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Abstract—Maulti-port converters have gained more and more
interest in research during recent years, due to the increasing
field of possible applications, e.g., DC micro grids, energy
distribution in electric vehicles and more electric aircraft, and
power supplies for cascaded multi-cell converters. This paper
presents an optimized modulation strategy for a bidirectional
multi-port DC-DC converter, which consists of the Integration
of Three (3) conventional Dual-Active Bridge (I3DAB) converters
into a structure that combines the primary-side full bridges into
a common three-phase two-level inverter. The resulting structure
features one input port and three isolated output ports. By utiliz-
ing so far unused degrees of freedom for the control of the power
converter, it is shown that a reduction of the power dissipation
can be achieved by adapting the primary-side duty cycles to the
output power levels. According to the outcome of a comparative
evaluation of conventional and optimized modulation strategies
for an example system with input and output port voltages of
700V and 3 x 100V, respectively, and with a total nominal
power of 3 x 4kW, reductions of the conduction losses of up to
23 % and reduced additional hardware efforts to achieve ZVS
operation (with regard to reduced transformers’ magnetizing
inductances) within wide power ranges are achievable and are
also expected for deviating port voltages. Thus, in combination
with the presented optimized modulation strategy, the I3DAB
converter is found to be well suited to multi-port applications that
require bidirectional conversion capabilities, galvanic isolation,
and are subject to unequal load conditions with substantially
different power levels provided by the output ports.

I. INTRODUCTION

Bidirectional and isolated multi-port converters are benefi-
cial with respect to efficiency, part count, and system complex-
ity in applications where isolated power conversion between
multiple sources and loads is required. Prominent examples are
DC micro grids, which gain more and more interest due to the
integration of renewable energy sources into the distribution
grid, since energy needs to be exchanged between different
parts of equipment (energy sources, distributed energy storage
components, and loads) [1]. Further applications include power
systems installed in electric vehicles (charging infrastructure
or energy exchange between different DC-buses) [2,3], the
interconnections of several DC systems required in More Elec-
tric Aircraft [4], and multi-cell cascaded H-bridge structures
where the inverter stage of each converter cell requires its
individual isolated DC power supply [5]. Thus, bidirectional
multi-port converter topologies are an active research topic
since many years, which is confirmed by a large number of
related scientific contributions [6]—-[8].
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Fig. 1. Converter topology formed by Integration of Three (3) Dual Active
Bridge (I3DAB) converter stages.

The considered work investigates a power converter system
with four ports, where one main (primary-side) port provides
power to three isolated secondary-side ports. A respective
conventional realization employs multiple two-port convert-
ers, e.g. Dual Active Bridge (DAB) converters, that share a
common input DC port. This solution features an independent
control of the different converters at the cost of a high
number of power semiconductors. A reduction of the required
power switches can be achieved by replacing the converters’
full bridges by half bridges, which, however, reduces the
degrees of freedom for control. Alternatively, multi-port DAB
converters realize highly integrated solutions [4,9], respective
investigations, however, reveal a comparably high complexity
with regard to converter control and optimization. Furthermore,
in the considered application, the primary-side full bridge
of a multi-port DAB converter is subject to the total power
delivered to all output ports. A distribution of the total power
to more than two half bridges is achieved by the Integration of
Three (3) Dual Active Bridge (I3DAB) converters and leads to
the converter topology proposed in [10] and depicted in Fig. 1:
it uses a three-phase two-level inverter on the primary side,
e.g., realized with a conventional six-pack power module and
features a reduction of the number of power semiconductors,
compared to three parallel operated DAB converters. Besides



the investigations of the I3DAB converter presented in [5,10],
a variation of this concept has been recently used to realize
a resonant power converter [11]. However, all documented
investigations related to the I3DAB converter are confined to
the operation with equal power levels and voltages at the output
ports. Furthermore, only simplified modulation strategies have
been analyzed, which do not utilize all degrees of freedom
available for converter optimization.

