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Abstract—An efficiency-optimized modulation scheme and de-
sign method are developed for an existing hardware prototype
of a bidirectional dual active bridge (DAB) dc/dc converter. The
DAB being considered is used for an automotive application
and is made up of a high-voltage port with port voltage V7,
240 V < V; < 450V, and a low-voltage port with port voltage
V2,11V < V5, < 16 V; the rated output power is 2 kW. A much
increased converter efficiency is achieved with the methods de-
tailed in this paper: The average efficiency, calculated for different
voltages V7 and V5, different power levels, and both directions
of power transfer, rises from 89.6% (conventional phase shift
modulation) to 93.5% (proposed modulation scheme). Measured
efficiency values, obtained from the DAB hardware prototype, are
used to verify the theoretical results.

Index Terms—Battery chargers, circuit optimization, dc-dc
power conversion, design methodology, digital systems.

NOMENCLATURE

Dy Duty cycle used for the HV full bridge.

Dy Duty cycle used for the LV full bridge.

%) Phase angle between vty and vrs.

fs Switching frequency.

iT1 Transformer current, HV side.

iT2 Transformer current, LV side.

11 sw,min Minimum HV MOSFET current needed to
achieve low switching losses, HV side.

Is2 sw.opt LV MOSFET current needed to achieve mini-
mum switching losses on the LV side.

L DAB converter inductance.

n Transformer turns ratio.

Py HV port power.

P, LV port power.

Put Converter output power.

Pout,a Designated output power (mod. scheme).

Ph o max Maximum power of the modified triangular
current mode modulation for Vo < V5 jjp,.

PA b max Maximum power of the modified triangular

current mode modulation for Vo > V5 jip,.
Maximum power of the modified triangular
current mode modulation at Vo = V5 jin,.
Minimum power of the high-power mod.
scheme for ‘/2 < V2,lim(Popt,a,min > PA,a,max)-

PA,VZ lim,max

Popt,a,min

Manuscript received December 20, 2009; revised June 16, 2010 and
October 6, 2010; accepted January 24, 2011. Date of publication February 7,
2011; date of current version February 17, 2012.

The authors are with the Power Electronic Systems Laboratory, Swiss
Federal Institute of Technology (ETH) Zurich, 8092 Zurich, Switzerland
(e-mail: krismer @lem.ee.cthz.ch; kolar@lem.ee.ethz.ch).

Digital Object Identifier 10.1109/TIE.2011.2112312

2745

Popt,b,min Minimum power of the high-power
mod. scheme for V5>V5 jim (Popt b,min >
PA,b,max)-

Popt,ani Transition power level with D; = Dy = 0.5
for ‘/2 < ‘/Z,Iim(Popt,a,hi > Popt,a,min)-

Prax Maximum output power of the DAB.

Ts Switching period, Ts =1/ fs.

i HV port voltage.

Vs LV port voltage.

Va lim Defines the boundary between different operat-
ing modes of the DAB.

UT1 AC volt. generated by the HV full bridge.

VT2 AC volt. generated by the LV full bridge.

I. INTRODUCTION

ECENT trends in the automotive industry toward electric

vehicles, hybrid electric vehicles, and fuel-cell-powered
vehicles create the need for highly compact, lightweight, and
efficient power converters [1], to exchange electrical power
between the various on-board power sources [2]. In order to fur-
ther push existing limits, a procedure for efficiency-optimized
converter design and modulation scheme are presented for a
bidirectional automotive dc/dc converter. The dc/dc converter
investigated here transfers power between the high-voltage
(HV) dc port of a fuel cell stack and the dc port of a low-voltage
(LV) battery [3], [4]. The converter specifications are:

e HV port: 240 V < V; < 450 V, nominal voltage: 340 V;

e LVport: 11 V <V, <16 V, nominal voltage: 12 V.

The rated output power of the dc/dc converter considered
here is 2 kW within the above specified voltage ranges and
bidirectional converter operation. A high converter efficiency
of more than 90%, high reliability, and high power density are
required with respect to the application in a car [5]; moreover,
the HV dc port must be isolated galvanically from the LV dc
port [3].

Typical topology candidates with these specifications include
half- and full-bridge topologies with one or more dc inductors
[6]-[8], the dual active bridge (DAB) converter [9]-[11], and
resonant converter topologies [12]. Fig. 1(a) depicts the DAB
converter, which is selected for the given application due to its
soft-switching properties and the low number of passive com-
ponents [13], making a highly compact converter feasible [7].

The conventional modulation scheme employed for the
DAB converter [9], the so-called phase shift modulation,
only achieves high converter efficiency for operating voltages
close to Vi ~nV, (Section V-C). For V; < nVy or Vi >
nVs, the transformer rms currents, the inductor and trans-
former copper losses, and the semiconductor conduction losses

0278-0046/$26.00 © 2011 IEEE
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Fig. 1. (a) DAB topology; the resistors Rpcg, ac and Rpcg,pc model the
printed circuit board (PCB) conduction losses; (b) employed electrical DAB
model, which considers conduction losses and magnetizing current [11], [13];
and (c) calculated voltage and current waveforms for phase shift modulation,
Vi=340V, Vo =12V, P, =2kW, L = 26.7 pH, n = 19.

increase considerably [14]. Fig. 1(c) depicts typical current and
voltage waveforms for phase shift modulation. The respective
duty cycles Dy and D (defined in Fig. 3) are D; = 0.5 and
Dy = 0.5 for phase shift modulation.

Considerably increased converter efficiency can be achieved
for a given DAB converter with the use of alternative modula-
tion schemes, which use Dy < 0.5 and/or Do < 0.5. This paper
aims to find a modulation scheme which enables converter
operation at (or close to) maximum converter efficiency.

Initial investigations on alternative modulation schemes are
given in [15] for a bidirectional ac/dc converter: The proposed
alternative modulation schemes extend the zero-voltage switch-
ing (ZVS) range of the DAB and reduce the transformer rms
currents (the principle of operation of ZVS is discussed in [16]).
Detailed investigations of the modulation schemes presented
in [15] with either D1 < 0.5A Dy =0.50r D1 =0.5A Dy <
0.5 are presented in [17], [18]. The 1-D optimization problem
(either D; or D5 changes) with respect to maximal converter
efficiency is solved in [17].

Highly efficient operation of the DAB is also achieved with
modulation schemes employing D; < 0.5 and Dy < 0.5 [19]-
[22]. However, compared to the aforementioned 1-D problem,
it is more complex to solve the resulting 2-D problem with
respect to maximal efficiency [23]. Therefore, a more intuitive
method is typically used to determine D and Do, e.g., in [19],
[21], where triangular or trapezoidal transformer currents are
generated in order to achieve low switching and low conduction
losses. Further efficiency improvements are reported with the
use of a combination of different existing modulation schemes
[24], [25].

This paper presents a systematic approach to derive an
efficiency-optimized modulation scheme for the DAB, which
enables ZVS on the HV side without the need for additional
circuitry [26] and goes on to propose an efficiency-optimized
selection of the transformer turns ratio n and the converter
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Fig. 2. 2-kW automotive DAB converter (273 mm X 90 mm X 53 mm);
rated voltage transfer ratio: V7 = 340V, Vo = 12 V.

inductance L used. Section II outlines the working principles
of the DAB converter and Section III summarizes the converter
loss model employed. Section IV details the results of the nu-
merical search for efficiency-optimal values D; and D-. Based
on these results, the efficiency-optimized modulation scheme is
developed in Section V and an efficiency-optimized converter
design is proposed in Section VI. Finally, in Section VII, the
analytically calculated efficiencies are verified with measured
efficiencies obtained from an experimental setup.

II. AUTOMOTIVE DAB, WORKING PRINCIPLE

The basic technical data of the DAB used and depicted in
Fig. 2 is listed below.

e PCB: four-layer PCB, 200 um copper on each layer.

e Switches (HV side): SPW47N60CFD.

e Switches (LV side): 8 x IRF2804 in parallel.

e DC capacitor (HV side): 6 x 470 nF/630 V in parallel.

* DC capacitor (LV side): 96 x 10 pF/25 V/X5R in parallel.
e Transformer core: two planar E58 cores.

e Transformer turns ratio, DAB inductance (cf. Section VI):

—  phase shift modulation: n = 19: 1, L = 26.7 pH;
— optimized modulation: n = 16: 1, L = 22.4 uH.

e Switching frequency: fg = 100 kHz.

The switching frequency is selected based on converter opti-
mization results obtained for similar systems in order to achieve
a high-efficiency and small-volume DAB converter:

e for a resonant LCC dc/dc converter with an input voltage
of 320 V, an output voltage of 26 V, and an output power
of 3.9 kW, a maximum power density of 13.3 KW/dm3,
and converter efficiency of n = 93.7% are calculated for a
switching frequency of 176 kHz [27];

* for a current doubler dc/dc converter (input voltage: 400 V,
output voltage range: 48 V < Vo < 56 V, output power:
5 kW), a maximum power density of 10.2 kW/dm?, and
converter efficiency of 7 = 96.1% are calculated for a
switching frequency of 92.9 kHz [28].

