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Abstract—In this paper, three-phase PFC rectifier topologies with
sinusoidal input currents and controlled output voltage are derived from
known single-phase PFC rectifier systems and/or passive three-phase
diode rectifiers. The systems are classified into hybrid and fully active
PWM boost-type or buck-type rectifiers, and their functionality and basic
control concepts are briefly described. This facilitates the understanding
of the operating principle of three-phase PFC rectifiers starting from
single-phase systems, and organizes and completes the knowledge base
with a new hybrid three-phase buck-type PFC rectifier topology denomi-
nated as SWISS Rectifier. In addition, analytical formulas for calculating
the current stresses on the power semiconductors of selected topologies
are provided, and rectifier systems offering a high potential for industrial
applications are comparatively evaluated concerning the semiconductor
stresses, the loading and volume of the main passive components, and
the DM and CM EMI noise level.

Finally, core topics of future research on three-phase PFC rectifier
systems are discussed, such as the analysis of novel hybrid buck-
type PFC rectifier topologies, the direct input current control of buck-
type systems, the multi-objective optimization of PFC rectifier systems
concerning efficiency and power density, and the investigation of the
system performance sensitivity to semiconductor and passive components
technology.

Index Terms—ac—dc converter, PWM rectifier, PFC rectifier, PFC,
boost, buck, three-phase, single-phase, VIENNA Rectifier, SWISS Rectifier,
overview, review.

I. INTRODUCTION

The power electronics supply of high power electrical systems from
the three-phase ac mains is usually carried out in two stages, i.e.
the mains ac voltage is first converted into a dc voltage and then
adapted to the load voltage level with a dc—dc converter with or
without galvanic isolation (cf. Fig. 1). Often only one direction of
power flow has to be provided; furthermore, coupling to the mains
is typically implemented over only three conductors, i.e. without a
neutral conductor.

In the simplest case, the rectification can be done by unidirectional
three-phase diode rectifiers with capacitive smoothing of the output
voltage and inductors on the ac or dc side (cf. Fig. 2). The low
complexity and high robustness (no control, sensors, auxiliary sup-
plies or EMI filtering) of this concept must, however, be weighed
against the disadvantages of relatively high effects on the mains and
an unregulated output voltage directly dependent on the mains voltage
level.

The mains behavior of a power converter is characterized in general
by the power factor A, and/or the fundamental current-to-voltage
displacement angle ®, and the total harmonic distortion of the input
current, THD;, which are related by the equation

1
—————=C
v/1+ THD?
The conduction state of the passive rectifiers shown in Figs. 2(a)
and (b) is essentially determined by the mains line-to-line voltages,
whereby only two diodes carry current at the same time, except the
commutation intervals. This means that each diode of the positive

and negative bridge halves carries current only for one third of
the mains period, i.e. for 120°. Hence, the phase currents for
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industrially applicable values of the smoothing inductance show 60°-
wide intervals with zero current that result in a relatively high low-
frequency harmonic content or a THD; = 30%. In order to avoid
voltage distortions resulting from voltage drops across the inner
(inductive) mains impedance or the excitation of resonances in the
distribution grid a THD; < 5% at rated power is often required.
For aircraft on-board power supplies, relatively high inner mains
impedances exist and thus even stricter limits, i.e. a THD; < 3% (cf.
DO160F, MIL-461E), have to be fulfilled. This mains current quality
can be achieved only by means of active Power Factor Correction
(PFC) rectifier systems.

It should be noted that for three-phase systems, the generally
used designation PFC Rectifier is partly misleading, since passive
rectifiers, for industrially used values of the smoothing inductance
[XLf(l)/UN = 0.05...0.15 according to Figs. 2(e) and (f)], already
exhibit a high power factor of A = 0.9...0.95 because of the
low phase-shift of the power-forming mains current fundamental
component and the associated phase voltage (cf. (1) for cos (®) =1
and THD; ~ 30%, [1], [2]). PFC rectifiers hence achieve with regard
to the mains current (at rated operation) above all a reduction of the
current harmonics but only a slight improvement in the power factor
(A > 0.99 at the rated operating point is typically targeted).