This paper extends the previously documented results,
investigates load scenarios with unequal power levels at the
output ports, and presents the development of an optimized
modulation strategy, which takes previously unused degrees
of freedom for converter control into consideration in order to
achieve minimum conduction losses. The structure is organized
as follows. Section II introduces the operating principle of
the I3DAB converter and specifies the modulation parameters
available for converter control. Section III presents an opti-
mization procedure based on a fundamental frequency analysis
of the converter waveforms, which minimizes total conduction
losses of the system. Finally, in Section IV, the results
obtained from the optimization are analyzed and verified by
means of numerical circuit simulation and Section V concludes
this paper.

II. SYSTEM DESCRIPTION

The investigated I3DAB converter, depicted in Fig. 1, uses
three High Frequency (HF) transformers, a three-phase two-
level inverter on the primary side, and three full bridges on
the secondary sides to power the isolated output ports of the
three converter phases A, B, and C. The primary-side winding
of each HF transformer is connected to the switching nodes
of two adjacent phases of the three-phase inverter, which is
illustrated in Fig. 2 for phase A, and, thus, the system of
Fig. 1 has strong similarities to the parallel connection of three
DAB converters, since the transformers’ stray inductances are
utilized for power transfer. For this reason, the basic operating
principles of the DAB and the I3DAB converters are the same:
the primary-side and secondary-side power converters apply
alternating voltage waveforms to HF transformer and stray in-
ductance of the corresponding phase, e.g. up a(t)/na —usa(%)
to L, in case of phase A, in order to generate the transformer
currents and provide the required output power. Fig. 3 depicts
examples of these voltage and current waveforms and defines
the three control variables that are available for phase A, i.e.,
the duty cycles of up s and usa and the phase shift between
Upa and ug 4,

™ ™

0<Dpa<1 0<Dspa<1, and ES@ASE- (1)
Corresponding definitions apply to the duty cycles and phase
shifts of phases B and C, however, due to the integration of the

three DAB converters’ primary-side full bridges into a single
three-phase two-level inverter,

Doa+ Dpp + Dpc <2, 2)
applies.

Detailed analysis reveals that the selection of Dy o +Dpp+
D, c < 2 is feasible and extends the parameter space for opti-
mization, however, further improvements are only achievable

for operation with low power levels at two or three output
ports and at the cost of increased complexity due to additional
boundary conditions. For these reason, the presented analysis
is confined to

Dp,A + Dp,B + Dp,C =2. (3)

Thus, compared to the operation of three parallel DAB con-
verters, the total degrees of freedom for the control of the three
output power levels reduces from nine to eight (two primary-
side duty cycles, three secondary-side duty cycles, and three
phase shifts). Furthermore, it is not possible to simultaneously
operate all phases with primary-side duty cycles greater than
2/3, because Dpa > 2/3 A Dpg > 2/3 ADpc > 2/3
violates (3).

Fig. 3 presents the principal waveforms obtained with
the conventional modulation strategy described in [5], which
operates the primary-side inverter with constant duty cycles
of Dy¢apcy = 2/3 and, thus, utilizes only six degrees of
freedom, i.e., Dapcy and ¢gapcy. Consequently, a rectan-
gular voltage as shown in Fig. 3 with an active pulse duration
of 2/3 of the switching period is applied to the primary side
of each transformer. Based on the findings related to mini-
mization of apparent power and subsequent simplifications, the
conventional modulation strategy suggests the secondary-side
full bridges to be operated with duty cycles of

P{AB.C T
+(2—\/§)‘%‘ v ‘<P{A,B,c}’§§.
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The respective phase shifts, o(a By, are selected in order to
provide the required output power levels.