The switching frequency considered for the DAB converter,
fs = 100 kHz, is selected close to 92.9 kHz, due to the impact
of skin and proximity effects on the copper losses and due
to high switching losses on the LV side. All semiconductor
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Fig. 3. The four DAB control parameters: ¢ denotes the phase shift between
vy and vre, Dy, and Do are the respective duty cycles, and fg is the
switching frequency. The phase shift ¢ is measured between the centers of the
positive active time intervals of vj and vrs; ¢ > 0 applies in this figure.
The selected definitions of ¢, D1, and D2 can directly be used together with
the fundamental component approximation approach, often used to analyze the
DAB (e.g., [19]): the amplitudes of the fundamental components of vy and
v are Vy ¢ = 4V1 sin(wD1) /7 and Vo ¢ = 4Va sin(mwD2) /7, respectively,
and ¢ is the phase shift between the cosine-shaped functions of the fundamental
components. Employed operating point: Vi = 240 V, Vo = 11 V, Poyt =
500 W (cf. (4)); n = 16, L = 22.4 pH.

switches are realized using MOSFETS: In respect of the se-
lected switching frequency, and the required current and voltage
ratings, MOSFETS are found to be superior to insulated-gate
bipolar transistors.

The voltage-sourced full-bridge circuits on the HV side and
on the LV side, depicted in Fig. 1(a), can be replaced by the
respective voltage sources vy and vs to simplify the inves-
tigations on the DAB converter. Fig. 1(b) shows the converter
model used and which is developed in [13]; it assumes:

1) negligible parasitic capacitances of the transformer, e.g.;

no coupling capacitance between LV and HV sides;

2) all quantities being referred to the HV side;

3) constant supply voltages 1 and V5.

The DAB converter model is parameterized in Section VI.

The DAB output power is adjusted by varying one or more
of the four control parameters shown in Fig. 3 and listed below.

e phase shift between vy (t) and vpo(t): —7 < @ < T;

e duty cycle Dy of vy (t) with 0 < Dy < 0.5 [Fig. 3];

e duty cycle Dy of va(t) with 0 < Do < 0.5;

e switching frequency fs.

Phase shift modulation uses constant switching frequency
and maximum duty cycles, D1 = Dy = 0.5, and the controller
varies solely the phase shift ¢ to achieve the required power
transfer [29]. Assuming a loss-less DAB converter and a negli-
gible magnetizing current, the transferred power

nViVap - (m — |¢l)
271'2st

P=P =P = V-r<e<nm (1)
results [10], whereas L ~ L; +n?L, applies. Maximum
power transfer is achieved for ¢ = +m/2 and the sign of P
characterizes the power transfer direction

P >0 : power transfer to the LV port(HV — LV);
P <0 : power transfer to the HV port(LV — HV). (2)

Fig. 4 depicts the power transfer characteristics of the DAB
calculated with (1).
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Fig. 4. DAB power transfer characteristics for phase shift modulation on
the assumption of a loss-less converter (P = Py = Py), V4 =340 V, and
different voltages V2; transformer rms current /1 for Vo = 12 V. The DAB is
designed according to Section VI: n = 19, L = 26.7 pH. Maximum power
transfer, |P| = Pmax(V1, V2), is achieved at ¢ = £ /2. For power levels
|P| < Pmax(Vi1,V2), two solutions exist for ¢ within —7 < ¢ < 7. For
|| > 7/2, increased rms currents result in the high-frequency transformer,
the DAB inductor L, and the semiconductor switches; therefore, || < 7/2 is
preferred.

The simplicity of phase shift modulation and the possibility
of using half-bridge circuits to generate the high-frequency
transformer voltages vri(t) and vro(t) are the main reasons
for the wide use of this modulation method. Disadvantages are
the limited operating range where low switching losses occur
(soft-switching range [11]) and large rms currents in the high-
frequency transformer for most operating points when the DAB
is operated within wide input and/or output voltage ranges [14].
As a consequence, maximal converter efficiency is achieved
only in a small area of the whole operating region (cf. Fig. 17).

III. DAB Loss MODEL

In order to develop an efficiency-optimized modulation
scheme (Sections IV and V), the DAB loss model detailed
in [13] is employed. This loss model considers the semicon-
ductor’s conduction and switching losses, the copper and core
losses of the inductor and the transformer, and the gate driver
power dissipation. The total converter lossesP, = P; — P; are
calculated with (13) in [13] and the efficiency is

|Pout|

= — 3
|Pout|+Pt ()

n
Moreover, the converter output power P, depends on the
direction of power transfer

HV - LV: P =5

LV—-HV: P,.=P. 4

In anticipation of the results obtained in Section IV, low
conduction and low switching losses are particularly impor-
tant to achieve a high efficiency of the given DAB converter.
The conduction losses are calculated with the transformer rms
currents Ip; (HV side) and Iy (LV side) [13]. Due to the
complexities of the employed electrical DAB model [Fig. 1(b)]
and the employed converter loss model [13], only numerical



2748

+
V1 °J Tl ]Sl.sW= iLl(tsw)
- J T,
1.0 T, off > T, on 1 T, off = T, on I
|
oy, =250V \§ \
0.5 HaVi=300V
| [0V1=350V
V=400V
0 I
@ -20A -10A 0 10A 20A Ig1 gw/A
a
Esz,sw/m.]

12
1.0
0.8

Ts off — T on Ts off — T¢ on
0.6 i
0.4 ﬁ\ %DVFIOV,
AV,=12V
0.2 — <>V§:14v—
0 B\Sﬁ% * V=16V

-400A -200A 0 Isrowap 200A  400A Ig /A

(b)

Fig. 5. Measured switching losses for a single-switching action (junction
temperature: 1T = 25 °C) (a) HV side and (b) LV side. Ig; sw and Igg g
indicate the switched current levels. Negative currents sy sw and Is2 sw
denote hard switching; for positive currents /s sw and Is2 sy the condition for
ZVS is satisfied. On the LV side, however, ZVS is not achieved for Is2 ¢w >
50 A due to parasitic inductances in series to the semiconductor switches
leading to high switching losses there [13]. The depicted circuits illustrate the
respective switching operation of a half bridge with regard to the sign of Is1 ¢w

or Iso sw-

TABLE 1
EXPRESSIONS REQUIRED TO OBTAIN Is1 w AND I52 g FROM THE
RESPECTIVE INSTANTANEOUS TRANSFORMER CURRENTS iT1(tsw)
AND i3 (tsw) AT A SWITCHING INSTANT tsw; E.G., IN FIG. 3,
AT t = 0, A RISING EDGE OF vp; OCCURS AND THUS,

THE HV SIDE FULL BRIDGE SWITCHES Ig1 sw = —iT1(0)
HV Side, Edge Type of vt Is) gw
Rising edge of v (t = tsw): Istsw = —t11 (tsw)
Falling edge of vr; (t = tsw)i ISl,sw =it (tsw)
LV Side, Edge Type of vty Iso 5w
Rising edge of vpa(t = tew): Isosw = t12(tsw)
Falling edge of vra(t = tsw): Is2sw = —t12(tsw)

solutions are feasible for It and Ito; the numerical solver
algorithm employed is outlined in Appendix A.

The switching losses are determined based on the measure-
ment results presented in Fig. 5 and the respective instantaneous
transformer currents i1y (HV side full bridge) and 1o (LV side
full bridge) at the switching instant. The instantaneous trans-
former currents ¢ and ¢7o are calculated with the procedure
summarized in Appendix A. The expressions given in Table I
are used to determine the respective values Igq gw and g2 g,
required to evaluate the switching loss functions depicted in
Fig. 5. The measurement results depicted in Fig. 5 represent the
total switching loss energy of one-half bridge due to a single
switching process: Negative currents s gy and Iso s denote
hard switching and for positive currents Ig; sw and Igs v, the
condition for ZVS is satisfied [13].
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IV. NUMERICAL EFFICIENCY OPTIMIZATION

The optimization procedure shown here determines the duty
cycles Dy and Dy and the phase shift angle ¢ with respect
to maximal converter efficiency in steady-state operation for
selected operating points defined by the DAB port voltages V;
and V5 and the required output power P, (cf. (4)). The output
power forany 0 < D7 <0.5,0 < Dy <05,and — 1< p <7
can either be calculated using an electric circuit simulator or
with the procedure outlined in Appendix A.

The optimization procedure shown in this section can be used
to obtain efficiency-optimal control parameters for arbitrary
DAB converters. The calculated results are thereafter used in
Section V in order to synthesize a new modulation scheme,
which facilitates highly efficient operation of the investigated
DAB converter.

In general, for a given operating point and given duty cycles,
two solutions exist for the phase shift angle (. For example, in
Fig. 4, two phase shift angles, ¢4 ~ 7/6 and 2 ~ 57/6, gen-
erate an output power of 2 kW for 1} = 340 Vand Vo = 12 V.
The presented optimization procedure employs the minimal
phase shift angle ¢y, required to obtain the specified output
power, according to

(Pmin(Vla ‘/27P0ut7D17D2) = min |S0(V17‘/27P0ut7D17D2)‘
-sgn (¢(V1, Va, Pout, D1, D2))  (5)

since pnin allows for lower rms currents /7, and Ite and
results in lowest conduction losses (cf. Ity in Fig. 4). Thus,
the considered converter efficiency 7, calculated with (3) and
(5), depends on the operating point and the two duty cycles

T]O(Vla V27P0ut7D1aD2)
= 77(Vl,‘/27Pou‘mDlyD27@min(V17V27P0ut7DlaD2)) . (6)

In order to determine the maximum efficiency at a given oper-
ating point, a numerical solver varies D; and Ds:

nopt = max (nO(V17 ‘/27 Pouta Dl) D2))
VO< Dy <05A0< Dy <05, (7)

(on the assumption of constant V7, Vo, and P,yy).

