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I. I NTRODUCTION
Bidirectional three-phase AC/DC converters find use in
various areas and as power flow in both directions is possible,
represent a very generic interface between arbitrary threephase AC voltages (i.e. with peak phase-to-ground value
Ûac ) and a DC voltage Udc . Typical applications are electric
vehicle (EV) battery chargers (cf. Fig. 1(a)), which for
high power ratings (i.e. P >3 kW) are usually supplied from
the three-phase AC grid to generate a DC output voltage
according to the batteries rated voltage or charging state.
Hence, Udc needs to closely follow a defined profile [1] and
power can also be fed back from the battery to the grid.
In other applications, photo-voltaic (PV) inverters connect
to three-phase AC voltages from a widely varying input
DC voltage which depends e.g. on the temperature and the
extracted current, or battery/fuel-cell fed variable speed motor
drives (cf. Fig. 1(b)) need to generate AC voltages within a
wide range, i.e. Ûac ∈ [0, Ûac,max ], while also the DC voltage
is subject to large variations.
Hence, applications employing bidirectional three-phase
AC/DC converters (e.g. as three-phase rectifiers are considered in the following) often demand the capability of covering
a wide input and/or output voltage range. However, singlestage rectifier systems typically feature only either buck or
boost capability [2], such that buck converters are limited to
DC voltages Udc ≤ (1 − ε)√
· 32 Ûac and boost converters to
DC voltages Udc ≥ (1 + ε) · 3Ûac , where ε (with a typical
value of e.g. ε = 15 %) constitutes a margin between the AC
line-to-line peak voltage and the DC link voltage in order to
maintain grid current and output voltage control capability
under all operating conditions. In Fig. 1(c) the resulting gap
in the DC voltage between the operating limits of the two
converter types
highlighted for a low voltage (LV) mains
√ is √
with Ull = 3/ 2 · Ûac = 400 Vrms. As can be seen
clearly, the single-stage systems are not directly applicable
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Abstract—In this paper, a new phase-modular bidirectional
three-phase boost-buck AC/DC converter topology is introduced.
Each of its three phase modules is operated independently
and consists of a boost-buck converter, allowing to directly
convert an AC voltage into an arbitrary DC voltage by only
modulating one of the two converter stages at a time, where the
AC voltages are applied against a reference point common to
all phases. Hence, single-stage high-frequency energy conversion
is enabled, resulting in a highly compact and highly efficient
converter system realization. In a first step, the basic structure
of the phase-modular converter (PMC) is derived from the
well known cascaded arrangement of a three-phase boost-type
rectifier and a subsequent DC/DC buck converter, followed
by a discussion of its operating principle and characteristic
waveforms. Furthermore, the corresponding DC output voltage
control scheme is presented which allows a seamless transition
between buck and boost operation in each phase module.
Finally, the phase-modular converter and the conventional twostage system are compared by means of simple indices as well
as a two-dimensional Pareto optimization concerning efficiency
η and power density ρ.
Index Terms—three-phase, AC/DC converter, PFC rectifier,
inverter, boost, buck, dual-mode, phase-modular.
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Fig. 1: Typical applications of bidirectional three-phase AC/DC
converters with wide input and/or output voltage range, namely (a)
three-phase mains rectification for e.g. a battery charging system
and (b) DC voltage source (e.g. battery or fuel-cell) fed motor
drive inverter, (c) DC output voltage Udc limitations of single-stage
buck-type and boost-type rectifiers depending on the AC line-to-line
voltage Ull , where a margin of ε = 15 % between AC line-to-line
peak voltage and the DC link voltage is considered.