2
Diapcy = 3

Based on these considerations and the specifications listed
in Tab. I, the transformers’ turns ratios, N{ABC} and stray
inductances, La p,cy, can be determined. The DAB converter
achieves most efficient converter operation if the turns ratio is
equal to the ratio of input to output dc voltages [12] and, thus,

700V

=100V ©)

na = N = Nc
results. According to Tab. I, the system provides a maximum
power of 6.7kW at all three output ports and, for this reason,

all three stray inductances must not exceed

UoUiapcy

L{A,B,C},max = =33 HH (6)

9fsniaB.cy PiaB.cymax

Based on this result and the considerations of an acceptable
increase of the reactive power in the HF converter parts at
nominal power (4kW) and practicable sensitivities of the
converter’s output dc voltages with respect to changing control
parameters at low power,

Liagcy =80 %LiaBchma = 2.7uH 7
has been selected. Margins of 20 % with respect to Ly, cover

eventually arising additional needs due to losses and short-time
transient output currents.



Fig. 2. Phase A of the I3DAB converter. This figure reveals the known
topology of a conventional DAB converter.
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Fig. 3. Voltage and current waveforms for phase A of the I3DAB converter.
Since the operating principles of both converter structures is the same, the
depicted waveforms show large similarities to the voltages and currents
occuring in a standard DAB converter.

TABLE 1. SPECIFICATIONS OF THE INVESTIGATED I3DAB
CONVERTER.
Nominal dc voltage at input port Uy 700 V
Nominal dc voltages at all output ports, Ua, Ug, Uc 100V

Rated power at all output ports, Pao, Pso, Pco 4 kW
Maximum short-time power, Pa max, PB.max> £Cmax 6.7kW
Switching frequency, f 50 kHz

III. OPTIMIZATION FOR MINIMUM CONDUCTION LOSSES

This Section describes an optimized modulation strategy,
which does not confine D, s ¢y to 2/3, as shown in Fig. 4,
and, in addition, uses optimized values for D, spc}. The
proposed modulation strategy facilitates considerable loss re-
ductions in case of substantially different power levels at the
output ports.

A. Developed Modulation Strategy

The presented derivations are based on the Fundamental
Frequency Analysis (FFA), to achieve simplified expressions
for the output power levels, Piapcy, and the rms values of
the primary-side referred transformer currents, Ijspcy, and
still achieve reasonable accuracies [13]. By way of example,

\/UQ,A(I) + 1302 — 2UpaynaUs aqy cos(¢a)

p
27Tfs niLA ’

®)

Iaqy =

{

DpB = 0.7

0 T/6 T,/3 T/2 27,/3 5T/6 T

Fig. 4. General voltage waveforms on the primary side for D, = 0.9,
Dy = 0.7, and D}, c = 0.4. The dashed lines illustrate the switching instants
of the primary-side half bridges.
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Up,A(l) = Uoi sin (g DPsA) N Dp’A € [0, 1], and (10)
™
2v2
Uorty = Un 22 sin (5 Dea) ¥ Dur € 0.1 an
™
are obtained for phase A, for the fundamental frequency
components of i (t), the power, up a(t), and uga (t), cf. Fig. 1,
and similar expressions result for phases B and C; the index (1)
denotes the fundamental frequency component, Iy, Upaq)s
and Us a(1) are rms values.

The conduction losses are calculated with the rms trans-
former currents Iyapcyy and the equivalent loss resistors,
RiaBc), that are considered in series to the transformers’
primary-side terminals. These resistors take the contributions
of the on-state channel resistances of the primary-side and
secondary-side MOSFETS, Rpsonp and RDS,on,s,{A,B,C}al and
the primary-side referred effective coil resistances of the
HF transformers, Rcy ¢aB,cy. into account. A two-step deriva-
tion, illustrated in Fig. 5, yields the contributions of Rpg oy to
the equivalent loss resistances, R{ ABC}: in a first step, same
conduction losses result if the switches’ on-state resistances
are moved from the vertical branches of the primary-side
half bridges to the connecting wires between the outputs
of the half bridges and the HF networks (@O in Fig. 5).
In a second step, an analytical investigation using wye-delta
transformation reveals that the conduction losses remain same
for an equivalent resistance of 3Rpsoenp being connected in
series to each HF transformer (@ in Fig. 5).