A thorough investigation of different operating points within
the full specified operating range reveals essentially different
results for V7 > nVs and Vi < nV5;. Therefore, two meaningful
examples are used to summarize the results of the investigations
obtained for the DAB with n = 16 and L = 22.4 /H designed
in Section VI:

D Vi>nVo: Vi =340V, Vo =12V, P, > 0 [cf. 2)];

2) Vi <nVo: Vi =240V, Vo =16V, P, > 0.

A Vi>nVe: Vi =340V, Vo =12V, P, > 0(HV — LV)

Analytical optimization of D; and Dy with respect to the
transformer rms current reveals that minimal rms current is
achieved with the triangular current mode modulation [19]
depicted in Fig. 6(a).! Due to considerable switching losses,

I The respective derivation considers the loss-less DAB model given in [11]
and assumes an infinitely large transformer magnetizing inductance.
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Fig. 6. Waveforms of vri, vro, and 411 (cf. Fig. 1(a)) obtained for V3 =
340 V, Vo = 12 V, and different operating conditions; (a) triangular current
mode modulation according to [19] and Pyt = 500 W; (b), (c) modulation at
Pout = 500 W: optimal and suboptimal converter efficiency, nopt and 7subopt
in Fig. 7(a), respectively; besides, (c) illustrates the modified triangular current
mode modulation detailed in Section V-A1l; and (d) optimal converter efficiency
at Pout = 2 kW. Employed DAB: n = 16, L = 22.4 pH.

however, the efficiency obtained with the triangular current
mode modulation is not maximal: At P, = 500 W, = 89%
results.

Fig. 7 depicts the calculated converter efficiencies within 0 <
Dy <0.5 and 0 < Dy < 0.5 and for different output power
levels. The efficiency 7),p,; marks the locations of the global
efficiency maxima. Besides, for P, = 500 W [Fig. 7(a)] and
P,ut = 1 kW [Fig. 7(b)], local efficiency maxima, marked with
Nsubopt,» are observed. According to Fig. 7, with increasing
output power, the global and the local efficiency maxima shift
toward Dy = 0.5. Above a certain power level, only a global
maximum remains; this is shown in Fig. 7(c) and (d) for
Pout = 1.5 kW and P,; = 2 kW. Fig. 7 further indicates, that
the local maximum depicted in Fig. 7(a) and (b) shifts toward
Dy = 0.5 with increasing P,,; and becomes a global maximum
in Fig. 7(c) and (d). As a consequence, a step in the efficiency-
optimal control parameters D1, D5, and ¢ can be observed in
Fig. 8(a) between P,y = 1.1 kW and P,y = 1.2 kW.

The different properties of the most interesting operating
points, i.e., operation at global and local efficiency maxima,
need to be investigated in order to synthesize an efficiency-
optimized modulation scheme. At the global efficiency max-
imum and P, = 500 W, a converter efficiency of 7gp; =
92.4% is achieved. There, the DAB converter experiences
slightly increased conduction losses due to increased trans-
former rms currents; however, according to Figs. 5 and 6(b),
minimal switching losses are achieved, since best possible
instantaneous transformer currents (and thus switch currents)
occur during switching:

o Ig1sw,1 = —i11(t1) = Is1 sw,min (ZVS, cf. Appendix B);
° ISl,sw,Q = +Z‘T1(t2) > ISl,sw,min (ZVS)’
e ISQ’SW = TLZTl(O) = nTl(t;g) ~ 20 A (ZVS)

2749
0.5 o =92:4% PZZSOOW § Tl =942% P,=1kW
| (Fig. 6(b)) 7 ‘ / / /{‘ L93%]
0,
ol Ul //\ﬂ,,% 04 [
[91% iy 1 Jovos
g/ o Hsubopt |
03 ) 0% 03 "”’J// 88% |
0, 4
D, ‘ L/é/ ’%f”’ D, N— / | 85%
0.2 | Msubopt T1=/ 854) 0.2 0
(Fig6(c)) 1 R0% 70(y/ —__80%
L~
0.1 fr(;xv;’set{: : _060% 0.1 power transfer ]
0 not possible 0.0 not possible
00 01 02 03 04 05 00 01 02 03 04 05
(a) D, (b) D,
0.5, on =94:5% P,=15kW  n=946% Py =2kW
- ] Jo4%, (Fig. 6(d))
[ o T
0.4 (&) N%A 04 S
(E2: &=
790%] L o007,
0.3 \ —=90% 0.3 \ 90%
o N o N
0.2 —33% g2
N9,
power transfer \& power transfer
0.1\~ not possible 0.1}~ not possible
0.0 ‘ | 0.0 | ‘
00 01 02 03 04 05 00 01 02 03 04 05
(© D, d D,

Fig. 7. Converter efficiency determined according to Section III and (6)
for 0 < D1 <0.5, 0 < D2 < 0.5, fixed operating voltages (V7 = 340 V,
Vo = 12V), and different power levels: (a) Pout = 500 W, (b) Pout = 1 kW,
(¢) Pout = 1.5 kW, (d) Pout = 2 kW. For low power levels, depicted in
Fig. 7(a) and (b), a global maximum, nopt, and a local maximum, Nsybopt.
occurs; for high power levels, Fig. 7(c) and (d), only a global maximum
remains. Power transfer is not possible for combinations of D1 and Ds outside
the indicated boundary. In that case, no solution exists for ¢ with respect to
the required output power. On the contrary, the required output power can be
achieved with any combination of D1 and D2 inside the indicated boundary.
Employed DAB converter: n = 16, L = 22.4 pH.
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Fig. 8. (a) D1, D2, and ¢ required to achieve maximum converter efficiency

for V1 =340 V, Vo =12 V, and power being transferred to the LV port:
for Poyut between 1.1 and 1.2 kW, a step change in D1, D2, and ¢ occurs;
(b) D1, D2, and ¢ for maximum converter efficiency, V73 =240 V, Vo =
16 V, and power being transferred to the LV port: for Pyt between 600 and
700 W, D2 (Pout) exhibits a step change. Employed DAB converter: n = 16,
L =224 uH.
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Fig. 9. Waveforms of vr1, vre, and ¢ obtained for V3 =340 V, Vo =
12 V, and efficiency-optimal operation at very high power levels (exceeding
the rated power of 2 kW): (a) P> = 2.5 kW and (b) P> = 3 kW. Employed
DAB converter: n = 16, L = 22.4 pH.

Due to the parasitic effective output capacitances of the HV
MOSFETS used, a minimum current /s sy min 1S required to
obtain low switching losses on the HV side [13]; the optimal
selection of Is1 sw,min 1S given in Appendix B. On the LV side,
minimum switching losses are obtained for

Iso sw = Is2 sw.opt =~ 20 A (cf. Fig. 5(b)). (8)

At the local efficiency maximum and P,,; = 500 W, a
converter efficiency of 7 = 92.0% is achieved. The LV side full
bridge there exhibits switching losses due to hard-switching op-
eration at t = ¢3 [Fig. 6(c)]. This operating mode is nonetheless
employed for the suboptimal modulation scheme discussed in
Section V, in order to avoid the step of Dy, D5, and ¢ shown
in Fig. 8(a), and is termed modified triangular current mode
modulation.

According to Figs. 7(d) and 8(a), optimal operation at rated
power Pout = 2 kW is achieved with D; = 0.31 and Dy =
0.5. Fig. 6(d) depicts the corresponding current and voltage
waveforms. Minimal reactive power is achieved on the LV side,
since the instantaneous power ps(t)

p2(t) = vra(t) ~ir2(t) = vra(t) - niT1(t) ©))

does (virtually) not change sign during 0 < ¢t < Ty [22] and
thus, minimal conduction losses are achieved on the LV side.
Moreover, minimal switching losses are achieved due to ZVS
operation of the HV full bridge (cf. Table I) and due to the
operation of the LV side full bridge with instantaneous switch
currents /g2 g close to zero.

The optimization algorithm increases D; with increasing
power levels and keeps Ds close to 0.5. This can be observed
in Fig. 8(a) for power levels between 2 and 2.4 kW.

At very high power levels, finally, large phase shift angles
and duty cycle values close to 0.5 are needed. As a conse-
quence, the transformer rms currents rise considerably [19] and
the instantaneous currents during switching increase. Accord-
ing to Fig. 8(a), the optimization algorithm reduces D5 for
Pout > 2.4 kW. A reduction of the switching losses is achieved
on the LV side with this, as illustrated in Fig. 9(b): Only
two LV switches (e.g., T5 and T§) switch g2 s > Is2 sw,opt;
the remaining two (e.g., T and T%) switch Isg s ~ Is2 sw,opt
(cf. Table I).