if the input and output voltage range is overlapping, i.e.
when boost and buck functionality is required. In this case,
the cascaded arrangement of a three-phase rectifier and a
DC/DC converter is a standard solution, where either a threephase buck-type rectifier is combined with a DC/DC boost
converter or a three-phase boost-type rectifier is combined
with a DC/DC buck converter, i.e. a buck-boost or boost-buck
AC/DC converter structure is employed, yielding a two-stage
energy conversion.
As in three-phase buck rectifier systems the grid currents
cannot be controlled directly, the boost-buck AC/DC converter illustrated in Fig. 2(a.ii) and further denoted as
Phase-Integrated Converter (PIC) is especially prominent
in applications where a low input current Total Harmonic
Distortion (THD) is a key requirement. Fig. 2(a.i) shows
the mains phase voltages uan , ubn and ucn referenced to
the negative DC voltage rail n of the rectifier, where an
intermediate voltage Upn ≥ 2·Ûac is generated in the simplest
case when third harmonic injection techniques [3] are not
considered. The DC/DC converter steps Upn down to the
desired DC voltage Udc ∈ [Umin , Umax ], which combined
with the assumed constant power operation defines the DC
current range (cf. Fig. 2(a.iii)). However, the major drawback
of a cascaded topology approach, especially pronounced at
low DC voltage Udc = Umin and high power levels where
the intermediate DC link voltage Upn must be stepped down
substantially, is that the complete output power has to be
converted twice at a time, i.e. the four half-bridges shown in
Fig. 2(a.ii) are all switching the high intermediate DC link
voltage resulting in a limited efficiency.
In the literature [4]–[9], for single-phase PV inverters consisting of a DC/DC boost converter and a grid-side bucktype full-bridge inverter, a dual-mode control concept, i.e.
a combined control of the DC/DC and DC/AC converter
was introduced, where the intermediate DC link voltage is
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Fig. 2: (a) Combination of a three-phase boost-type rectifier and a DC/DC buck converter, i.e. a Phase-Integrated Converter (PIC), which
can be arbitrarily operated within overlapping input and output voltage ranges. The intermediate DC link voltage Upn must be controlled
to be larger than 2 · Ûac , hence all four half-bridges are continuously switched at a voltage equal to Upn . The grid phase voltage amplitude
Ûac is indicated in the DC output voltage range, clearly demanding boost-buck capability of the rectifier system. (b) Alternative proposed
three-phase Phase-Modular Converter (PMC) employing three independently controlled boost-buck converter modules, which means that
the three intermediate voltages across the capacitors CB are varying over time and are controlled such that always only one of the two
half-bridges is operated in each phase module.

no longer constant but varying over time. Depending on the
instantaneous ratio of DC and AC voltage always only one
of the two converter stages is pulse width modulated (PWM),
while the other one is being clamped, such that a decrease in
the total system losses could be verified in [6], [7], [9] due to
the decreased number of switching transients per fundamental
period.
For cascaded three-phase AC/DC converters a dual-mode
control concept has not yet been investigated and the aim
of this paper is to compare the performance of the PIC
(cf. Fig. 2(a.ii)) approach with the one of a phase-modular
arrangement, which results from splitting the inductor LDC
and the half-bridge of the DC/DC buck converter, as well
as the DC link capacitor Cpn into three individual phase
modules. The resulting phase-modular boost-buck structure
is depicted in Fig. 2(b.ii) and the converter is denoted as
Phase-Modular Converter (PMC), since it consists of three
independent phase modules with dedicated intermediate DC
link capacitors CB instead of a common DC link capacitor
Cpn but still keeps a common negative DC link voltage rail
and/or AC output voltage reference point n (no connection
of n to the mains neutral is required). Advantageously and in
contrast to the single DC link voltage Upn of the PIC system
(cf. Fig. 2(a.i)), the intermediate voltages uCB of the phases
do not need to be controlled to a constant and equal value
which always must stay above 2 · Ûac or the maximum AC
line-to-line voltage in case of third harmonic injection PWM,
but can be shaped depending on the ratio between the needed
DC output voltage and the corresponding phase input voltage
(cf. Fig. 2(b.i)). This offers a further degree of freedom in
the control of each phase module, which means that in any
operating point only one, i.e. either the boost or the buck
half-bridge, instead of both half-bridges has to be switched,
while the other half-bridge is clamped, yielding a dual-mode
operation and enabling a single-stage high-frequency energy
conversion and thus a higher conversion efficiency.
In Section II, the operating principle of the PMC as well
as the characteristic waveforms are introduced and discussed
in detail based on a rectifier application. Subsequently, in

