commutation is achieved in all DAB bridges,
these current-dependent charge-based constraints need to be
met at each switching instant 6; = {a, 53, , and 0}.

In order to achieve switching at the predicted moment,
the switching delay ftsw.del (= tsw — t2, Fig. 5(b)) has to
be dynamically compensated in the controller. Moreover, a
dynamic dead-time (f4eaq) adaptation is required for each
bridge leg, avoiding back commutation. At each switching
instant 6;, tsw,.del and tqeaq are respectively calculated with:

0; — 04 Op — 04
tsw,del = tdead = Ta

S S

(16) a7

. The 150 V line corresponds with the example in Fig. 5(b).

where 0, and O are the instances where the backward
and forward integration (eqns. (14) and (15); starting point 6;)
of the corresponding leg current equals the charge needed to
achieve a voltage change of half the DC-bus voltage (Voc/2).
0 and 6p are found by respectively solving:

9A‘ 0B .
si~/T—Fd0=QA,req7 (18) s*/%dezczmeq. (19)
0; ° 0, °

Lastly it is verified if ¢sw del and (fgead —tsw,de1) are smaller
than an upper limit, avoiding too long commutation delays.
This yields a set of time-based constraints’:

(20)
tdead - tsw,del (21)

The CDCB ZVS analysis deals with deficiencies of ZVS
analyses previously used in literature, where the current-
based (CB) ZVS descriptions do not include the (parasitic)
switch capacitances and assume that ZVS of a bridge leg
is achieved when the drain-to-source current of the switch
which initiates the commutation (turn-off) is positive at the
switching instant. The influence of the switch capacitances is
described in inter alia [7], [12], [13] by evaluating the energy
balance between the switch capacitances and the HF AC-link
inductances (energy-based (EB) ZVS analyses). However, in
[7] the state of the one active bridge is not taken into account
in the ZVS verification of the other, and in [12], [13] a (quasi)
simultaneous state change within the one and/or together with
the other active bridge is not allowed. Moreover the EB ZVS
analyses are based on energy equivalent switch capacitances,
resulting in significant errors as explained in [16]. In this
paper the error due to the linear approximation of the HF
AC-link currents is small as, due to the strong non-linearity
of the leg capacitances, the energy transfer to and from the
capacitances during commutation is almost fully concentrated
in time intervals {o—t3 and t4—t5 (Fig. 5(b)). In these intervals
UDs,s,, remains approximately constant, and the expressions
in Table II are still valid.

tsw,del < tsw,dehmaxa

~
<

(tdead - tsw,del ) max -

7A reasonable value for these limits is 500 ns (for the used MOSFETS).

4824



III. CDCB ZVS MODULATION SCHEME

The derivation of the CDCB ZVS modulation scheme is
illustrated using the prototype system parameters listed in
Table IV. A transformer turns ratio of 71/n, = 1 is chosen
such that Viqy iy > (9DC1,max + 10 V' margin) is always
satisfied®. The switching frequency range of 75 kHz < f; <
120 kHz assures a compact converter design without caus-
ing excessive switching frequency related losses (upper limit
fsmax = 120 kHz) while leaving enough margin for the
EMC DM input filter to attenuate the lower HF harmonics
of the input current (lower limit® fs,min = 75 kHz). The main
inductance value, L = 13 pH, is the result of an iteration
performed during the converter’s design phase and is chosen
in the range of L ~ (0.75 ... 0.85) : Lyax, where Lpay is
determined by the maximum achievable DAB input current
(acc. to eqn. (14) in [10]):

Vp min .
o 2 (iDAB1,max = 24 A). (22)

8fs,mameax -
Below it is explained in three steps how the final
semi-analytical full-operating-range CDCB ZVS modulation
scheme is obtained. In step 1 analytical equations are pre-
sented which allow to calculate ¢ 71, and 75 in order to facil-
itate current-based (CB) ZVS. Assuming a non-zero positive
commutation current and using L.y = L.y = oo (traditional
DAB), it is shown that the CB ZVS constraints (and thus also
the CDCB ZVS constraints proposed in Section II-B), cannot
be met in the entire 50 Hz AC input voltage interval. In step 2
the calculation of ¢, 71, and 7o, as well as the resulting values
are the same as in step 1. By now applying finite values
for commutation inductances L.; and Lo, the CB ZVS con-
straints are satisfied during the entire 50 Hz interval. However,
although the CDCB ZVS area is substantially enlarged, full-
operating-range CDCB ZVS is still not achieved. In step 3
(also using finite values for L.; and L.) the expressions
from step 1 and step 2 are combined with a simple numerical
iteration loop, yielding full-operating-range CDCB ZVS.
Step 1, Ley = Leg = oo, CB ZVS constraints, analytical
solution: It is assumed that CB ZVS is achieved when at each
switching instant 6; = {«, S, v, and §} the drain-to-source
current of the switch which initiates the commutation (turn-
off) has a non-zero positive value (i.e. iy comm for the primary
side bridge and iscomm for the secondary side bridge). For
Lcl = LC2 = 0Q, iLcl(t) = iLCQ(t) = 0, iHFl (t) = ZL(t) acce.
to (8), and igpa(t) = ir(t)-"1/n. acc. to (9). Referring is comm
to the transformer’s primary side, @, .om = "2/n1 - is comms
this yields the following CB ZVS constraints:
=i st -iL(B)