A further important aspect of the use of active (PFC) rectifier
systems is the possibility to control the output dc voltage to a constant
value, independent of the actual mains voltage (Europe: Un i1,rms =
400 V; USA, Japan: Un 11,rms = 200V, Un,11,rms denominates the
rms value of the mains line-to-line voltage). A converter stage on
the output side (cf. Fig. 1) can thus be dimensioned to a narrow
voltage range. The mains voltage range must be considered only for
the dimensioning of the rectifier stage (the delivery of a given rated
power, e.g. at half of the input voltage, leads to a doubling of the
input current that must be mastered by the power semiconductors,
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Fig. 1. Block diagrams of typical converter configurations for supplying
electrical loads from the three-phase ac mains. a) Three-phase ac-dc converter
with non-isolated dc—dc converter (e.g. for the coupling of dc distribution sys-
tems to the three-phase mains or as a mains interface for high-power isolated
loads, e.g. lighting systems). b) Three-phase ac—dc converter with isolated dc—
dc converter (e.g. for telecom power supplies, welders, or induction heating
systems). ¢) Three-phase ac-dc converter and three-phase dc—ac converter
(inverter) without isolation (e.g. for variable speed drives).
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Fig. 2. Passive three-phase diode rectification. a) Smoothing inductors L on the ac side. b) Smoothing inductor L on the dc side. ¢) and d) Corresponding
input current waveforms. e) and f) Resultant global average value Upy of the output voltage upn and power factor A at the input. (Simulation parameters:
rms line-to-line voltage U 11,rms = 400V, mains frequency fN = 50Hz, smoothing capacitance on the dc side C = 1mF, and smoothing inductance

L =[1mH...45mH].)

passive power components and the EMI filter) or a relatively high
and well-defined voltage level is available for the generation of the
output (load) voltage [cf. Fig. 1(c)].

The requirements placed on active PFC rectifier systems may thus
be summarized as follows:

« sinusoidal input current according to regulations regarding the
mains behavior of three-phase rectifier systems (EN 61000-3-2
if < 16 A, 61000-3-4 if > 16 A); in industry, however, typically
independent of the concrete application, a THD; < 5% is
required (at the rated operating point);

o ohmic fundamental mains behavior (cos (®) > 0.99);

« regulated output voltage; depending on the required level of
the output dc voltage relative to the mains voltage, a system
with boost-, buck- or buck-boost-type characteristic has to be
provided;

« mastering of a mains phase failure, i.e. for interruption or
voltage collapse of one mains phase, continued operation at
reduced power and unchanged sinusoidal current shape should
be possible;

« unidirectional power flow, perhaps with (limited) capability of
reactive power compensation. Often, because of the supply
of a purely passive load (e.g. telecom power supply), only
unidirectional energy conversion has to be provided or as for
aircraft on-board power supplies, no feedback of energy into
the mains is permitted;

« compliance with specifications regarding electromagnetic, espe-
cially conducted interference emissions by means of suitable
EMI filtering.

The designation three-phase PFC rectifier chosen in this paper
implies both sinusoidal mains current shaping and regulation of the
dc output voltage. Here, it should be noted that an active harmonic
filter [3] of lower rated power arranged in parallel to a passive
rectifier system would also enable a sinusoidal mains current, but
no regulation of the output voltage. Accordingly, because of the
system-related advantage of a constant supply voltage of a load side
converter, a PFC rectifier system is often preferred over active filtering
despite the larger implementation effort, i.e. the conversion of the
entire output power.

Parallel to the development of single-phase PFC rectifier circuits,
numerous concepts for three-phase PFC rectifier systems have been
proposed and analyzed over the last two decades. However, the
topological relationships between the circuits and a comprehensive
classification have received relatively little attention. Furthermore, the
basic function of the circuits was typically treated by space vector
calculation, analogous to three-phase drive systems, which is not
immediately comprehensible on the basis of knowledge of dc power
supply technology or single-phase PFC rectifier circuits.

The goal of the present work is hence to develop the concepts
of three-phase PFC rectifiers, starting from known single-phase
PFC rectifier systems, and to explain as clearly as possible their
basic function and control, without reference to analysis techniques
being specific to three-phase converter concepts. Details of the Pulse
Width Modulation (PWM) and a detailed mathematical analysis are
omitted, i.e. only the operating range of the systems is clarified with
regard to output voltage and mains current phase angle. Furthermore,
the dimensioning of the power semiconductors, the main passive
components, and the EMI filter is briefly discussed.