With regard to the secondary-side full bridges, always two
switches conduct the respective transformer current and, thus,
the contribution to Rgspcy is Qn% AB.C)fIDs.ons (aB.C)- Based

IThis analysis considers six identical MOSFETs for the primary-side three-
phase two-level inverter and four identical MOSFETs for each secondary-side
full bridge.
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Fig. 5. Illustration of the transformation of the channel on-state resistances
of the primary-side MOSFETS, Rps o, into equivalent resistances, Reqp =
3Rps,on, connected in series to the primary-side transformer windings.
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on these considerations,

Riascy = 3Bpsonp + Rewgapcy + 2n%A,B,c}RDS,on,s,{A,B,c}
(12)

and the fundamental frequency component of the conduction
losses,

Py = RAIZ(l) + RBIg(l) + Rcf(zz(n’ (13)
result.

Expression (13) is the basis for the derivation of a mod-
ulation strategy that minimizes the conduction losses and
enables the calculation of optimal duty cycles, Dy (aB.c}.opt
and Dg (4 B,c}opt- In a first step, the secondary-side duty cycles
are optimized, since the secondary-side full bridges can be
operated independent of each other. In this regard, Fig. 6
illustrates the conducted calculation and plots the characteristic
of I3, against Do for 0 < Dsx < 1 for two different
prirnary side duty cycles and power levels, i.e, Pygy = 1kW,
D,an = 0.4 in Fig. 6(a) and Paqy = 3kW, DpA = 0.6
in F1g 6(b). With respect to the depicted minima of I? Al
Figs. 6(a) and (b) reveal optimal duty cycles of Dg s ope = 0.42
and D aope = 0.71, respectively. The corresponding calcula-
tion, thus, needs to evaluate

d [1})]
d [sin (Ds 5)]
which yields

LT
sin (5 Ds)k,opt) =
\/16U4 sin' (Z Dy + w6 f2ng LY PZ,
4U0nkUk SlIl( Dpk)

=0, k € {A,B,C}, (14)

5)

The calculation of optimal primary-side duty cycles in-
volves all converter phases, due to the couplings of the
primary-side duty cycles according to (3). For this reason,
the complete expression (13) needs to be taken into account.
However, due to same ratings of the three output ports,
cf. Tab. I, equal equivalent resistances are considered,

RA = Rp = Re, (16)
which simplifies the cost function for the optimization to

Jeost = Iny + T3y + 1q)- an
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Fig. 6. Squares of the rms values of the primary-side transformer current of
phase A for input and output port dc voltages according to Tab. I, npo = 7,
L = 2.7 uH, varying values of D; 4, and different power levels and primary-
side duty cycles: (a) Paqy = 1kW, Dpa = 0.4, and (b) Prqy = 3kW,
Dpa = 0.6. The required output power cannot be provided for Dsa <
Dg A min- Minima in Ii(l) result for: (a) Do = 0.42 and (b) Dsa = 0.71.
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Fig. 7. Results determined for feos, cf. (17), for input and output voltages
according to Tab. I, nyapcy = 7, L{ap,cy = 2.7 uH, different primary-side
duty cycles, Dpa and Dy (Dpc = 2 — Dpa — Dpp), optimal duty cycle
values for the secondary-side full bridges, and different output power levels:
(a) PA(I) = PB(I) = PC(l) = 4kW, (b) PA(I) = 4kW, PB(I) = 2kW,
Pcy = 1kW. Optimal primary-side duty cycles of Dya = Dyp = Dpc =
0.67 and D, A = 0.86, Dy = 0.69, Dyc = 0.45 result for the two load
scenarios, respectively. Operation in the hatched region is not possible because
this would imply Dj, c > 1 according to (3).

Fig. 7 illustrates the results computed for feoq for 0 < D4 <
1, 0 < D,g < 1, optimized secondary-side duty cycles,
and for two different load scenarios: a symmetrical load case
with PA(]) = PB(]) = PC(]) = 4kW in Flg 7(3) and an
asymmetrical load scenario in Fig. 7(b) with Py = 4kW,
PB(l) = ka, PC(I) = 1kW. The hatched area in Flg 7
denotes combinations of unallowed values for D, o and D,p,
which would violate (3). Due to the operation with different
power levels at the output ports, the optimal primary-side
duty cycles that minimize the cost function in Fig. 7(b) are
Dyaopt = 0.86, Dppopt = 0.69 and Dpcope = 0.45, ie.,
different to 2/3 whereas optimal operation in the symmetrical
case is achieved for Dpa opt = Dpp.opt = Dp.copt = 2/3.