Section III, a basic control scheme for one phase module
is presented. In Section IV a comprehensive comparison
between the PIC and the PMC approach by means of
simple indices and a Pareto comparison of power density
and efficiency based on actual component characteristics is
conducted for a 10 kW bidirectional three-phase boost-buck
rectifier system. In closing, the results of the analyses are
summarized and an outlook to further research is given.
II. C ONVERTER O PERATING P RINCIPLE
The PMC consisting of three identical phase modules is
shown in Fig. 2(b.ii), where the AC side mains voltages uan ,
ubn and ucn are measured with respect to the negative DC
voltage rail n, which means that these voltages are unipolar
and strictly larger than zero. Hence, in order to generate
sinusoidal voltages with an amplitude close to Ûac at the
bridge leg outputs ā, b̄ and c̄, an offset of uoff ≥ Ûac has
to be added to the actual sinusoidal grid phase voltages ua ,
ub and uc in each phase. This offset represents a commonmode component and therefore cannot drive any current in
an open star point arrangement, while the differential mode
voltages can be controlled in such a way that Power Factor
Correction (PFC) operation is enabled, i.e. a sinusoidal shape
of the input and/or mains phase currents ia , ib and ic results.
Due to the phase-modular structure of the PMC, the operating
principle is illustrated in detail in Fig. 3(a) for phase a
only. The phase module consists of the two half-bridges
BA (boost stage) and BB (buck stage) which are either
stepping up or stepping down the grid input voltage uan . The
half-bridges are both connected to the intermediate capacitor
CB , which is also referenced to n, yielding a symmetric
converter structure with a second-order LC-filter on the input
and output side. Consequently, the half-bridges are located
in the phase module’s center and the generated switching
noise is confined to the inner converter part. Furthermore, the
voltage uCB of CB is controlled such that at any time only
one half-bridge is switched at high frequency while the other
half-bridge is continuously clamped. This mutually exclusive
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Fig. 3: (a) Circuit diagram of one PMC phase module, where the
boost BA and buck BB half-bridge are highlighted. Corresponding
waveforms (b) of the grid phase voltage uan with offset voltage uoff
and the intermediate DC link voltage uCB with respect to the output
DC voltage Udc , as well as the gate signals sA and sB , (c) the duty
cycles dA and dB , (d) the inductor currents iLA and iLB within
one output period during boost (Udc > uan ) and buck (Udc ≤ uan )
operation.

operation can be achieved by controlling the intermediate
voltage to uCB (t) = max(uan (t), Udc ). This means that in
cases where the instantaneous grid voltage uan is smaller
than the output voltage Udc , i.e. in boost operation, the
high-side switch of the buck half-bridge BB is continuously
turned-on (i.e. uCB = Udc ) and only the boost half-bridge
BA is pulse width modulated such that the local average
value huA i is equal to the desired voltage uan (neglecting the
inductor voltage drop required for impressing a sinusoidal
current iLA ). On the other hand, when uan > Udc , i.e. in
buck operation, the boost half-bridge BA high-side switch
is continuously turned on (i.e. uCB = uan ) and the buck halfbridge BB is modulated (cf. Fig. 3(b)). Accordingly, the duty
cycles dA and dB of the boost and buck stage can be derived
directly from the input to output voltage ratio as

dA (t) = min(1, m(t))
∈ [0, 1],
(1)
dB (t) = min(1, m−1 (t))

an (t)
with m(t) = uU
.
dc
In Fig. 3(c) the time behavior of the duty cycles dA and dB
within one output voltage period is shown and it reveals that
the transition between boost and buck operation is completely
seamless. The resulting current waveforms iLA and iLB of
the filter inductors LA and LB are illustrated in Fig. 3(d).
As can be noticed, during boost operation when BA is
modulated, the switched voltage uA is applied to the AC
input filter, leading to an inductor current iLA consisting of
the fundamental grid current hiLA i = ia with a superimposed
A )uan
high-frequency (HF) current ripple ∆ILA,pk = 12 (1−d
.
fA LA
In contrast, at the output filter inductor LB no HF voltage
time area is generated by BB since in this case the highside switch of BB is clamped and therefore only a lowfrequency component, i.e. a fraction of the grid phase current,
iLB = dA · ia , is present. On the other hand, during buck
operation when BB is switched, the input inductor current
iLA = ia does not contain a switching frequency component.
At the output side, however, iLB consists of a local average
current hiLB i = diaB strictly larger than the grid phase current
B )Udc
combined with a HF current ripple ∆ILB,pk = 21 (1−d
fB LB
due to the switching operation.
For the sake of completeness, it has to be mentioned, that
the switching frequencies fA and fB of BA and BB do not
necessarily need to be equal. This provides a further degree
of freedom in selecting the current ripples ∆ILA,pk and
∆ILB,pk or for the dimensioning of the inductors LA and LB .
Furthermore, the previously mentioned offset voltage does
not have to be constant, but can be freely selected, as long
as uan (t) ≥ 0, ∀t is fulfilled. Therefore harmonic injection
techniques known from two-level rectifier and inverters can
be implemented, such as 1/6 third harmonic injection [3] or
Space Vector Modulation [10], [11] to mitigate component
stresses or e.g. Discontinuous Pulse Width Modulation [12],
where always the module with the lowest phase voltage is
clamped to even further reduce the number of commutations
and/or switching losses per grid fundamental period.