To keep matters short, the considerations remain limited to unidi-
rectional systems and here to those circuits that come into question
with regard to implementation effort for industrial applications or
have already found such applications. Numerous, only theoretically
interesting circuit proposals of high complexity and/or high com-
ponent loading are hence not considered. In particular, no circuits
are discussed that fundamentally demand low frequency passive
components e.g. dimensioned for sixfold mains frequency. Passive
six- or twelve-pulse rectifier systems [5], and hybrid rectifier circuits
with passive 3™ harmonic current injection networks [6], [7] are thus
also not treated.

In the following, in Section II, a comprehensive classification
of unidirectional three-phase rectifier systems is presented that for
completeness also includes purely passive systems. For PFC rec-
tifier circuits, a division is made between circuits that are fully
active and hybrid, i.e. partially mains-commutated, and partially
self-commutated systems. With regard to the basic structure, phase-
modular and direct three-phase systems are distinguished and subse-
quently treated in more detail in Section III and Section IV with
reference to selected examples. Apart from systems with boost-type
characteristic, buck-type PFC rectifier systems are also discussed,
which were not considered in [8], but will be of special interest in
future in connection with the charging of electric vehicle batteries or
the supply of dc distribution grids. The ordering and complementation
of the knowledge base of three-phase buck-type PFC rectifier systems
leads to a new hybrid circuit concept (SWISS Rectifier) that is
characterized by low complexity of the power circuit and control, and
thus of particular interest for industrial applications. In Section V, in
the sense of support for the dimensioning of the circuits, the current
stresses of the main circuit components are briefly summarized
in the form of simple analytical expressions, and the Differential

Mode (DM) and Common Mode (CM) EMI filtering of the systems
discussed. Finally, in Section VI, a comparative evaluation of selected
boost-type and buck-type PFC rectifier systems is presented, which is
intended as an aid for the choice of concepts in industrial development
projects. In conclusion, in Section VII, with regard to future further
increasing requirements on the efficiency and power density of the
systems, and the further spreading of active mains interfaces, research
subjects in the field of PFC rectifier circuits are identified.

II. CLASSIFICATION OF UNIDIRECTIONAL THREE-PHASE
RECTIFIER SYSTEMS

In Fig. 3, a classification of unidirectional three-phase rectifier
circuits is shown that for completeness also includes purely passive
systems which

e contain no turn-off power semiconductors, i.e.
« work purely mains-commutated, and
« employ low frequency, i.e. passive components for output volt-
age smoothing and mains current shaping and, where applicable,
mains or auto-transformers for the phase-shift of several con-
verter stages working in parallel or series (multi-pulse rectifier
circuits).
Furthermore, since here only diode and not thyristor circuits are
considered,
« there is no possibility of output voltage regulation.
An approximately sinusoidal mains current and/or partial elimina-
tion of low frequency harmonics in the input current is thus only
obtainable with multi-pulse systems, i.e. for 12-, 18- or 36-pulse
rectifier circuits. In industry, multi-pulse rectifiers, because of their
low complexity and great robustness, are mainly used at high power
(> 100kW) as mains interfaces, where the supply is typically direct
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Fig. 3. Classification of (unidirectional) three-phase rectifier topologies into passive, hybrid, and active systems with boost- or buck-type characteristic. For
each rectifier subgroup, references to publications are given in [4], in which the corresponding circuit concept was presented first or a detailed description is
provided. The boxes of the converter groups, discussed in this paper, are highlighted by shading. For details of rectifier topologies not discussed in this paper,

please see also [4].



from the medium voltage mains whose low inner impedance allows
higher input current harmonics to be accepted.

The coupling and/or partial integration of a passive rectifier and of
an active circuit part implemented with power semiconductors that
can be actively switched off, leads to hybrid rectifier circuits.

These systems fundamentally allow a regulation of the output
voltage and a sinusoidal control of the mains current; however, a
limitation to voltage regulation is possible (e.g. in the case of a diode
bridge with downstream dc—dc converter) or to sinusoidal current
shaping (active-filter-type 3¢ harmonic current injection, cf. Sec. IV
or [9]-[14]). Furthermore, low frequency filter components of passive
rectifier systems may be replaced/emulated by high-frequency PWM
converters of relatively low rated power (Electronic Inductor [15],
[16]), e.g. in the sense of an increase of the power density. With an
ac side arrangement of these electronic reactances, via a change in the
inductance or capacitance value in operation, a limited possibility of
voltage regulation exists (Magnetic Energy Recovery Switch (MERS)
concept [17], [18]).