The mathematical description of the optimization illus-
trated in Fig. 7 is

dfCOSt
S AN — = (). 18
Afsin (Dpa2)] " df5in (Dpp 3] (1%

However, no closed-form analytical solution has been found

dfCOSt



for (18). Hence, a numerical solver is used to determine the
optimal duty cycle values.

With known duty cycles and output power levels, the cor-
responding phase shifts, ¢4 c}.opt are determined according
to (9), which, for phase k, k € {A,B,C}, is

73 fy g Ly, Prqy
4UoUy, sin (% Dy jopt) sin (2 Dy popt)
(19)

Pk opt = Arcsin

B. Discussion and ZVS

This Section evaluates the optimized modulation strategy
for the I3DAB converter specified and designed in Section II
and for 24 characteristic operating points that result from the
combinations of the selected output power levels listed below.

PA(I) =4.0kW
PB(U = [00, 20, 40] x 1 kW

Peay=10.0, 0.1, 0.25, 0.5, 1.0, 2.0, 3.0, 4.0] x 1 kW
(20)

To begin with, Fig. 8 depicts the control variables, Dp,{ ABC}>
Dy (aB,cy> and @1a g cy, for the conventional modulation strat-
egy presented in [10], which uses D}, (4} = 2 /3 for all oper-
ating points and confines the ranges for D, (4 g c} to values be-
tween 2/3 and 1, according to (4). With D, (spcy = 2/3, the
conventional modulation strategy facilitates decoupled control
of output power and port voltage of each phase, however, ex-
cludes a great range of potential options for improved converter
operation. Fig. 9 presents the control variables determined with
the developed optimized modulation strategy and reveals the
expected change of the primary-side duty cycles for changing
output power levels. The major findings drawn from Fig. 9 are
summarized below.

e An increase of the output power of a certain con-
verter phase leads to an increase of the corresponding
primary-side duty cycle, e.g., D ¢ for increasing FPe(y)
in Fig. 9, and, due to (3), a decrease of one or both
of the remaining primary-side duty cycles.

e  The primary-side duty cycles are distributed according
to the corresponding power levels, i.e., the greatest
primary-side duty cycle results for the converter phase
with the highest output power and the smallest duty
cycle for the phase with the lowest output power.

e In comparison to the conventional modulation strat-
egy, the linear relationship between D (apcy and
©s,{aB,c} does not apply anymore and the full range
of 0 < D, apcy <1 is utilized.

The optimized modulation strategy achieves a reduction of
the value of the cost function by up to 23 %, which is detailed
in the course of the verification presented in Section IV.
However, both, the conventional and the optimized modulation
strategies are found to lose ZVS at the primary side at
operating points with substantially different power levels of
the three converter ports, e.g., one half bridge of the three-
phase inverter loses ZVS for Paqy = 3kW, Pgay = 3kW,
and Pry = 1kW. Reduced magnetizing inductances of the
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Fig. 8.  Control parameters calculated with the conventional modulation

scheme proposed in [10] for Py(y = 4kW, 0 < Pc(y < 4kW, and different
power at the output port of phase B: (a) Pgqy = 0, (b) Pgy = 2kW,
(c) Ppy = 4kW. All primary-side duty cycles are fixed to D}, (o B.cy = 2/3.
The values of D apcy and p(a B cy are determined by the according
power flow, where a linear relationship between D (apc} and @(aBc)
according to (4) is considered.