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 59, NO. 7, JULY 2012

Py=1kW  5on=93.9%

\ 0% 80% /f\j

T T T
50% 60% 70% Q
/
93%

0.4 / 0.4 \(
92%
03 290%| 03 Eo1on
D, V L ssul D \( ( ( 5-90%
0, \ L 88%)
0.2 ( 8% 02 88
— 0
powcr\k—//' 80%
<

S —80%
70% 0.1 power transfer 2

s Pr=S00W oy =911%,

0.1

transfer .
0.0 not possible 0.0 no‘t p0s51‘ble
00 01 02 03 04 05 00 01 02 03 04 05
(@ D, () Dy
5 P, =1.5kW ;70m=93.9%\ 0.5 Py, =2kW r]opt=93.l%‘_
/ /?I : 80% / —\]
80% 859 |
0.4 (/; // 9?,"/_0 0.4 (A(’ <</
92%
0.3 Z'gz%f 03 291%
. tﬂl%‘ : 790%
D, r90%1 D» \~ 88%‘:
0.2 Nt 575 IPPS ~—
’ S 85% ] ’
power transfer — power transfer
0.1 — not possible 0.1 = not possible
00 01 02 03 04 05 00 01 02 03 04 05
(© Dy (C)) Dy

Fig. 10. Converter efficiency calculated for 0 < Dy < 0.5, 0 < D2 < 0.5,
Vi =240 V, Vo =16 V, and different power levels: (a) Pout = 500 W,
(b) Pout = 1kW, (¢) Pous = 1.5kW, and (d) Pous = 2 kW. Employed DAB:
n =16, L = 22.4 uH.

B. Vi <nVo: Vi =240V, Vo =16V, P, > 0(HV — LV)

The efficiency maps calculated for V7 =240 V and V5 =
16 V (Fig. 10) are entirely different to the efficiency maps
calculated in the previous Section IV-A. The optimization pro-
cedure varies Dy and keeps D; close to 0.5. Again, local and
global efficiency maxima occur and the efficiency-optimal duty
cycle D, exhibits a step change as shown in Fig. 8(b). However,
compared to Section IV-A, the effect is less distinct and not
visible in the efficiency maps depicted in Fig. 10.

The waveforms related to optimal DAB operation are shown
in Fig. 11. Fig. 11(a) depicts the waveform of the transformer
current ¢p; for Poy = 500 W: iy is nearly triangular and
thus, low conduction losses result. Moreover, the instantaneous
transformer currents during switching facilitate low switching
losses due to the reasons given in Section IV-A and thus, a
high total converter efficiency of 91.1% is achieved. However,
similar to the DAB operation at V; =340 V, Vo, =12 V, and
P, = 500 W, the discontinuous duty cycle function shown in
Fig. 8(b) complicates the practical implementation.

A considerably reduced complexity is achieved if the mod-
ified triangular current mode modulation is used; typical cur-
rent and voltage waveforms are depicted in Fig. 11(b). This
modulation scheme facilitates a seamless transition between
the operation with V; < nV, and the operation with V; >
nVs due to the similarities to the modified triangular current
mode modulation depicted in Fig. 6(c).2 The converter achieves
nonetheless very high efficiency in the region of 7., (e.g.,
1 =90.7% for P, = 500 W).

2More precisely, the modified triangular current mode modulation scheme
facilitates a seamless transition between Vo < V3 13y and Vo > Vo gim,
cf. Section V-A3: (21) and (22).
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Fig. 11. Waveforms of vp1, v1g, and ip; obtained for V; = 240 V, Vo =

16 V, and different operating conditions; (a) efficiency-optimal modulation
at Pout = 500 W (nopt in Fig. 10(a)); (b) modified triangular current mode
modulation detailed in Section V-A-2 at Pyt = 500 W; (c), (d) modulation
for optimal converter efficiency at Pout = 700 W (cf. Fig. 8(b)) and at
Pout =2 kW (nopt in Fig. 10(d)), respectively. Employed DAB: n = 16,
L =224 pH.

By use of P,y = 700 W, depicted in Fig. 11(c), the DAB ex-
ceeds the maximum output power possible with the modulation
scheme shown in Fig. 11(a). The optimization procedure there
selects D; = 0.5 and D> < 0.5 in order to achieve ZVS on the
HV side and low switching losses on the LV side (according
to Fig. 11(c); however, only one LV side half bridge switches
Iso sw = I w,opt; due to Vi < nV5, it is unavoidable that the
other LV half bridge switches 52 sw > Is2 sw,opt)- This scheme
remains unchanged with increasing output power. Fig. 11(d)
illustrates the calculated voltage and current waveforms for
FPout = 2 kW. Again, large duty cycles and large phase shift
angles are needed at very high power levels, which is shown in
Fig. 8(b) (cf. Section IV-A), and the efficiency-optimal results
for Dy, Do, and ¢ violate Iss sw =~ Ig2 sw,opt at very high
power levels; nonetheless D1 = 0.5 remains.

V. SUBOPTIMAL MODULATION SCHEME

The findings obtained in the previous Section IV facilitate
the development of an optimized modulation scheme in order
to operate the given DAB close to the maximum achievable ef-
ficiency. The proposed modulation scheme therefore minimizes
the impact of the most important DAB loss mechanisms:

¢ conduction losses;

e HV side switching losses (ZVS is required);

* LV side switching losses (52 sw ~ 152 sw,opts Cf. (8)).

No closed-form solutions exist for the control parameters D1,
D, and ¢, due to the complexities of the electrical DAB model
employed [Fig. 1(b)] and the converter loss model used [13].
Numerical solvers are used to evaluate the equation systems de-
veloped in this section in order to obtain values for Dy, Do, and
. Currently, all solvers are implemented in Mathematica and
a computer calculates the control parameters offline for 8192
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different operating points according to the explanations given
in this section. The results calculated are then postprocessed
in order to reduce the effects of current-dependent time delays
caused by the DAB hardware [30]. The control data so obtained
is stored in a table that resides in the digital control part of the
DAB converter i.e., a digital signal processor (DSP). The DSP
finally uses linear interpolation to approximately determine the
required control parameters [31].3

This description of the optimized modulation scheme is
limited to a power transfer to the LV side; however, the prin-
ciples discussed apply to power transfer in any direction and
it is straightforward to extend the modulation scheme in order
to permit a power transfer to the HV side. Furthermore, a
negligible magnetizing current is considered, i.e., i1 & ir2/n
applies.

A. Optimized DAB Operation at Low Power Levels: Modified
Triangular Current Mode Modulation

According to Section IV, highly efficient converter operation
close to 7op¢ is achieved by the DAB converter with the
modified triangular current mode modulation scheme. Typical
current and voltage waveforms are shown in Fig. 6(c) for
nominal converter operation.

The original version of the triangular current mode mod-
ulation scheme distinguishes between V5 < Vi/n and V5 >
Vi/n in order to calculate Dy, D5, and ¢, due to essentially
different characteristics of the transformer currents; the respec-
tive calculation is thoroughly discussed in [14], [19]. Detailed
investigations show that the modified triangular current mode
modulation scheme distinguishes between Vo < V5 13, (mode
a) and Vo > V5 i, (mode b), whereas

Vaiim < V1/n. (10)
The actual computation of V5 iy, is explained in Section V-A3,
subsequent to the discussion of the modified triangular current
mode modulation schemes; a typical characteristics of V5 jim,
is shown in Fig. 14. An analytical investigation of the mod-
ified triangular current mode modulation scheme reveals that
Va.,1im = V1 /n would be achieved for a loss-less converter and
for —I;, = I;, in Fig. 6(c). However, based on the results of
Section 1V, i.e., due to the different switching loss characteris-
tics of the HVMOSFETS and the LV MOSFETS, —I;, > 2 A
and I;, = Ig2 gw.opt/n =~ 20/n = 1.25 A are required on the
HV side and on the LV side, respectively (cf. (8); n = 16 is
assumed). Therefore, the inequality (10) results.

It is important to note that the modified triangular current
mode modulation scheme achieves ZVS on the HV side; how-
ever, one hard-switching process per half-cycle occurs on the
LV side, e.g., at t = t3 in Fig. 6(c) and at t = t5 in Fig. 11(b).

3The actual implementation employs 16 values for V7, 16 values for Va,
and 16 values for Py in either direction of power transfer. Due to the linear
interpolation, a maximum absolute error of 58 W is calculated for the output
power with the basic values being evenly distributed. Moreover, the resistive
dividers employed to measure V7 and V> consist of resistors with an accuracy
of 0.1%. In order to eliminate the errors due to the linear interpolation and the
voltage measurements, a current controller is required (cf. [29]).
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1) Vo < V5 1im (mode a: Fig. 6(c)): During 0 < t < 2, both
full bridges remain in their freewheeling states, i.e., vp; =
vpe = 0, and a negative transformer current iy (to) = I, en-
ables ZVS at t = ty; subsequently, during to <t < t;, the
HV full bridge applies vr; =V;. The transformer current i
increases to ir1(t1) = I, =Is2 sw.opt/n ~ 20 A/n: At t=1,,
the LV full bridge switches to vo =V5 and thereby generates
minimal switching losses (cf. Fig. 5(b)). Due to V; >nVs, i1y
continues to increase during ¢; <t <t9 until the HV full bridge
switches to its freewheeling state at ¢t = to (ZVS). During time
interval III, the transformer current decreases to i1 (t3) = —1I,.
Att=ts, the LV full bridge switches to vrs =0 (hard switching
operation) and the remaining transformer current during ¢3 <
t <t4,i71(t)=—1,, enables ZVS for the HV full bridge at ¢ =
t4. During the second half-cycle (Ts/2 <t <Tg), the voltage
and current waveforms repeat with reverse sign.