III. PMC C ONTROL S TRUCTURE
Given the modular structure of the PMC, each phase
can be controlled in the same way, therefore, the controller
part specific to each phase is again only highlighted for
module a, which is shown with the respective gate drive and
measurement signals in Fig. 4(c). The goal of the control
system is to track the DC output voltage to its reference
value, while maintaining sinusoidal AC currents in phase with
the respective grid voltages. Thereby, the DC voltage control
structure illustrated in Fig. 4(a) is based on the well known
PFC rectifier control scheme, where the DC voltage controller
RUdc translates the DC voltage error into the charging current
demand of Cdc and from that calculates the needed output
power P ∗ which has to be delivered from the three-phase
mains input. Hence, based on this and the peak input voltage
Ûac , the phase current references i∗a , i∗b and i∗c proportional
to the instantaneous mains phase voltages ua , ub and uc
can be deduced. Afterwards, the calculated phase current
references and the mains phase voltages are fed to the PMC
specific control part which is given for phase a in Fig. 4(b).
Under the assumption, that in a good approximation the
input filter inductor current iLA is equal to the grid current
ia (low-frequency component of the filter capacitor current
neglected), the input current controller RiLA then processes
the current control error ∆iLA into the inductor voltage
reference u∗LA , which together with the feedforward term
uan , i.e. the phase input voltage ua including the offset
voltage uoff present in all phases, yields the reference average
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Fig. 4: Cascaded output voltage control structure of the PMC including (a) DC output voltage control and generation of (sinusoidal
and/or mains phase voltage proportional) PFC phase current references, (b) mutually exclusive buck and boost control of phase a, where
the duty cycles of stage A and B are calculated directly from the switched node voltage reference u∗A , (c) converter power circuit diagram
of phase a with gate signals and measurement points.

IV. COMPARATIVE EVALUATION
In the following, a detailed performance comparison of the
PMC and PIC topology is conducted, where both systems
feature the same terminal behavior but internally exhibit
fundamentally different waveforms. As losses and volume of
a power electronics system are typically determined by the
semiconductor losses, and the heatsink as well as the inductor
volume [13], a simplified comparison by means of indices
based on the fundamental converter waveforms is conducted.
Then, in a second step, a comprehensive multi-objective optimization comparison, where all relevant degrees of freedom
and component characteristics are considered is presented.
For both comparisons, a 10 kW rectifier application powered
from the European three-phase LV mains (Ûac = 325 V) is
assumed, where constant power has to be provided for a DC
output voltage range of Udc = [400, 600 V] which could not
be covered by a single-stage boost- or buck-type system (cf.
Fig. 1(c)).
A. Indices
The fundamental waveforms of a converter are independent
from the selection of components and electric parameters
(e.g. switching frequency, inductance values) and are resulting from the basic modulation scheme and yield some general
requirements for the dimensioning of the components, as
well as their volume and occurring losses. Therefore, indices
for the inductor volume τL and the semiconductor losses
are introduced, where due to the inherent trade-off between
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midpoint voltage u∗A of the bridge-leg BA .
Aiming for single-stage HF energy conversion, the instantaneous values of u∗A (which is approximately equal to the
phase voltage uan ) and the DC output voltage Udc determine
whether the phase module is operated in boost mode (u∗A <
Udc and high-side switch of BB clamped while the grid input
current is controlled by the switched node voltage u∗A ) or in
buck mode (u∗A ≥ Udc and BA clamped, while the grid side
inductor current is controlled by means of the intermediate
voltage uCB regulated by BB ). In the simplest case, both duty
cycles are calculated directly from the instantaneous values of
u∗A and Udc to dA = du∗A e/Udc and dB = Udc /bu∗A c, where
the two parallel limiters highlighted in Fig. 4(b) indicate
the operation mode and assure that at any point in time
one of the duty cycles is equal to one and the high-side
switch of the respective half-bridge is clamped, yielding the
mutually exclusive HF operation of the module half-bridges.
In boost operation, this control strategy yields a very good
reference tracking performance, as only one energy storage
element is located between uan and Udc (as uCB = Udc ),
while with BB clamped the remaining passive components
act as a DC output filter. However, in buck operation, the
additional energy storage elements (CB , LB ) in between Udc
and uan are not considered in the derivation of dB and while
in steady state the reference value can be tracked accurately,
a reduced control performance in transient operation has to
be accepted. If ultimate reference tracking performance is of
interest, the derivation of the duty cycle dB can be carried
out employing a multi-cascaded structure with a dedicated
control of the voltage uCB of CB and the current iLB of LB
such that all energy storage elements of the converter module
are considered in buck operation. Hence, the division used
in Fig. 4(b) to derive dB from u∗A would be substituted by
the control structure given in Fig. 5. However, as in boost
operation BB is clamped (dB = 1), with this control structure
uCB and iLB cannot be controlled. If now a deviation of the
reference values u∗CB and i∗LB establishes, the control error
leads to an integration of the controller output and causes
transient oscillations when entering buck mode again. To
prevent this, the introduced buck mode controllers RuCB and
RiLB are continuously reset in boost operation.