ST L a) = Z.p,commv (23) )
4+ .

L(B) > i
Si . ZL(’Y) = Z'p.,commv (24) s ZL((;) = Zé,comm’

s,comm’

(25)
(26)

80ther setting would imply conditions where d is close or equal to 1. Here
ZVS is hard to obtain as the inductor volt-seconds product needed to achieve
the required current crossing in interval 5 — 0 (Fig. 4(b); mode 2) is too small.
9 fs, which is doubled towards the DAB input port, is only decreased below
120 kHz for the low vpcy interval in order to facilitate CDCB ZVS (see
further). During this interval the harmonic content of the input current is low.

400 - T - 24
I IDAB1uu, Zom " e DABLu |
300 7:AC,nom\/’\.’é'f" ~; N 118
200 F i VAC 412

7 174DAB1,uom

IAC,20%
H

\-—2.5 ms—-‘iDABUV\
i i 76
0 ‘dead zone’ 5 t (ms) 10

Fig. 6: DAB input currents ipaR1, required to achieve
IAC,P = IAC,P,nom = 16 Arms; PF = 0.999 resp.
Iac,p = 0.2 IAC,P,nom = 3.2 Ams; PF = 0.983. Here,
Vac = 230 Vims (nom. AC input voltage).

S —
“DAB1,20% 0<

~IDAB1,1
1

with s* = —1 for 6; = {a, 0}, s = 1 for 6; = {5, v}. We
showed in Section IV of [6] how eqns. (23)-(26), eqns. (10)-
(11) and the equations in Table II for iy,(6;) can be combined
in order to meet these conditions in quasi the entire operating
range. For a point of operation [vpc1, Vi)as, ipaB1], for given
[L, m1/n,, fs], for defined set values [} comm> ig’:‘comm], and
for ipap1 = 0 (positive power flow), modulation angles ¢, 7,
and 7 can be calculated using the following steps:
1) Calculate ¢, 71, T using Table III, mode 2, column 2a;
2) If the result for  is > m: calculate ¢, 7, 7o using
Table III, mode 2, column 2b;
3) If the result for ¢ is > 0: calculate ¢, 7, 7o using
Table III, mode 1.

For ipap1 < 0, one can calculate ¢, 71, and 75 following
the same steps and using |ipap1] in the equations of Table III.
The resulting phase shift angle ¢ needs to be recalculated with:

Vipap1 <0:¢ = (72 —T1— ¢)|iDAB1:|iDAB1|' @27

The procedure is illustrated for a first run through a half
cycle of the nominal AC input voltage (Vac = 230 Vi)
at Iac,p = Iac,P,nom = 16 Amg, and PF = 0.999 (acc. to
Fig. 6). Other settings are: Vpco = 370 V, f; = 120 kHz
(fixed). Remind that L.; = L¢y = oo. The limits i, comm and
1s,comm are arbitrarily chosen to be 2 A, determining the set
values i5 .omm = % comm = 2 A. The resulting AC trajectories
are shown in Fig. 7 (solid lines'?). In Fig. 7(c) it can be seen
that s* -ip, () and sT -4y, (7) satisfy (23)-(24). However, (26)
is violated during certain intervals of the 50 Hz half period, as
can be seen in Fig. 7(d). This is in particular the case along
the boundary between mode 1™ and mode 2 at which (24)
and (26) cannot be simultaneously met. The situation is even
worse for the commutation charges'! Q oy and Qp ., Which
do not reach the CDCB ZVS limit (Section II-B, eqns. (14),
(15)), as shown in Figs. 7(e) and 7(f).