HF transformers can be utilized to gain ZVS again and the
value of the required magnetizing inductance is used as a
Figure of Merit for evaluating the modulation strategies with
regard to their suitabilities for operation with ZVS, ie., a
larger allowable magnetizing inductance denotes a modulation
strategy that is more suitable with respect to ZVS. The calcula-
tion of maximum allowable magnetizing inductances for 512
different operating points, created from all combinations of
P{A,B,C}(l) = [OO, 017 025, 05, 10, 20, 307 40] X 1kW,
returns maximum magnetizing inductances of

Linagconv < 1.47mH and

21
Limagopt < 4.59 mH @D

for the three HF transformers and the conventional and
optimized modulation strategies, respectively.” According to
this result, the optimized modulation strategy is far more
robust with respect to ZVS operation than the conventional
modulation.

On a final note, it is worth to mention that both investigated
modulation strategies feature complete four-port operation,
i.e., bidirectional operation of the three converter phases

szag,conv and Lmagopt are determined based on the assumption that zero
instantaneous current enables ZVS. However, a practical implementation
of ZVS requires increased currents at the switching instants. Thus, the
magnetizing inductances need to be reduced, accordingly.
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Fig. 9. Control parameters for minimum total rms transformer current,
Prqy = 4kW, 0 < Pey < 4kW, and different power at the output port of
phase B: (a) Py = 0, (b) Pgy = 2kW, (c) Pg(1y = 4kW. The primary-
side duty cycles are distributed according to the corresponding power levels
where increasing power levels correspond with increasing duty cycles of the
according phase.

and converter operation with different output port voltages,
which is only limited by the maximum output power levels,
the requirement of positive port voltages, and the additional
limitations imposed by the converter hardware (e.g. thermal
limitations).

IV. VERIFICATION AND RESULTS

The results obtained from the optimization described in
Section III are verified by means of numerical circuit simula-
tion. For this purpose, two characteristic load scenarios with
different output power levels are chosen:

o Scenario I: PA(]) = 4kW, PB(]) = PC(l) = 0;

L] Scenario 1I: PA(I) = 4kW, PB(I) = QkW, PC(I) =
0.1kW.

Fig. 10 and Fig. 11 depict the simulated waveforms corre-
sponding to the two load scenarios, respectively, and for con-
ventional and optimized modulation strategies. Comparing the
primary-side voltage waveforms for both modulation strategies
it is clearly visible that for the optimized modulation strategy
the active duty cycles applied to the primary sides of the trans-
formers deviate between the phases. In the first load scenario,
depicted in Fig. 10, the primary-side duty cycle of the only
port delivering output power (phase A) is set to the maximum
value of 1. Due to the larger voltage time area applied to the

transformer, the corresponding phase current amplitude can
be reduced when compared to the conventional modulation.
By reason of (3), the remaining phases are operated with a
primary-side duty cycle of D,g = D,c = 0.5. Power flow
for all phases is controlled via their corresponding secondary-
side duty cycles and the phase shifts between primary and
secondary sides, which are chosen according to (15) and (19).

In the second load scenario, depicted in Fig. 11, the rms
currents of phases A and B are reduced by maximizing the
primary-side duty cycles of the corresponding phase volt-
ages, which is similar to the results obtained for scenario I,
cf. Fig. 10. As a consequence, this leads to a reduction of D, c,
resulting in a small active on-time of phase C as the according
output power approaches zero. The optimized primary-side
duty cycles, thus, allow for low losses in phase C and, at the
same time, feature Dpa =~ 1 and D,p =~ 1, which enables
a reduction of the rms currents in the remaining phases. The
optimized modulation strategy reduces the values of the cost
function, f.os, defined with (17), from 56 A2 and 70 A? to
40 A2 and 49 A? for load scenarios I and II, respectively.

Fig. 12 presents the values of fo for both modulation
strategies and for the 24 operating points defined with (20),
cf. Section III-B. The value of f.. is proportional to the
total conduction losses of the converter system and is, thus,
a suitable measure for comparison. From the presented graphs
it becomes evident that calculated and simulated values of
fundamental frequency components exactly match. Compared
to the conventional modulation scheme, the optimized mod-
ulation strategy achieves reductions of the total conduction
losses of up to 23% (e.g., at Paqy = 4kW, Py = 4kW,
and Pcy = 0). As expected, the optimized control of the
primary-side voltages is especially favorable for cases where
large deviations between the three output power levels occur.