dB

uCB

reset

Fig. 5: Extended buck stage control circuit, where the passive
elements CB and LB are also considered in the calculation of dB
in order to maximize the controller dynamics.

k

Neglecting the current ripple, there occurs one soft and one
hard-switched transition in a PWM operated half-bridge during each switching period, where the latter clearly dominates
the switching losses. As both the semiconductor voltage uT
and semiconductor current iT influence the hard switching
losses [14], the average value of the product uT · iT over
a fundamental period To states a good measure to indicate
switching losses. Obviously, clamped half-bridges do not
contribute to the switching losses, as no switching transitions
occur,
X
τS =
< uT,k iT,k >[To ] .
(3)
k

The volume of an inductor can be estimated based on its
area product [15] and scales for a given saturation flux and
maximum conductor current density approximately with its
inductance value L, as well as the RMS ĩL and peak current
îL . Therefore the volume index τL is defined as
X
τL =
Lk îL,k ĩL,k .
(4)
k

While the relevant current values are considered to be independent of the switched operation, suitable inductance
values have to be selected for each topology. A simple
approach is to calculate L based on a worst case current ripple
criterion. In this paper, for the calculation of L a switching
frequency of fs = 50 kHz and a maximum current ripple
of ∆I = ±20 % relative to its peak fundamental value is
selected. Furthermore, for the DC output side, the worst case
current ripple occurs for both converters during maximum
buck operation (i.e. Udc = 400 V) and at the AC input
side for the PMC the maximum current ripple is obtained
at maximum boost operation (i.e. Udc = 600 V), while for
the PIC the AC-side current ripple remains unaffected by the
DC output voltage due to the constant intermediate voltage
Upn . Hence, the following inductance values, LDC (PIC) =
307.7 µH, LAC (PIC) = 396.1 µH, LDC (PMC) = 230.8 µH,
and LAC (PMC) = 365.6 µH result.
The required filtering effort on the grid side can be compared
for PIC and PMC by evaluating the emissions recorded
by an EMI test receiver connected to a Line Impedance
Stabilization Network (LISN), where for the given fs and
∆I the first harmonic component above 150 kHz (according
to CISPR 11 [16], i.e. here the 4th switching frequency
carrier harmonic) and its side-bands within ±4.5 kHz need
to be considered for the worst case operating point (i.e.
Udc = 600 V). According to [17] the filtering effort can
be estimated based on the RMS ieq,rms and peak ieq,pk
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switching and conduction losses, the conduction loss τC
and switching loss index τS are considered separately. Any
voltage and current ripple due to the switched operation is
neglected and for clarity only one phase module of the PMC
is compared to a PIC single-phase equivalent converter (i.e.
consisting of one AC phase and a DC/DC converter with 1/3
rated power) and the occurring stresses in one fundamental
period are summed up over the relevant components k (e.g.
all half-bridges).
For a symmetric half-bridge, the inductor connected to the
midpoint impresses an RMS current ĩL that flows through
either the high or low side switch and the total conduction
losses are independent of the switching state and scale with
the square of the inductor current, while in general the
required semiconductor chip area and therefore the semiconductor cost also scale with τC ,
X
τC =
ĩ2L,k .
(2)
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Fig. 6: Resulting spectrum around the first relevant harmonic

component (i.e. 4th carrier harmonic at fs = 200 kHz) as well
as the equivalent currents for (a) PIC with ieq,rms = 0.13 Arms
and ieq,pk = 0.34 A, and (b) PMC with ieq,rms = 0.13 Arms and
ieq,pk = 0.47 A, where in both cases the sidebands decay by more
than one order of magnitude within ±1 kHz.

equivalent currents defined as
v
u 204.5 kHz
u X
ieq,rms = t
iL (f )2 ,
f =195.5 kHz

ieq,pk =

204.5
XkHz

iL (f ).