The durations of the respective time intervals I, I, and III are
calculated thus in order to

» provide the specified output power P, (cf. (4));

 generate the freewheeling current Iy, = —I31 gw,min (€N-

ables ZVS on the HV side, cf. Appendix B);

e generate the current I;, = Ig2 sw.opt /7 (cf. (8)) to achieve

low switching losses on the LV side.

The computation of the respective control parameters D1,
Dy, and ¢ employs an approximate value of the duration of time
interval I in Fig. 6(c), 71, in order to reduce the computational
effort

L- (_Ito +It1)

L- (ISst,min + ISZ,sw,opt/n)

Tx " V1 (11)
The calculation of D1, Do, and ¢ employs
D, “P| Do “P|
- =1 — = Dy =Dy — — +21 12
2fs  2mfs 1+ 2fs ! 2 s +2Tifs (12)

for mode a, which can be derived from Figs. 3 and 6(c). A
numerical search algorithm seeks suitable values D5 and ¢ that
meet the requirements

Pout(D17D2a<p) :Pout,d and (13)
It()(D17 D2; 90) = - ISl,sw,min (14)
v ‘/2 < Vv2,1im A Pout < PA,a,max (15)

in order to achieve the designated output power P,;q and
the freewheeling current Isi sy min, cf. (50). The algorithm
discussed in Appendix A calculates P, and Iy, .

Similar to the triangular current mode modulation scheme
presented in [19], the maximum possible output power is
limited according to (15). At P,y = PA a,max, the expression
D1/2+ |p|/(27) + D2/2 = 1/2 applies (cf. Fig. 3 for t3 =
Ts/2) and with (12), the equation system needed to solve for
Ph . max becomes

[I4, (D1, D3) = —Is1 sw,min A D2 = 0.5 — Tj fs]

<:>P0ut(D17D2) :PA,a,max~ (16)

2) Vo > Vaim (Mode b: Fig. 11(b)): During to <t < ty,
the HV full bridge applies v1; = Vi, the LV full bridge remains
in its freewheeling state, and the transformer currents increase;
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again, i1 (to) = I, enables ZVS on the HV side. Att = t1, the
LV full bridge switches to vro = V5 and during t1 < t < 1o, the
transformer currents decrease due to Vi < nVs. At t = to,
the transformer current 7 (t2) reaches —I;, and both full
bridges simultaneously switch to the freewheeling states v, =
vrg = 0 (ZVS on the HV side, hard switching on the LV side).

The durations of the time intervals I and II are such that:

* the specified output power P, (cf. (4)) is obtained

* the freewheeling current I;; = —Ig1 gw,min 15 generated.

The computation of D1, Do, and ¢ employs

Dy lo|  Ds |
21 2 . py=p, -
2fs  27fs * ? !

|

17

s - 17)
which can be derived from Figs. 3 and 11(b). A numerical

search algorithm determines the values for D; and ¢ that satisty
(13) and (14) within

‘/2 > Vv2,lim A Pout < PA,b,max- (]8)

The maximum possible output power Pa p, max i obtained
from (17) and D, = 0.5:

_ el
™

= Pout(D27 SD) = PA,b,max~ (19)

Ito (DQ, QO) = _ISst,min A\ D1 =05A D2 =0.5

3) Calculation of Va jim: At Vo = V5 jim, both modified tri-
angular current mode modulation schemes, i.e., mode a and
mode b, can be used. The respective maximum possible power
levels are identical there and are termed PA v21im,max

PA,VQ lim,max — PA,a,max(‘/Q = ‘/Q,Iim)

= PA,b,maX(V2 = ‘/Q,Iim)- (20)

At Pyt = PA v2lim,max, for a given V; and with (11), (16),
and (19), the control parameters become constant and the
numerical solver solely needs to vary V5 in order to satisfy
Ito = _ISst,min and to calculate ‘/Q,Iim(PA,\Q lim,max)

[Ito (VQ) = —ISl,sw,Inin A Dl =0.5A D2 =05- TIfS
/\(p = TﬂfSSgn(Pout,d)]
= [‘/2 _ ‘/2711111(PA,V2 lim,maX) A Pyt = PA,VQ lim,max] .
(21)

The overview of all employed modulation schemes depicted
in Fig. 14 shows that V5 j;,,, decreases with decreasing P, <
P v21im,max- Since Iy, = —Ig1 gw,min Needs to be satisfied for
mode a and mode b, and with (11) and (17), the respective
equation system needed to compute V2 jim (Pout,d) 18

[Pout(Dh VQ) = Pout,d A Ito (Dh ‘/2) - _ISst,min
Np = 7 fssgn(Pous,a) A Dy = Dy — %

= ‘/2 = ‘/27lim(Pout,d)VP0ut,d < PA,VQlim,max- (22)

A close inspection of the modulation schemes employed
for P,y > PA v2lim,max, 1.€., at high power levels, re-
veals that V5 )iy (Poyt) remains approximately equal to
V2,lim(PA,V2 lim,max) (Cf Flg 14)
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B. Optimized DAB Operation at High Power Levels: Mode c

The duration of the freewheeling time interval used in the
modified current mode modulation scheme decreases if the
output power increases and reaches zero at Py, = PA a max for
Vo < Vaim and at Pouy = PAbmax for Vo > Vo 1im. The re-
sults obtained in Section IV suggest a new modulation scheme
to be used at high power levels, which complies with the
conditions listed below.

e vt (t) changes from V; to —V; during the time interval

with constant voltage vro(t) = Vo or vre(t) = = V5.
* vra(t) changes from V5 to —V5 during the time interval
with constant voltage vy (t) = Vi or vri(t) = —V1.

For example, Figs. 6(d), 9, and 11(c) and (d) satisfy these
conditions; moreover, phase shift modulation (Section II) rep-
resents a special case and satisfies these conditions for all
0 < |¢] < 7. The operation with this new modulation scheme
is denoted DAB operating mode c.

It can be shown, e.g., based on Figs. 3 and 9(b), that the
operation within mode c requires

lel D2 Dy (1 Dy _ gl Do
== > — ——Di|V—>—-——"_ (23
wt 2 2 T )V 2 B
In summary, ¢ is limited according to
mOdeCl—(Dl—f—Dg)S |(p|/7T§D1+D2 (24)

Similar to Section V-A, D;, D>, and ¢ are determined in a
different way for Vo < V5 15y, and Vo > V3 ji.

1) Vo < Vaiim: Dy and Dy are selected according to the
results depicted in Figs. 6(d), 7(d) and 8(a).

e D7 < 0.51in order to achieve low switching losses: the HV

side full bridge needs to be operated with ZVS and on
the LV side, switching currents close to 152 gw,opt (cf. (8))
result;

e Dy = 0.5 (or Dy close to 0.5 for very high power levels,
cf. Section IV-A) in order to achieve low transformer rms
currents and low conduction losses.

The respective computation of D; and Dy distinguishes

between three different output power levels.

1) Pajamax < Pout < Popt,a,min: transition from mode a to

high-power modulation.

2) Popt,a,min < Pous < Popt,a7hi: D, <0.5, Dy = 0.5.

3) Poptahi < Pout < Prax: D1 = 0.5, Dy < 0.5 in order

to achieve reduced switching losses on the LV side.

The power level P amax is given with (16), Popt a mins
Popt.ani> and P,y are defined in this section.

Both duty cycles D; and D5 are less than 0.5 at P, =
Ph o max [Fig. 12(a)]. Moreover, hard switching occurs on the
LV side, e.g., at t = Ts/2 in Fig. 12(a).

According to the results obtained in Section IV, low con-
duction losses and low switching losses are achieved with
Dy =0.5, i11(0) < —Is1 swmin, and ipi(t1) =ipi(t2) =
I3 sw,opt /M, Which is given in Fig. 12(b). The respective output
power Pyt o min 18 higher than Pa , max and is computed with

[iTl(t = 0, .D17 QO) = _ISst,min A iTl(t =1, Dl’ SO)
= ISQ,sw,opt/n A Dy = 05]

g Pout(-Dla SO) = Popt,a,min' (25)
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Fig. 12. Calculated waveforms vr1(t), vra(t), and i1y (¢) for DAB op-

eration at V3 =340 V and Vo = 12 V, using the optimized modulation
scheme: (a) Pout = 1.93 kW, (b) Pout = 2.03 kW, (¢) Pout = 2.54 kW, and
(d) Pout = 3.00kW;n =16, L = 22.4 uH, and Ly = 1.9 mH (thus, i7; ~
ipo/n applies); Fig. 12(a)—(c) depict the limits of the respective operating
modes: (a) Pout = PA,a,max; (b) Pout = Popt,a,min; © Pout = Popt,a,hi~

Popt.a,min =~ 2 kW applies for the given DAB converter at V; =
340 V and V5, = 12 V. The control parameters D1, Do, and ¢
for output power levels between Pa a max and Popg amin are
obtained from

POut(D15D27<)O) :Pout,d
Z.Tl(t = 07D17D2530) = Itg
iT1(t = t1,D1, Do, @) = Isa sw,a/n

v ‘/2 S V2,lim A PA,a,max < Pout S Popt,a,min (26)

whereas a linear transition is employed for the LV side switch
current 32 gy.d;

IS2,sw,d = IS2,SW,A,a,max + (ISQ,sw,opt - ISQ,SW,A,a,max)
Pout,d - PA,a,max

27)