Step 2, finite L.y and Lo, CB ZVS constraints, analytical
solution: A second run (Fig. 7; dot dashed lines) is performed
using the same conditions as in the first run, with the difference
that now finite values for L.; and L.o are applied, being:

10The graphs are not fully symmetric due to the PF correction.
"For convenience only QA av and Qp 4y for commutation instances 6; =
{a and ¢} are shown, being the most critical for ZVS operation.
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Fig. 7: AC trajectories for Iac,p = IAC,P,nom = 16 Ams, PF = 0.999, and Vpca = 370 V (half cycle of VaAc = 230 Vims; acc. to Fig. 6). Moreover,

fs = 120 kHz (fixed) and 7}
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= ig’fcomm =2 A. Solid lines: L1 = Lc2 = oo, dot dashed lines: Le1 = Le2 = 62.1 pH.
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Fig. 8: AC trajectories for Iac,p = IAC,P,nom = 16 Ams, PF = 0.999 (dot dashed lines), and Iac,p = 0.2 - IAC,P,nom = 3.2 Amms, PF = 0.983 (solid
lines), at Vpco2 = VDo2,min = 370 V (half cycle of VAc = 230 Vims; acc. to Fig. 6). Lc1 = Lea = 62.1 pH.

Lo = Le = 62.1 pH (Table IV; the values for L.; and
Lo are detailed in the next paragraph). The calculation of
¢, 71, and 71, as well as their respective values are the same
as in step 1 (Fig. 7(a)). In Figs. 7(c) and 7(d) it can be seen
that L.; and L.o always benefit the commutation currents (i.e.
sT - igpr > st i, for 6; = {a, 7y} and sF - i}y, > sT iy, for
0; = {B,6}). As a result, the curves for s -igp; and sT -i};p,
are now all above the limits i, comm and 4, .oy, during the
entire 50 Hz half cycle. However, QA v and @ .y at 0; =6
are still below the CDCB ZVS limit during certain intervals.

Step 3, finite L.1 and Leo, CDCB ZVS constraints, semi-
analytical solution: In a third run, again applying Lo = L2 =
62.1 pH, for each calculation of [¢, 71, 7] (i.e. for each
operating point [vpci, Viae, iDaB1]) an iteration of ¢

p,comm
and z';fcomm is performed until QA .y and Qg ., are above

the CDCB ZVS limit. This yields the final semi-analytical
CDCB ZVS modulation strategy which is summarized in
Fig. 9. For each operating point [vpci, Vﬁcz’ iDAB1(i,5,k)
of the converter’s operating range the modulation angles ¢,
71, and 7o are calculated according the procedure explained
step 1 (i.e. using Table III). Thereby, a simple optimizer
performs the iteration of iy .., and iJ% .y, until the CDCB
ZVS constraints (Section II-B) are satisfied. Additionally the
optimizer minimizes the arbitrarily defined cost function'?
Jeost = Iipy + Ifpy- After the calculation is finished for the
entire DAB operating range according to Fig. 1(b) (bottom
inset), it is checked if full-operating-range CDCB ZVS is
achieved. If this is not the case, then L., and/or L., are

12A5 the same MOSFETs are used in both DAB bridge, fcost is propor-
tional to the DAB’s condition losses.
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TABLE III: Expressions for Calculating the Modulation Angles 71, 72, and ¢ acc. to [6].

H mode 2 H mode 1+
2a 2b
24 dil* d(al* )2ws L . .
71 || wsL p.comm _ S’T{f,m - dwfél S’“’"‘f"/, 2 dir - 2ipaB17T g T
vDC1 vDCc1—Vpeo vDc1—Vhoa vDC1~Vheo
_isfcomm“"SL _ ws L (iéj‘commp“’sl‘ — dir - 2. T 2wSLi;,comn) T 2w5Li;,comtn
T2 V7 V7 —v7 i F'DAB1T ] V7 ] V7
UDC1~ Vpca UDC1Vpc2 UDC1~ Vpca2 DC2 DC2
—ws L5 comm+igicomm)
: : eqn. (11 eqn. (10
¢ e qn. (11) qn. (10)

( End of calculation; CDCB ZVS modulation scheme found. )

Fves
Operating range acc. to| [Full-operating-range] SOh(l;l?rrll sgace:
Fig. 1(b), bottom inset CDCB ZVS? at all operating points

(i Eont) I

Optimizer
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Calc. ¢, 11, 72 acc. to Table II1

Start calculation

ipaBi1(i,j,k) P ¢(1,j.k)
wper (L) | e zcxhlesdc/ traint c\ynltZTnzzi' mi(bik)
VDCZ(iﬂj‘,k) constraints OS unction Tz(Lj,k)

acc. to Section II-B

_ 72 2
eqns. (16)-(23) Feost = I3py + Tps

Fig. 9: Calculation procedure in order to determine a full-operating-range
CDCB ZVS modulation scheme.

decreased. This process is repeated untii CDCB ZVS is
obtained in the full operating range. For the investigated DAB
AC-DC converter'?, this yields L.; = Ley = 62.1 pH.