3* harmonic injection concepts form a major group of hybrid
rectifier circuits. Here, current is injected by a passive or active
injection network always into that phase which would not carry
current in case of conventional diode bridge rectification. The current
waveforms of the two other phases are shaped in such a way that as a
result, sinusoidal current flows in all phases. The rectifier function of
these systems is implemented by a diode bridge on the input side. The
active network for current shaping, injection, and voltage regulation,
arranged on the dc side, may thus be considered essentially as
a dc—dc converter working on a time-varying (six-pulse) dc input
voltage. The circuits are hence relatively simple, i.e. may be analyzed
without specific knowledge of three-phase converter systems and
exhibit relatively low complexity, also regarding control. The essential
characteristics of hybrid rectifier circuits may thus be summarized as
follows:

« mains-commutated (diode circuits) and force-commutated, cir-
cuit sections implemented with power semiconductors that can
be actively switched off;

« low frequency and/or switching frequency passive components;

« output voltage regulation and/or sinusoidal mains current shap-
ing by turn-off power semiconductors.

In the present work, only those hybrid rectifier circuits are con-
sidered which exhibit regulated output voltage and sinusoidal mains
current, and exclusively switching frequency passive components.

Integration of turn-off power semiconductors into the bridge-legs
of a passive system finally leads to active PFC rectifier systems.
Essential features of these systems are:

o forced commutation (only for systems with impressed output
current partly natural commutations occur, depending on the
position of the switching instant in the mains period);

« exclusively switching frequency passive components;

« regulated output voltage.

As described in more detail in Sec. IV, these systems exhibit in
general bridge topologies and here bridge-legs of same structure, i.e.
phase symmetry, and a similar configuration of the power semicon-
ductors in the positive (connected to the positive output voltage bus)
and negative bridge halves, i.e. bridge symmetry.

Apart from these direct three-phase versions (cf. Fig. 3), however,
an implementation is also possible via a combination of single-
phase PFC rectifier systems in star(Y)- or delta(A)-connection
[cf. Figs. 5(a) and (b)]. These phase-modular versions, however, lead
to three individual dc output voltages, i.e. a single output voltage can
only be formed via isolated dc—dc converters that are connected to
the rectifier outputs. An advantage of the phase-modular version is
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Fig. 4. Output voltage range of direct three-phase PFC rectifier systems
with boost- or buck-type characteristic in dependence of the rms line-to-
line mains voltage Un 11,rms (considered mains voltage range: UN 11,rms =
200V ...480 V), UN,H denominates the peak value of the line-to-line volt-
age. In addition, the lower output voltage limit of a single-phase boost-type
PFC rectifier system (Upn > 1/ \/§UN111), connected between a mains phase
and the mains neutral, is shown.

the possibility of realizing a three-phase system starting from existing
already developed single-phase systems. However, it must be taken
into account that with the star-connection a coupling of the phase
system results. For the delta-connection, the high input voltage of
the modules has to be considered, which is defined by the mains
line-to-line voltage and not by the phase voltage.

Apart from the topological distinction, a classification of the
systems must also be carried out with regard to the available output
voltage range, i.e. fundamentally into circuits with boost- or buck-
type characteristic. As shown in Fig. 4, the lower or upper output
voltage limits of the systems are defined by the mains line-to-line
voltage. The voltage range, not covered by the two basic converter
forms, is usually realized in industry by means of a downstream dc—
dc converter with boost- or buck-type characteristic. Alternatively, a
three-phase extension of buck-boost [19], Cuk- or SEPIC-converters
[20] could be used. Because of the high complexity of the resulting
circuit, however, this approach is only of theoretical interest and is
hence not described in more detail.

With regard to phase-modular rectifiers, it must be pointed out that
buck-type converter systems enable a current shaping only in a part
of the mains period [21]. Hence, for sinusoidal mains current, a boost
function must be provided which results in a lower limit of the output
voltages of the modules.