Popt,a,min - PA,a,max
with IS2,SW,A,a,max =n- Z.Tl(t:()a Pout :PA,a,max) =n- Ito-
According to Fig. 8(a), for 2 kW < Pyt < 2.5 kW, Dy =

0.5 is approximately constant. In order to achieve low losses,
D1 and ¢ are calculated in order to satisfy

Pout(D1,Dg = 0.5,¢) = Poyt,a and
iT1(t =t1,D1,D2 = 0.5,¢) = Is2 sw,opt/

vVv2 < V2,1im A Popt,a,min < Pout < Popt,a,hi- (28)
The control parameters D and ¢ calculated with this equation
system additionally guarantee ZVS on the HV side due to the
high output power levels and due to Vo < V5 ji. Moreover, Dy
increases with increasing output power; D) becomes equal to
0.5 at Poyy = Popt,a,ni [Fig. 12(c)]:

[iTl(t =11, 90) = IS2,sw,opt/n AND; =05ANDy = 05]

g Pout(go) = Popt,a,hi~ (29)
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Fig. 13. Calculated waveforms v (t), vra(t), and i1 (¢) for DAB opera-

tion at V1 = 240 V and Vo = 16 V, using the optimized modulation scheme:
(a) Pout = 895 W, (b) Pout = 976 W, and (¢) Pout = 2.00 kW; n = 16,
L =22.4 pH, and Ly = 1.9 mH; Fig. 13(a) and (b) depict the limits of the
respective operating modes: (a) Pout = PA b, max; (0) Pout = Popt,b,min-

A reduced duty cycle Do < 0.5 is employed on the LV side
if the required output power level exceeds Pyt o hi in order to
reduce the switching losses. This can be observed in Fig. 12(d):
At t = ty, the current during switching is close t0 g2 sw,opt-
The duty cycle D; = 0.5 remains constant in order to achieve
low transformer rms currents and D5 and ¢ are determined with
respect to maximum total efficiency

Pout(Dl = 055 D27 CP) = Pout7d
(D1 = 0.5, Da, ) = max [n(D; = 0.5, D, ¢)]
iT1(t =1t1,D1 =0.5,D2,¢) > Is2 sw,opt/N

v‘/Z < ‘/Q,Iim A Popt,a,hi < Pout < Pmax~ (30)

Analytical investigations show that maximum output power
Phax 1s achieved with phase shift modulation. The respective
value is computed with a numerical maximum search

(D = 0.5A Dy = 0.5) < Ppax = max [Powe(9)]. 31

2) Vo > Vajim: D1 and Dy are selected according to
Fig. 8(b) at high power levels, Figs. 10(d) and 11(d).
e D = 0.5 in order to achieve low conduction losses.
* Dy < 0.5 in order to achieve low switching losses.
The computation of D and D5 distinguishes between two
different output power levels:
1) Papmax < Pout < Popt,b,min: transition from mode b to
high-power modulation,
2) Popt,b,min < Pout < Pmax: operation in mode ¢ with
D1 =0.5,Dy <0.5.
The power level P 1, max 1S given with (19), Pyt b,min 18
defined with (32) in this section, and Py, is defined with (31).
At Pyt = P b,max, the duty cycles Dy = 0.5 and Dy <
0.5 result; typical current and voltage waveforms are shown
in Fig. 13(a). Furthermore, hard switching occurs on the LV
side at ¢t = t; = 0. With increasing output power, Do and ¢
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Operational Modes of the DAB for V; = 240V

16V
Mode b, Section V-A2: Mode ¢, Scction V-B2
(P out < P A,b,max) A (P out >P opt,b,min) A
15V (V22 Vatim) Popipmin (22 Vajim)
— Vo lim
14V - Mode ¢, Section V-B1:
V2 VZ,lim (Poul > Popl,ahi) A
13\/* (VZS Vl,lim)
Mode a, Section V-Al:

12V* (Pout S PA,u,mux) A

(V2 = V2 tim) — Poprani
v — ,

ow S00W kW 1.5kW
out,A,V2lim,max out

Mode C, SCCtiOH V-BI: (PA,aJ‘nax < Pnut < Pnpl,a,min) A (VZ < VZ,lim)
Mode ¢, Section V-B1: (Popamin < Pout < Poprani) A (V2 < Vajim)
ES Mode c, Section V-B2: (P pmax < Pout < Poptpmin) A (V2> Vatim)

Fig. 14. DAB operating modes for Vi = 240 V, different voltages V>,
different output power levels Pout, n = 16, and L = 22.4 pH.

increase, and the current i1 (1) becomes equal to Ig2 sw opt /7
at Pyt = Popt,b,min as shown in Fig. 13(b):

[iTl(t =0, Dy, QD) = *ISst,min A Z‘Tl(t =t1, Do, (p)
= ISQ,sw,opt/'fL ANDy = 05]

< Pout(D27 90) = Popt,b,min~ (32)

For Pa 1 max < Pout < FPopt,b,min» @ numerical search algo-
rithm seeks suitable values for D5 and ¢ to satisfy

Pout(Dl = 057 DZa 90) = Pout,d and
iT1(t =t1,D1 = 0.5,Ds,¢) = Is2 sw.a/n

v ‘/2 > ‘/Z,Iim A PA,b,max < Pout < Popt,b,min~ (33)

A linear transition is used to determine the LV side switch
current iTl(tl) = Iszﬁsw’d/n

IS2,sw,d = ISQ,SW,A,b,maX + (IS2,sw,opt - IS2,sw,A,b,max)
Poutd*PAbmax
Al (g

Popt,b,min - PA,b,max

ISZ,SW,A,b,maX is equal to n - iy (O) at Poye = PA,b,maxa c.g.,
Is9 sw. A b.max =~ 16 - (=3 A) = —50 A in Fig. 13(a).

The maximum achievable output power Py .« is again cal-
culated with (31). D; = 0.5 remains for output power levels
between Pypt 1 min and Prpay, and Do and ¢ are adjusted in
order to obtain maximum efficiency

Pout(Dl = 0-5a D27 %0) = Pout,d
U(Dl = 0'57D2a 90) = max [W(Dl = 0'57D2a 410)]
iT1(t =t1,D1 =0.5,D2,9) > Iss sw,0pt/T

v‘/Q > ‘/Q,Iim A Popt,b,min < Pout < Pmax~ (35)

Fig. 13(c) shows the corresponding current and voltage wave-
forms in mode ¢ for V4 =240 V, V5, =16 V(> Vajim =
14.5V), and P,y = 2 kW.

C. Suboptimal Modulation Scheme, Summary, and Results

Fig. 14 presents an overview of the operating modes detailed
in this section for V; =240V, 11V <15 <16 V,0 < Py <
1.5kW,n =16, and L = 22.4 uH.
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Fig. 15. Flowchart used to determine the correct equation system of the
suboptimal modulation scheme and to compute D1, D2, and ¢.

The flowchart depicted in Fig. 15 illustrates the algorithm
which is needed to choose the correct equation system: First,
the designated output power P, q is limited to the maximum
output power P ax, then Vi, is calculated according to
Section V-A3 and the appropriate equation system is selected
based on the present value of the port voltage V5 and the value
of P,yut,q. Finally, the control parameters Dy, Dy, and ¢ are
computed by solving the respective equation system.

A little example is used to clarify the calculation of D1, Do,
and ¢; this example employs the given DAB converter withn =
16 and L =224 pH, V1, =240 V, Vo =12 V, and Foysq =
200 W. In a first step, the maximum power is calculated accord-
ing to (31) since Py,y,q needs to be limited to Pax; Prax =
2.3 kW results and thus, F,1,q = 200 W remains. In a second
step, Va1im 1s calculated; therefore, (21) is solved. The re-
sults are ‘/Q,Iim(PA,VQIim,max) =145V and PA,VQlim,max -
410 W. The corresponding current and voltage waveforms
are shown in Fig. 16(b). Since Py,yt,a < PA v21im,max applies,
Va.1im (Pout,da = 200 W) needs to be determined using (22).
The calculated solution is V2 jim (200 W) = 14.0 V; Fig. 16(a)
illustrates the respective waveforms. Due to Vo =12 V <
Va2, 1im = 14.0 V, either mode a or mode c applies (Fig. 14). (16)
yields Pa amax = 927 W and thus, mode a is used. The control
parameters are finally obtained from (13)—(15): D; = 0.20,
Dy =0.19, and ¢ = 0.18.

The calculated efficiencies for power being transferred to
the LV port are shown in Fig. 17 for V; =340 V, V5, =12V
[Fig. 17(a)] and V4 =240 V, V5, =16 V [Fig. 17(b)]: with
phase shift modulation, high efficiency is only achieved for
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¥1=240V, V,=14.0V, P,=200W Vi=240V, V,=14.5V, P,=410W
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Fig. 16. Current and voltage waveforms for V3 = 240 V and V2 = V3 jim,
i.e., at the transition between mode a and mode b: (a) Po =200 W,
(b) P2 = PA v2lim,max = 410 W (cf. (21)); at P2 = PA v21im,max, the
DAB is operated at the transition between the operating modes a, b, and c.
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Fig. 17. Efficiency calculated for different modulation schemes: (a) Vi =
340V, Vo =12 V; (b) Vi = 240 V, Vo = 16 V. Highly efficient converter
operation, close to maximum efficiency, is achieved with the suboptimal
modulation scheme (n = 16, L = 22.4 pyH).