The results of the third run are shown in Fig. 8 (dot dashed
lines) where is can be seen that CDCB ZVS is achieved
during the entire 50 Hz half cycle (Qa,av and QB v are above
the CDCB ZVS limit; Figs. 8(e) and 8(f)). The solid lines
correspond with the trajectories for Iacp = 0.2-Ioc,P,nom =
3.2 Aims, and PF = 0.983. Also here, CDCB ZVS is achieved
during the entire 50 Hz half cycle. Moreover, the resulting
modulation parameter trajectories as well as the mode transi-
tions are continuous Fig. 8(a). Remarkable is the fact that in
order to achieve CDCB ZVS (i.e. enough charge needs to be
available in the leg current before and after the commutation
instant), currents s -iyp (6;) and s* -I4ypo (63) are often higher
than 5-10 A as can be seen in Figs. 8(c) and 8(d). Important to
note is also that for the low vpcy intervals a variable frequency
modulation is applied as can be seen in Fig. 8(b). This is
necessary to achieve CDCB ZVS during the intervals where
vpo1 << Vias. Fig. 10 shows the calculation result for 7
in the entire range (ipapi-range and vpci-range) at the, for
ZVS, worst case output voltage Vpca = Vb2, min = 370 V.

IV. EXPERIMENTAL RESULTS

The experimental results are obtained from the DAB AC-
DC prototype depicted in Fig. 11, which is designed according
to the specifications given in Table I. The basic technical data

13 Although in this paper the DAB is implemented with L. = L2, also
other scenarios can be considered, e.g. using L¢1 # Lc2 or using only one
commutation inductance. The latter yields more unbalanced AC-link currents.

Ty (rad.)
i ———

\\Q‘
‘\\\‘%“{
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S
0!

12 24

ipaB1 (A)

Fig. 10: Calculation result for 7o in the entire range (ipapB1-range and
vpc1-range) at the, for ZVS, worst case output voltage
Vbc2 = Vbo2,min = 370 V. The simulation is performed according to
step 3, including prim. and sec. side commutation inductances
(Lcl = Le2 = 62.1 pH).

Control board  Prim. side
measurements

Prim. side bridge gate drivers

Bridge below PCB £ back sid
(Bridge below ) acl 1(Ie
SR gate drivers = 4

(SR below PCB) &

ransformer,
inductors, and
capacitors are
on the inside

Sec. side
terminals

Fig. 11: 3.7 kW, single-phase, single-stage, bidirectional and isolated DAB
AC-DC converter prototype (177 mm x 130 mm x 72 mm).

of the system is given in Table IV. Furthermore, the trans-
former as well as inductors L and L.; are implemented with
planar EELP cores assemblies (N97 core material) and Litz
wire. Lo is implemented by the magnetizing inductance of the
transformer (i.e. Lo = Ly = 62.1 pH), avoiding increased
volume and costs. The FCH76N60NF (SupreMOS™) and the
STY112N65M5 (PowerMESH™) MOSFETs are chosen for
respectively the DAB active bridges and the SR switches.
The control hardware consists of an on-board FPGA (Altera
EP3C25) which is responsible for generating the PWM gate
drive signals, for reading in the A/D converters, and for ‘fast’
overcurrent and overvoltage protection. The FPGA commu-
nicates over Ethernet with an off-board PC-based Real-Time
Target (RTT) from Triphase [17]'* which can be programmed
and operated through Matlab/Simulink™. Here, the PI current

“In a next phase the functions of the RTT can be implemented on the
EP3C25 FPGA by means of an embedded CPU [17].
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TABLE IV: Parameters of the Prototype System

Transformer turns ratio 71/nq 1

Switching frequency f 75 kHz...120 kHz

L, Lcr, Lea = L 13 pH, 62.1 pH, 62.1 uH
C1 (MKP), C3 (MKP), C3 ¢ (ELCO) 13.2 uF 10.5 pF, 1.17 mF
Cpm1 = C1, Cpmz2 132 pF, 1 uF

Prototype Power Density Values (at 3.7 kW Nominal Power)
Total system, incl. EMC filter (DM & CM), incl. C2 ¢ = 1170 uF 2.2 kW/liter
Total system, incl. EMC filter (DM & CM), excl. C2 st = 1170 puF 2.7 kW/liter
Total system, excl. EMC filter (DM & CM), excl. Cz sy = 1170 pF 3.2 kW/liter

and voltage controllers (i.e. control of resp. ipap1 and Vpco),
the phase locked loop, the ‘slow’ protection, and the lookup
tables for the control parameter generation and the delay and
dead-time compensation are implemented.