The results of Fig. 12, however, only take the fundamental
frequency components into consideration and neglect higher
order harmonics in the waveforms. The additional contribu-
tions of higher order harmonics increase the power levels
and the rms currents in all converter components. In order
to compensate the deviations and precisely meet the desired
output power levels, the values of Py(1), Pg(1), and FPc(1y, which
denote the input parameters for the computation of duty cycles
and phase angles, are slightly reduced. Fig. 13 presents the
corresponding results, which include all frequency components
in rms currents and power levels. The obtained results confirm
the effectiveness of the optimized modulation scheme also
when taking higher order harmonic components into account,
with the conduction losses being reduced by up to 30 % (e.g., at
Py = 4kW, Pg = 4kW, and P- = 0). A direct comparison
of Figs. 12 and 13 reveals only minor differences between
the results obtained with FFA and the detailed results that
include all harmonic components, which justifies the presented
optimization procedure.

V. CONCLUSION

This paper presents an optimized modulation strategy for
the I3DAB converter topology, which minimizes the conduc-
tion losses generated by the power converter system. Based
on fundamental frequency analysis, the operating behavior of
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Fig. 11.  Simulated voltage and current waveforms for Py(1) = 4kW, Pg(1) = 2kW and Pg(;y = 0.1kW. Due to additional harmonic components,
increased output power levels of Py = 4.4kW, Pg = 2.2kW, and Pc = 0.3kW result. Similar to the results of Fig. 10, increased primary-side duty cycles
are used for the phases that are subject to high loads (phases B and C). The values of the cost function, cf. (17), are 70 A2 and 49 A2 for conventional and
optimized modulation strategies, respectively.

the converter is described and available degrees of freedom for  transformers. Compared to the conventional modulation strat-
converter optimization are identified. The investigated modula- egy, it is found that reductions of the total conduction losses
tion strategy adapts the primary-side duty cycles in accordance are especially feasible if the output power levels provided
to the output power levels, to achieve reduced rms currents by the different output ports are subject to large differences.
in the power semiconductors and the windings of the HF Furthermore, investigations with respect to ZVS reveal that
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Fig. 13. Simulation results for the conventional and the optimized modulation
scheme with all spectral components being taken into account. The simulation
results prove that the predicted reduction in conduction losses is still achieved
when higher order harmonic components are considered, thereby justifying the
presented FFA-based optimization. The optimized modulation strategy reduces
conduction losses by up to 30% (e.g., at PA = 4kW, Pg = 4kW, and
Pc =0).

the I3DAB converter may lose ZVS in case of unequal load
conditions for both, conventional and optimized modulation
strategies. However, ZVS can be regained by reducing the
magnetizing inductance of the HF transformers.

An exemplary I3DAB converter system serves for the
purpose of evaluation. It provides input and output port dc
voltages of 700V and 100V, respectively, and power levels of
up to 4kW at each output port, i.e., a total power of 12kW.
Depending on the considered operating point, the optimized
modulation strategy is found to enable reductions of the total
conduction losses of up to 23 %, which is successfully verified
by means of numerical circuit simulations. With regard to ZVS,
calculated results for 512 different operating points render the
optimized modulation scheme more advantageous with respect
to ZVS robustness, due to a significantly higher allowable
value of the magnetizing inductance (4.59mH instead of
1.47 mH). Follow-up investigations, in addition, reveal that the
optimized modulation strategy achieves reduced losses also in
case of deviating port voltages. Currently, the realization of

the hardware prototype is ongoing, which, in a next step, will
serve for experimental verification.

According to the obtained findings, the I3DAB converter
features a high level of integration combined with the capa-
bility to optimize the utilization of its power components with
respect to the distributions of the output power levels. Thus,
it is highly suitable for multi-port applications, which require
bidirectional conversion capability, galvanic isolation, and are
subject to unequal load conditions.
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