f =195.5 kHz

(5)
The resulting spectrum around the first relevant carrier harmonic component at 200 kHz as well as the equivalent
currents are shown for PIC and PMC in Fig. 6(a) and
(b), where in both cases the sidebands decay by more than
an order of magnitude within ±1 kHz and therefore the
full EMI receiver measurement window of ±4.5 kHz is not
shown for conciseness. As for Udc = 600 V the PMC is
working mostly in boost operation, ieq,rms = 0.13 Arms
results for both PIC and PMC. The PIC spectrum consists
of the expected odd fundamental harmonics around the even
carrier multiple, while the partially discontinuous operation
of the PMC causes additional sideband harmonics, such that
an increased value of ieq,pk = 0.47 A compared to 0.34 A
for the PIC results in the linear summation. However, the
difference in ieq,pk is comparably small, as even a deviation
by a factor of 2 would only require an additional attenuation
of −6 dB and would cause only a minor increase in the total
filter volume, such that the simple inductor current ripple
criterion can be considered suitable for a fair comparison
amongst the two topologies.
Hence, the introduced indices allow to compare the fundamental differences of the PIC and the PMC, where for
the sake of completeness also the Y-Converter (YC) [18],
a second phase-modular approach with buck-boost instead
of a boost-buck structure and a minimum number of three
inductive components, is also included. The results of the
indices based comparison are shown for the two extreme
cases Udc = 400 V and Udc = 600 V for a separate analysis
of DC-side and AC-side in Fig. 7(a.i) and (b.i), where the
points relevant for the inductor dimensioning are highlighted,
as well as for the total converter system in Fig. 7(a.ii) and
(b.ii). The indices are normalized to the respective worst case
value of the total PIC system occurring at Udc = 400 V
such that the PIC indices form a unity equilateral triangle
in Fig. 7(a.ii).
Focusing on the detailed analysis in Fig. 7(a.i) and (b.i)
it can be noted in a first step that due to the constant
high intermediate DC voltage Upn of the cascaded PIC, its
boost stage indices τS,ac , τC,ac and τL,ac are completely
independent of Udc , while the maximum stresses and index
values on the for the buck stage occur for maximum buck
operation (i.e. Udc = 400 V), especially due to the increased
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Fig. 7: Comparison of the indices of PIC, PMC and the phasemodular buck-boost YC evaluated for P = 10 kW and a DC output
voltage of (a) 400 V and (b) 600 V, where in (a.i),(b.i) the measures
are illustrated for the converter parts of boost and buck stage
separately and combined for the total converter in (a.ii),(b.ii). The
index base values are given by the total PIC system and evaluate to
τL,base = 0.18 Vs
A2 , τC,base = 283.36 A2 , τS,base = 13.75 kVA.
A

DC output current given by the constant power operation.
While the latter (i.e. maximum stresses for the buck stage
for Udc = 400 V) is also true for the PMC, the discontinuous operation due to the single-stage energy conversion
modulation strategy of the PMC causes a distribution of
the stresses between the boost and buck converter stages
depending on Udc , where the boost stage indices are maximal
for maximum boost effort (i.e. Udc = 600 V). This becomes
most obvious when comparing the PMC switching stresses
τS,ac and τS,dc for both voltage levels. However, as the same
grid currents are impressed in the boost stage half-bridges of
the PIC and PMC, an equal value in τC,ac independent of Udc
and a slightly lower τL,ac for the PMC (due to the smaller
value of LAC ) establish. Then, on the DC-side the PMC
suffers from increased current values, since the instantaneous
power flowing on the AC-side and fluctuating with twice the
mains frequency is transferred through both converter stages,
where in contrast a DC current is transferring constant power
to the DC/DC stage of the PIC, such that a substantially
larger τC,dc and also elevated values for τL,dc result for the
PMC compared to the PIC. The previously mentioned YC
offers also single-stage energy conversion and exhibits equal
switching stresses τS,ac and τS,dc as the PMC, while the
combined buck and boost inductors (equally accounted to
AC and DC-side) yield considerably lower values in τL,ac
and τL,dc compared to the PMC. The main drawback of the
YC results from the fact that the maximum system current
is always impressed in both converter stages, yielding equal
conduction stresses τC,ac = τC,dc substantially above the
values of the PIC and even the PMC.
Combining now the indices of buck and boost stage allows
to compare the complete converter systems (cf. Fig. 7(a.ii)
and (b.ii)), where one can observe that all system indices
are maximal for Udc = 400 V (i.e. maximum buck effort),
while the overall picture (e.g. the phase modular approaches
showing elevated conduction losses) remains unchanged for
all DC output voltages. For Udc = 400 V and compared to
the cascaded PIC, the discontinuous modulation of both phase
modular converters allows a reduction of τS by 40 %, while
τC increases by 63 % for the PMC and by 148 % for the
YC. Finally, the index for the inductor volume τL reveals an
inherent limitation of the PMC with respect to the converter
volume, as the inductors on the DC- and AC-side have to
be dimensioned for the respective worst case operating point
and the expected limit in terms of τL is located 26 % above
the limits of the cascaded PIC, while the YC profits from
the reduced number of inductive components and exhibits a
decrease in τL by 21 % and hence promises a very compact
realization.
In closing, it can be stated that this simplified indices-based
evaluation nicely illustrates the advantages and disadvantages
of the different converter systems of interest. For a given
switching frequency fs and maximum peak current ripple
∆I, the PIC is showing the lowest current stresses τC
enabling therefore a very cheap realization, the YC exhibits
the minimal value in τL and therefore promises a very
compact system and finally the PMC with a low value in
τS and a moderate τC indicates that highest efficiency can be
expected. It reveals that none of the three topologies is able
to outperform its competitors in all aspects. In order to refine
the evaluation a more elaborate comparison for the PIC and
PMC is conducted in a next step.