Vi=340V,V, =12V, and P, > 2.5 kW. In contrast, with
the suboptimal modulation scheme detailed in this section, the
DAB converter operates close to the maximal achievable effi-
ciency. Due to the use of the modified triangular current mode
modulation depicted in Figs. 6(c) and 11(b) the efficiency is
approximately 1%—2% below the maximum possible efficiency
for Py, < 1000 W and less than 0.5% below the maximum
achievable efficiency for P,z > 1000 W [Fig. 17(a)]; more-
over, at FPou; =~ FPopt,a,10i(29), reduced efficiency is observed
(Pout =~ 2.6 kW in Fig. 17(a)).

VI. OpTiMIZED DAB CONVERTER DESIGN

The design of the DAB is an iterative process: In a first step,
appropriate values for n and L are assumed (e.g., according
to [11]) and approximate values of the component stresses,
i.e., maximum blocking voltages, maximum rms currents, and
maximum magnetic field densities, are calculated with a simple
DAB converter model. The results obtained enable a first se-
lection of the DAB converter components, e.g., semiconductor
switches, transformer core. Thereafter, the DAB loss model
(Section III) is parameterized in order to permit an accurate
prediction of the converter efficiency [13].
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A. Design Procedure

The focus of this converter design is on the appropriate
choice of the converter inductance L and the transformer turns
ratio n in order to obtain maximum average converter efficiency
7. The design procedure therefore considers the DAB outlined
in Section II, i.e., the semiconductor switches, the transformer
core, and the dc capacitors are given. The average efficiency 7
is calculated over 36 different operating points

3 3 4
_ 1
n= % Z Z Z (n|V1:‘71,i7V2:‘72,j7Pouc: _'out,k) ? (36)
i=1 j—1 k=1

—

Vi=(240V 340V 450V), (37)
Va=(11V 12V 16V), (38)
P =(—2kW —1KkW 1kW 2KkW). (39)

Thus, the proposed design method emphasizes on operation
with nominal voltages V; and V5, but also includes operation
with minimum and/or maximum voltages V; and V5, i.e., the
edges of the specified voltage ranges. Bidirectional operation
and part load operation are considered due to (39).*

Additionally, the magnetizing inductance Lj; may be in-
cluded in the design process: Increased magnetizing currents
improve the ZVS properties of the DAB [11]; additionally,
however, the rms values of the transformer currents ¢1; and i1o
increase, which increases the copper losses and the conduction
losses. Therefore, and due to the measured switching loss
characteristics shown in Fig. 5, the investigated DAB converter
shows highest average efficiency if the magnetizing currents
are negligibly small. Moreover, the values of the dc capacitors
Cpc1 and Cpee are not included in the design process, since
the employed converter model considers constant dc voltages
V1 and V5. Thus, Cpei and Cpee can be selected independent
of n and L, provided that the ac voltage superimposed on V;
and V4 is negligible.

B. Model Parameterization

The loss model outlined in Section III is parameterized
for n =24 and is not readily applicable for n # 24; how-
ever, for n # 24, most parameters of the employed DAB loss
model remain unchanged, i.e., conduction losses caused from
MOSFETs and PCB, switching losses, power demand of
the auxiliary power. The remaining components are the high-
frequency transformer and the additional converter inductance
Lyv, placed on the HV side in series to the transformer and
required to provide the total converter inductance L. Analytical
calculations show that the transformer parameters, i.e., wind-
ing resistances Ry1 (HV side) and Ryie (LV side), winding
stray inductances Li,; (HV side) and L2 (LV side), and the
transformer magnetizing inductance Ly, are approximately
proportional to the square of the employed number of turns for a
given transformer core. The inductor Ly needs to be designed
separately for each combination of n and L. An automated

4If a dedicated evaluation criteria is specified, then (36)—(39) need to be
modified accordingly; consequently, different values for n and L may result.
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Fig. 18. (a) Calculated average efficiencies for phase shift modulation, dif-

ferent transformer turns ratios n = N1 /Na, and different DAB inductances
L (Lmax denotes the maximum allowable inductance with respect to the
given converter specifications, cf. (1); e.g., for n = 19, Lmax = 26.7 pH is
determined); (b) calculated average efficiencies for the suboptimal modulation
scheme; Lmax = 23.6 pH is calculated for n = 16. Table II summarizes the
design results.

design script, based on explanations given in [32], is used to
design the inductor, to calculate the respective copper and core
losses, and to determine its equivalent loss resistance Ry, .

The resistance and inductance values employed for the
electrical converter model shown in Fig. 1(b) and given with
(40)—(44) are based on measurement results obtained from the
final DAB prototype [13].

Ry = Ruv + Ry
= 166 mY +
—

HV MOSFETSs

NZ
+ =L.93mQO

RLHV
——

resistance of the external inductor Lyv

40
transformer,HV side
Ry = Rry + R
1L18mQ  + 273 uQ 41)
LV MOSFETs,PCB transformer,LV side
Ly =Luv + Lin
N2
external inductor —
stray ind.,HV side
Ly =Ly + Luy2
—= 5nH +  8.7nH 43)
—~— ~—
PCB,MOSFETs stray ind.,LV side
=N (N, = 24)
M = oos LNy =
N{
=5 - 43 mH. (44)

C. Design Results for n and L

The average efficiencies calculated for phase shift modula-
tion and different values n and L/ L.y are shown in Fig. 18(a):
For n =19 and L = L,,x, the maximum average efficiency
max(7pg) = 89.6% is achieved. The value Ly,,x denotes the
upper limit for L with respect to the specified output power,
cf. (1), and depends on the turns ratio n; for n = 19, Lyax =
26.7 pH is calculated. The respective maximum transformer
rms currents are IT; = 15.6 A (HV side) and It = 294 A (LV
side). Hard-switching operation of the HV side full bridge oc-
curs for certain operating points [11] and considerably reduces
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TABLE II
DESIGN SUMMARY FOR THE TWO DIFFERENT MODULATION SCHEMES;
I11 AND I19 DENOTE THE RMS VALUES OF THE RESPECTIVE
TRANSFORMER CURRENTS (HV AND LV SIDES); Ic,pc1 AND Ic pc2
ARE THE RESPECTIVE CAPACITOR RMS CURRENTS IN Cpc1 AND Cpca
[ON THE ASSUMPTION OF CONSTANT CURRENTS /1 AND I3 IN FIG. 1(a)];
Bt DENOTES THE PEAK FLUX DENSITY IN THE TRANSFORMER CORE

Property Phase Shift Mod. Suboptimal Mod.
L 26.7 uH 22.4puH
n 19 16
max(Ir;) 15.6 A 15.1A
max(Ir) 294 A 240 A
max(Icper) 149A 12.1A
max(Icpe2) 245 A 138 A
max(By) 142mT 129 mT
600V T 30A
400V v = 20A
200V fi— n'vry S 10A
0 ILi N, ¢
g ‘ ~ —
200V :‘ : : : % -10A
-400V |+ : <~ 120a
-600V it lps -30A
(a) ot b2 I3
600V ‘ 30A
400V v g 20A
200V f- M“%n Tl—h‘\ 10A
0 Lo N ‘
200V L\:NM""M 2 10A
-400V -’ -20A
-600V Lus -30A
(b)
Fig. 19. (a) Calculated and (b) measured voltage and current waveforms

obtained with the optimized modulation scheme for V; = 340V, Vo =12V,
Py =2 kW, n =16, and L = 22.4 pH; with the DAB model depicted in
Fig. 1(b) and the loss model presented in Section III and [13], good matching
between calculated and measured waveforms is achieved.

the converter efficiency (cf. Fig. 5(a); this typically occurs
at low-load conditions, e.g., at V4 =240 V, V5, =16 V, and
P,ut = 200 W). The capacitor rms currents reach values of up
to 245 A on the LV side (Table II).

The average efficiency achieved increases considerably by
using the suboptimal modulation scheme [Fig. 18(b)]: for n =
16 and L = 22.4 pH, Tgupept 18 93.5%. Compared to phase
shift modulation, reduced maximal transformer rms currents
(HV side: 15.1 A, LV side: 240 A) and reduced capacitor rms
currents are achieved (138 A; cf. Table II). Moreover, the HV
side full bridge operates with ZVS within the full specified
voltage and power ranges.

VII. RESULTS

The procedure outlined in Appendix A is used to calculate
the transformer current waveforms i1 and i12, which need to
be known in detail in order to predict the conduction losses,
the copper losses, and the switching losses [13]. Measured and
calculated voltage and current waveforms for nominal opera-
tion are shown in Fig. 19. There, the calculated and measured
waveforms of ip; and vp; match closely; solely the depicted
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Fig. 20. Efficiencies calculated for power being transferred to the LV port:
(a) and (b) phase shift modulation with Po =1 kW and Py = 2 kW (n =
19, L = 26.7 pH); (¢) and (d) suboptimal modulation with Po = 1 kW and
P> =2kW (n =16, L = 22.4 pH); for the suboptimal modulation scheme,
Fig. 20(c) and (d), unsteady contour lines result due to the employed efficiency
calculation method which considers interpolation errors (by reason of the linear
interpolation algorithm used in the DSP, cf. Section V, [31]) in order to get
as close as possible to the actual efficiency obtained with the DAB hardware
prototype. Hatched areas denote 1 < 90%.

waveforms of vrg are slightly different. This difference is due
to the interaction of the dead time interval (LV side: Ty =
240 ns), employed to prevent a shoot through in the half-
bridges, and the switching process at ¢ = ¢; close to the zero
crossing of ity (=~ iTo/n) (cf. Fig. 2 in [30]). Even though,
the control parameters used for the DAB hardware compensate
for the respective time delays, minor errors still occur. A
more advanced calculation procedure—e.g., an electrical circuit
simulator—may be used in order to further improve the quality
of the predicted waveforms.