Note: Systems with galvanic isolation of the output voltage are not
treated in this paper. In many cases, isolation is achieved by a dc—dc
output stage at high frequency, or is required directly at the supply of
the systems for voltage adaptation, e.g. for connection to the medium
voltage level. Alternatively, a transformer may be integrated directly
into the rectifier structure. Such high frequency isolated three-phase
ac—dc matrix converter concepts [22]-[24], however, are characterized
by a relatively high complexity of the power circuit and modulation
and hence are of limited importance for industrial applications.

III. PHASE-MODULAR RECTIFIERS

Starting from the basic circuits of symmetrical three-phase loads,
three-phase PFC rectifier systems can be implemented by star- or
delta-connection of single-phase PFC rectifiers. The phase-modular
systems thus formed will be termed in the following Y- or A-rectifiers
according to the circuit structure. The phase modules here may exhibit
a conventional topology or could be implemented as bridgeless, i.e.
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Fig. 5. Block diagram of phase-modular PFC rectifier systems [25]-[27]. a)
Star(Y)-connection / Y-rectifier and b) delta(A)-connection / A-rectifier with
output side isolated dc—dc converters. Instead of a common EMI input filter
for all phases as used for a) and b), in terms of full modularity, also separate
EMI filters could be implemented for each rectifier module.

dual-boost converters, or ac-switch converters (cf. Fig. 11). They may
contain an EMI filter or advantageously, a three-phase EMI filter
could be installed common to all phase systems.

A. Y-Rectifier

Fig. 6 shows the circuit topology of a Y-rectifier with a bridgeless
topology of the phase modules and an equivalent circuit of the ac side
system part. If the EMI filter is three-phase (not shown in Fig. 6)
and the star-point N’ is not connected to an artificial star-point,
which could be formed e.g. by filter capacitors, a switching frequency
voltage un/n occurs between N’ and the mains star-point V.

According to

dia
L a = Uan — (Uan’ + UN'N)
di
=2 = upx — (upy + unox) @)
dt
dic
L g = N — (uens + un'n)

the impression of the ac currents is via the differences of the mains
phase voltages and the voltages u;n (¢ = a,b,c) formed at the
input of the rectifier stages, so that the star-point voltage un’n Wwith
consideration of

d ,. : .

E(Za+lb+lc):0 3)
results in

un'N = —3 (uan’ + upns + Uen) - 4

Therefore, with a free star-point N’, a part of the rectifier input
voltage uzys advantageously does not form a current ripple, so that
the values of the boost inductance may be reduced compared to

Fig. 6. a) Basic structure of the Y-rectifier. b) Equivalent circuit of the ac
system part without the EMI input filter.

a fixed star-point for the same ripple amplitude. This advantage is
gained at the expense of a CM voltage un/n of the modules, which
requires an appropriate CM filter.

As clearly shown by Fig. 6(b) and with regard to the fundamental
of the input voltage required for the impression of the input current,
the same conditions are present for the phase modules as for single-
phase PFC rectifiers supplied from a mains phase. Therefore, despite
the high peak value of the line-to-line voltage of the European low-
voltage grid (UN,H = 565V and/or Un,11,rms = 400 V), the output

pi Pa P Py

g t
2) 60 @

C *
]‘. Upn,c

b) (100) (011)

Fig. 7. a) Time behavior of the instantaneous fundamental power of the
phases of a Y-rectifier. b) Redundant switching states concerning the resulting
variation of the phase currents for i > 0, i, < 0, ic < O [valid within
oNn = (—30°,+430°)], which can be used for balancing the dc output
voltages Upn,a, Upn,b> Upn,c Of the phase modules.
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inversion of the switching signals for negative phase currents.

voltage of the phase modules can be selected e.g. at Upn,; = 400V
and/or the power transistors may be realized with 600V super-
junction power MOSFETs.

The control structure of the system is shown in Fig. 8. The
reference conductance G* is defined by the output voltage controller
Ky (s). Multiplication of G* by the normalized mains phase voltages
leads to the phase current reference values i; to be set by the
subordinate current controllers K7(s). With regard to the fundamental
input current, the system thus behaves as a symmetrical ohmic load
with resistances R = 1/G” in star-connection. Accordingly, for
asymmetrical mains, there occurs in a phase with lower voltage
a lower current amplitude, or a reduced supply of power to the
respective output. This must be considered for setting the reference
value of a downstream dc—dc converter.