B. Multi-Objective Optimization
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Given the large number of degrees of freedom in the design
of the converters, a multi-objective optimization comparison
with respect to power density and efficiency between the
two topologies is conducted, where also the component cost
is evaluated for completeness. It is assumed that the buck
stage and the boost stage of the PMC and PIC are effectively decoupled and therefore can be optimized separately.
In order to further simplify the comparison, the converter
optimization yields implementations which do not necessarily
comply with e.g. CISPR 11 regulations, but show a switched
noise attenuation of −40 dB on the AC-side, which implies
a LC-filter resonance frequency located a decade below
the switching frequency, while on the DC-side, a relative
output voltage peak-to-peak ripple of 5 % is specified. For
each converter stage, two electric degrees of freedom can
be identified, namely the switching frequency fs covering
the inherent trade-off between switching losses and passive
component volume, and the maximum peak inductor current
ripple (±)∆I (cf. Section IV-A) representing the ratio of
inductive and capacitive component values. Combined with
the constraints on resonance frequency and voltage ripple, fs
and ∆I fully define the electric component values of possible
implementations, i.e. the converter design space, and a range
of fs ∈ [25, 300 kHz] and ∆I ∈ ±[25, 200 %] is considered,
where a value ∆I > 100 % implies complete soft-switching
for the respective maximum ripple operating point.
The resulting semiconductor losses are calculated based on
the theoretical waveforms (now including the voltage and
current ripples due to switching operation) and a loss map
for a 10 mΩ 900 V SiC MOSFET [14], where a variable
number of parallel switches Npar ∈ IR is assumed as the
same technology is also available in devices with lower
chip area (i.e. with higher Rds,on and lower Coss ). The
required heatsink volume is then approximated by assuming a
Cooling System Performance Index [19] CSPI = 25·103 mW
3K .
Inductive components are designed and evaluated according
to [20] and different core geometries, air gap lengths, as
well as round wire and litz wire are considered. Finally,
only film capacitors were investigated which were assumed
to be lossless in a good approximation (in fact, e.g. ceramic
capacitor would introduce another tradeoff between volume
and cost as they allow for a voltage of 650 V a realization of a
given capacitance value with less than 10 % of the volume of
a film capacitor, however at an increased cost by a factor of
7). The semiconductor and capacitor cost is calculated using
the single component price of electronics distributors, while
a cost model based on [21] was employed for the inductive
components. In order to find converter designs compatible
with the full voltage range, each stage is dimensioned for
its respective worst case operating point in a first step and
subsequently the resulting losses are evaluated for the whole
output DC voltage range of the converter system. The average
efficiency η̄ obtained from the efficiencies η at nominal load
across the DC output voltage range is of special interest,
while the power density and cost are already given from the
setup of each practical converter implementation.
Pareto optimal designs are then identified and the resulting
limits in terms of power density and average efficiency
of PIC and PMC are shown in Fig. 8(a). It reveals that
by changing from a phase-integrated to a phase-modular
approach the average efficiency of the converter can be
increased for any value of power density by up to 0.5 %
and the maximally achievable power density of the PMC
is slightly increased compared to the PIC, despite the fact
that in general higher switching frequencies are required for
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Fig. 8: (a) η̄ρ-Pareto front of PIC and PMC for average efficiency
η̄ and power density, and (b) detailed average loss, volume and
cost comparison for the indicated designs. The contributors are
differentiated between boost stage and buck stage (AC- and DCside) and are namely semiconductors including heatsink (HB),
inductors (L) and capacitors (C).