Fig. 20 (calculated efficiency maps) allows for a comparison
between the efficiencies obtained for phase shift modulation
and the suboptimal modulation scheme. The achieved effi-
ciency improvement is particularly obvious for P, =1 kW
(power is transferred to the LV port, cf. (2)): With phase shift
modulation, 7 > 90% is only achieved within a limited band,;
the calculated minimum efficiency is 80.5% at V; = 450 V and
Vo =11 V in Fig. 20(a). The minimum efficiency for P, =
1kWis 92.2% at V; = 450 V and V5 = 11 V with the subopti-
mal modulation scheme [Fig. 20(c)]. For P, = 2 kW, the con-
verter efficiency achieved increases considerably: With phase
shift modulation, the minimum efficiency is 84.6% [Fig. 20(b):
Vi =240 V, V5 = 16 V] and with the suboptimal modulation
scheme 1 > 90.2% is achieved [Fig. 20(d); minimum at V; =
240 Vand V5 = 11 V.

The converter efficiency is measured for the suboptimal
modulation scheme and different operating points in order to
verify the calculated results. Fig. 21 illustrates the result (the
[J symbols indicate measured values and solid lines denote
calculated results). The results depicted show good matching
between calculated and measured results for P, > 500 W. At
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Fig. 21. Predicted efficiencies (solid lines) and measured efficiencies ([J)

obtained with the optimized modulation scheme and power being transferred
from the HV port to the LV port: (a) V1 = 340V, Vo =12V, (b) V1 =240V,
Vo=11V, () V1 =240V, Vo =16 V, (d) V1 =450 V, Vo =11V,
(e) V1 =450 V, Vo =16 V; employed DAB converter: n = 16 and L =
22.4 pH. The efficiencies are calculated with the DAB loss model presented
in Section III and [13]; the efficiency measurement is carried out at an ambient
temperature of 75 = 25 °C.

very low power levels, i.e., P, =~ 250 W, uncertainties in the
predicted loss components accumulate and cause a maximum
difference between calculated and predicted efficiencies of 4%;
still, the loss model (Section III) correctly predicts the trends of
the efficiencies at low power levels.

The shown results are obtained for a DAB converter with a
constant switching frequency of 100 kHz. Detailed analytical
investigations show that the presented suboptimal modulation
scheme also enables highly efficient converter operation for a
switching frequency different to 100 kHz; solely the values
151, sw,min and Ig2 g opt Need to be adjusted. Isi sy, min and
Is2 sw,opt decrease with decreasing switching frequency and
approach zero if the switching frequency approaches zero, since
this selection reduces the rms currents in the transformer and in
the switches. A noticable effect, however, requires a very much
reduced switching frequency (e.g., fs = 20 kHz) being used
for the given hardware setup due to the present switching losses
shown in Fig. 5.

The suboptimal modulation scheme facilitates reduced trans-
former rms currents according to the results listed in Table II.
As a consequence, the given DAB converter could be operated
at a maximum output power higher than 2 kW without con-
siderably changing the hardware: the suboptimal modulation
scheme reaches the maximum transformer current of phase shift
modulation, ITe = 294 A, at |P,u| = 2.5 kW with n = 16 and
L = 17.7 uH. The respective average efficiency, calculated for
P = (—2.5 kW — 1.25 kW 1.25 kW 2.5 kW), is still high:
ﬁsubopt = 93.1%.
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VIII. CONCLUSION

The paper presented here describes a general method to
determine efficiency-optimal control parameters for a bidirec-
tional DAB dc/dc converter. The resulting control parameters,
calculated for a specific automotive DAB converter with a low-
voltage/high-current port are used to synthesize an efficiency-
optimized suboptimal modulation scheme. The paper goes on
to propose an efficiency-optimized design procedure in order to
determine the optimal transformer turns ratio n and the optimal
DAB converter inductance L for a given converter setup.

Converter operation close to the maximum possible effi-
ciency is achieved with the proposed modulation scheme. Thus,
at the rated output power of 2 kW, a minimum efficiency of
90.2% is obtained for all port voltages within the voltage ranges
specified in Section I (as opposed to 84.6% obtained with
phase shift modulation). At lower output levels, the achieved
efficiency improvement is even more distinct: With 1 kW output
power, the achieved minimum converter efficiency increases
from 80.5% (phase shift modulation) to 92.2%.

Considerably increased converter efficiency is thus achieved
for a given DAB converter, using an optimized modulation
scheme: The optimization of the modulation scheme is the first
step toward a complete DAB converter optimization. Optimal
hardware parameters n and L are calculated in a second step.
The presented findings could be used in future research to
design an optimal DAB converter using a design procedure
similar to the procedure given in [28], e.g., with respect to
maximum efficiency or power density.

APPENDIX
A. DAB Currents and Voltages for Arbitrary D1, D, and ¢

In order to allow for the analysis presented in Sections IV
and V, the currents i1y (), é72(t) and the voltage applied to
the transformer core, vy, [Fig. 1(b)] need to be determined for
arbitrary D1, Do, and ¢. A time domain analytical approach
is detailed in [23] where different modulation modes are con-
sidered separately. In this paper, all results are obtained with a
numerical evaluation procedure (on the assumption of constant
port voltages V; and V5; the considered time interval is one-half
cycle, e.g., tg < t < tg + Ts/2 in Fig. 6(c)).

1) Start and end times of the time intervals with constant
voltages vy (t) and vra(t) for a given set of Dy, Do,
and ¢, e.g., time intervals I, II, III, and IV in Fig. 6(c),
are stored in a time data list (together with the respective
values of vy and vro).

2) Steady-state values of all transformer currents are cal-
culated, e.g., at t =ty in Fig. 6(c), using the time and
voltage data stored in the time data list.

3) Waveforms i1y (t), iT2(t), and vy (t) are calculated with
the stored time data and the steady-state currents.

The resulting functions i1 (¢) and i2(¢) and the known
voltages v (t) and va(t) enable the calculation of the port
power levels P, and P, and the calculation of all required
rms currents (transformer windings, switches, capacitors). The
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Fig. 22. The delta representation of the circuit shown in Fig. 1(b).

corresponding integrals are again split up into k£ time intervals
with constant voltages vr; and vrs, e.g., for Py

TS/2

2 / UTl(t)iTl(t)dt

P ==
1= T

tj+1

iT1 (T)dT (45)

I
<
H
—
—~
~~
<.
1
~—

tj

(t; denotes the beginning of the jth time interval and vy (t;+)
is the voltage vy during the jth time interval). Thus, (45) re-
quires the average currents during the & different time intervals
to be determined.

The calculation of the currents i1 and iTo can further be
simplified by using the Wye-delta transformation (Fig. 22),
since the voltages applied to Z,3, Zy3, and Z;, are known
in advance. On the assumptions R; < sLq, Ry < sLs, and
Ry > sLy, simple expressions result for Z,5, Z;3, and Zy3

Zyy Ry +n°Ro + s(Ly +n°Ly +n’L1Ly/Ly)  (46)
Ly
Zyz = (R +s 1)< +n2L2)+s M (47
L
Zyz =n*(Ry + sLa) (1 + LM> + 5L (48)
1

each being equal to a series connection of an inductor and a
resistor. The currents ¢ and iT9 are calculated with
it = ig,, +iz, andirz =n(ig, —iz,). (49
During time intervals with constant voltages vr; and vra,
the currents iz  (t), iz, (t), iz,,(t) can easily be derived.
Closed-form expressions can be derived for all required rms
currents and for the port power levels for time intervals with
constant voltages; however, a mathematical software tool (e.g.,
Mathematica, Maple) is used to solve the integrals since rather
large expressions result.
An electrical circuit simulator can be used instead of the
discussed procedure; the simulator is more flexible but slower.

B. Selection of Isi sw,min

On the HV side, low switching losses are achieved with
Is1 sw > 2 A [Fig. 5(a)]. Thus, during the dead time interval
(200 ns on the HV side), a constant current i1y () > 2 A is
needed in order to charge and discharge the drain to source
capacitances of the respective HV MOSFETS and to achieve
ZVS (on the assumption of a falling edge of v (t), cf. Table I).
However, during normal converter operation, iy (t) changes
during the dead time interval. In order to achieve ZVS, a
minimum charge must be provided by i1 (¢) during the dead
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time interval and this may demand for I sw min > 2 A; a de-
tailed discussion is given in [13] in Section IV-C. The required
currents Isi sw,min have been measured with the final full-
bridge setup (MOSFETS: SPW47N60CFD). An approximate
expression for Ig; sw min(V1) from these measurement results
has been estimated for L = 22.4 uH

Is1 swomin(V1) = 0.65 A+ V1 -8.5-1073 A/V (50)

e.g,atVy =340V, Isi gw,min = 3.5 A results.
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