A. Measurements

Below, the results from a DC-DC and AC-DC character-
ization of the prototype system at room temperature (1T =
22 °C) are presented. Although the power source did not allow
to sink energy, and therefore only positive power flow could be
applied, the results for negative power flow would be similar
as the DAB is completely symmetric.

1) DC-DC Operation: Fig. 4 depicts the HF AC-link
currents and voltages for mode 1T and mode 2 operation,
applying DC voltages at both the AC input and the DC output
terminals. The measurements show very good agreement with
the simulations, validating the CDCB ZVS analysis method
and practical implementation of the strategy. Additionally
CDCB ZVS operation was successfully verified by visual
inspection of the waveforms, according to Section II-B. Very
high efficiencies of more than 97 % were measured in DC—
DC operation of the complete DAB AC-DC converter (positive
power range), excluding auxiliary (i.e. gate drivers, fans, and
control board) losses (Fig. 12). Note that these measurements
also include the losses in the synchronous rectifier and the
input EMC filter. Thus the efficiency of the DAB converter
only is even higher.

2) AC-DC Operation: The nominal AC input voltage
Vac = 230 Vips is provided to the input (AC-side) of the
converter by an AC power source, while the output (DC-side)
is connected to a 5.9 mF DC-bus and a load. Fig. 13 depicts

98
. 96
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%i o0 92

<4 90

: 88

£ 90

: 86

= 88t
86 10 (»
350300 250 200 150 100 50 0 4or®

vpci (V)

Fig. 12: Measured efficiency in DC-DC operation. The measurements are
taken at the nominal DC output voltage Vpca = 400 V, at different DAB
input currents ipap1 and input voltages vpcy.
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Fig. 13: Measured waveforms in AC-DC operation at different input currents
and output voltages, and at the nominal AC input voltage Vac = 230 Vims.
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Fig. 14: Measured efficiency, THD, and PF in AC-DC operation.
Measurements are taken at the nominal AC input voltage Vac = 230 Vims,
in the entire power range and at different output voltages.

the measured waveforms at different input currents and output
voltages. Note that the maximum output voltage that could
be applied with the measurement setup is Vpce = 450 V.
The system was successfully tested in the full power range
(up to an output power of 3.7 kW), showing waveforms with
little distortion (Fig. 13 and Fig. 14 (bottom inset, THD)),
a PF close to unity (Fig. 14 (bottom inset, PF)), and a high
conversion efficiency in the entire power and output voltage
range (Fig. 14 (top inset)). The latter is measured including
and excluding auxiliary (i.e. gate drivers, fans, and control
board) losses. Moreover, a very high power density is achieved
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(Table IV). Further optimization of the AC-link components
would yield even higher efficiencies and power densities.

V. CONCLUSION

A simple, semi-analytical modulation scheme to enable ZVS
in the complete operating range of a single-phase, single-
stage, bidirectional and isolated DAB AC-DC converter is
presented. The conventional current-based ZVS considera-
tions are extended towards a current-dependent charge-based
(CDCB) ZVS analysis, taking into account the commutation
charge of the (parasitic) switch capacitances as well as the
time dependency of the commutation currents. It is shown
that the CDCB ZVS constraints cannot be satisfied using
the conventional implementation of the DAB converter. As
a result, the use of ‘commutation inductances’ is considered
essential. The proposed modulation scheme is successfully
demonstrated on a 3,7 kW, bidirectional, and unity power
factor electric vehicle battery charger which interfaces a 400 V
DC-bus with the 230 Vac, 50 Hz utility grid. High conversion
efficiencies (full load and low load; > 96 % peak efficiency),
a high PF, a low total harmonic distortion, and a high power
density are reported. This proves the practical value of the
presented strategy and the feasibility of the single-stage DAB
AC-DC converter for isolated, bidirectional AC-DC applica-
tions. Further optimization of the AC-link components would
yield even higher efficiencies. A T-type HF AC-link and/or the
use of the transformer’s leakage inductances are the subject of
further optimization.
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