the PMC in order to reach the same volume as the PIC.
As the relative volume share of the heatsink increases with
switching frequency, above fs,ac = 175 kHz no additional
gain in power density is possible for the PIC, while due to the
alternating operation of the boost and buck stage, the PMC
power density increases up to fs,ac = 225 kHz. Two designs
with a boxed volume power density of 16 kW/dm3 are
indicated and shown in detail in Fig. 8(b) with respect to the
average loss, as well as volume and cost contribution of the
converter components, where a total of 217.4 W, 624.2 cm3
and 484.1 $ for the PIC and 159.1 W, 625.3 cm3 and 761.9 $
for the PMC result, yielding a loss reduction of 27 % for the
PMC. The highlighted PIC design employs fs,dc = 175 kHz
and a maximum ∆Idc = ±150 % (Ldc = 13.4 µH) for the
DC/DC buck converter which is accordingly completely softswitched, while the PMC DC-side converter stage BB is
also soft-switched with a current ripple of ∆Idc = ±125 %
(Ldc = 9.23 µH) at an elevated switching frequency fs,dc =
200 kHz. However, the increase in switching frequency is not
sufficient to compensate for the raised passive component
count and the enhanced inductor area product and it can be
observed in Fig. 8(b) that for the phase-modular approach the
DC-side inductor and the heatsink, as well as the intermediate
DC link capacitor Cmid (i.e. Cpn for the PIC and CB for
the PMC) consume relatively and in absolute numbers a
larger share of the total converter volume, loss and cost.
Then, the boost stages of both topologies are partially softswitched in the proximity of the grid current zero crossing
with equal current ripples ∆Iac = ±50 % and switching
frequencies fs,ac = 175 kHz yielding an inductance value
of Lac = 50.0 µH for the PIC and Lac = 41.8 µH for the

PMC, where different inductance values result due to the
elevated intermediate DC voltage Upn of the PIC compared
to the PMC. Almost an identical grid filter volume results
for the PMC and the PIC, while the discontinuous operation
of the PMC half-bridges allows to significantly reduce the
average and worst case semiconductor as well as the HF
inductor losses, such that a reduced heatsink volume results
and the additional volume and losses of the buck converter
stage can be compensated. As discussed in Section IV-A,
the PMC exhibits increased current stresses on the DCside which combined with the discontinuous operation yields
a larger optimal chip area in order to minimize the total
semiconductor losses and the PMC shows therefore a rise
in chip cost of 214 % for the buck stage and of 122 %
for the boost stage which clearly dominates the overall
system costs. However, it must be mentioned again that
with the PMC the losses are reduced by more than one
quarter, which on the other hand especially at such high
efficiencies (above 98 %) demands large chip areas and/or
results in strongly increasing costs. Therefore, a fair cost
comparison can only be performed for systems with same
efficiency and power density. Obviously, selecting for the
PMC a non Pareto-optimal design, the PMC system cost can
be reduced by employing less chip area and accepting higher
average losses, and when comparing two designs of equal
efficiency η̄ = 98 % and power density ρ = 16 kW/cm3 the
difference in cost decreases, i.e. the PMC is only 14 % less
cost-effective than the PIC. Furthermore it must be stated
that considering the clear trend towards decreasing prices
for the relatively new wide bandgap SiC MOSFETs (today
SiC MOSFETs are more than three times more expensive
than Si devices), the cost difference between PIC and PMC
can be further decreased in the future and the PMC could
even outperform the PIC converter especially if instead of
an average efficiency across the complete voltage range also
other voltage and/or load profiles are considered. Finally, due
to the modular setup, the PMC also offers more options
concerning modularity and scalability (which in turn also
reduces costs), where not only all phase modules are equal
but also the buck stage and the boost stage are realized
with the same components and are used in a back-to-back
configuration.
V. C ONCLUSION
In this paper, a new phase-modular bidirectional threephase boost-buck DC/AC converter system is introduced,
which is an alternative to the combination of a AC/DC boosttype voltage source rectifier and a DC/DC buck converter.
The three independent phase modules with individual variable
intermediate DC link voltages allow to limit the modulation
to one half-bridge at a time in each phase, such that singlestage energy conversion and therefore a higher converter
efficiency is enabled. A control structure for PFC rectifier
operation was provided and discussed in detail, where a
smooth transition between boost and buck operation was
verified by means of a closed loop simulation for various operating conditions. A detailed Pareto comparison between the
proposed and the conventional topology shows a reduction of
the overall converter losses by 27 % at an equal power density
of 16 kW/dm3 . Furthermore, a slightly higher maximum
power density can be achieved. However, the improved
efficiency of the PMC demands more semiconductor chip
area which combined with the increased component count
causes elevated total system costs, while for equal efficiency
very similar costs results for both topologies. Also, given the
trend of decreasing SiC MOSFET prices, the difference in
the system costs between PIC and PMC can be expected to

decrease in the near future. Furthermore, the modular structure of the PMC shows additional advantages with respect to
the scalability as it can be built out of six identical converter
stages, yielding not only less design effort but potentially
also reduced component costs. Also, in case of a single-phase
failure only one module has to be replaced, yielding reduced
maintenance cost. Therefore, a further investigation of the
PMC approach and an implementation in hardware is very
promising.
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