Because of the phase-modular structure, three output voltages are
to be regulated. Therefore, the voltage control is split into two parts.
On the one hand, the power drawn from the mains, i.e. G* is defined
from the average control error of the three output voltages upn,;. On
the other hand, a balancing of the output voltages is implemented,
whereby in each case only the phase with the highest positive and
the highest negative voltage value is taken into account [25], [28],
[29]. As shown in Fig. 7, only for these phases, e.g. a and ¢, a higher
instantaneous output power flow is present and hence the possibility
of changing the output voltage value. Dependent on the difference
between Upn,a and Upn,c, an offset of the reference phase current
values g is formed which, however, cannot be set by the phase
current controllers because of the free star-point N', iy +4b +ic = 0
is unalterable. The phase currents thus keep their sinusoidal shape
and the symmetry to the time axis. However, as could be shown by a
more detailed analysis, for g > 0, the switching state (100) is mainly
used instead of (011) for the formation of the voltages ujy, required
for current impression. Similarly, for i < O increasingly (011) is
employed instead of (100). Both switching states are redundant with
respect to the voltage formation and result in equal voltages uzg, Upe,
ues. However, for (100), primarily the output capacitor C. is charged
and for (011) the capacitor C, and thus an equalization of Upn,, and
Upn,c is enabled. For (100), power also flows to output upn,b, but
because of the low instantaneous value of 41, in on = wnt = (0, 60°)
and/or the associated low output current, the output voltage upn,b is
not significantly changed [29].

In connection with the balancing of the output voltages it should
be pointed out that a symmetrical mains current system can be
surprisingly also maintained for unequal distribution of the input
power to the three outputs, i.e. is also possible for asymmetrically
loaded outputs.

To summarize, the total power drawn from the three-phase mains
is set by G* and the distribution of the power to the phases is
determined by 4. Shifting the power between always only two phases
has the advantage that the fulfillment of 4a + i + ic = 0 does
not need to be specially observed since the third phase can always
carry a resulting current. This procedure thus exhibits, compared to
alternative concepts [27], a greater stability range and a significantly
lower parameter sensitivity or greater robustness.

It should be emphasized that the balancing procedures described
may be employed only in the case of a common EMI filter for all
phases and/or for a free star-point N, which allows a variation of
un’N With switching frequency. Here, the balancing of the output
capacitor voltages and not a vanishing (low frequency) voltage
difference of N’ from the mains star-point N is of importance.

For employing individual EMI filters per module, on the other
hand, only low frequency potential changes in N’ can occur and
the balancing of the phase units can be with reference to the star-
point voltage [31]. Alternatively, and/or in addition to balancing, N’
can also be connected to an artificial star-point that is formed by
a transformer circuit of low zero sequence impedance and can be
loaded with a zero sequence current component occurring in case

Fig. 9. Hardware demonstrator of a) an ultra-efficient Y-rectifier phase
module (nominal efficiency Nnom > 99%) and b) of an ultra-compact Y-
rectifier phase module (power density p > 5kW/dm3 = 82W/in®). The
nominal output power of both systems is 3.3 kW [30].



of asymmetry [32], [33]. The disadvantage of this concept, basically
known from the star-point formation in electrical networks, however,
lies in the requirement of an additional inductive component of
relatively large volume and weight.

In Fig. 9(a), the demonstrator of a highly compact version of
a single-phase bridgeless PFC rectifier system [cf. Fig. 11(b)] is
shown; Fig. 9(b) shows a highly efficient version of the same
rectifier topology. Starting from these systems, Y-rectifiers with power
densities of up to 5kW/dm?® or efficiencies of 7 > 99% may be
realized.

B. A-Rectifier

For delta-connection of the PFC rectifier modules [cf. Fig. 5(b)],
the subsystems are decoupled, in contrast to the star-connection (Y-
rectifier). The control can therefore be carried out, individually for
each subsystem, in the same way as for single-phase PFC rectifiers.
Balancing of the modules with respect to power consumption is of
advantage in the sense of symmetrical loading of the mains, but
is not absolutely necessary. However, the line-to-line voltage of the
mains appears at the input to the modules. Hence, a relatively high
output voltage Upn,i > V2 UN,11,rms (typ. Upn,i = 700V ... 800V
for the European low-voltage mains, taking into account voltage
tolerances) or a high blocking capability of the power semiconductors
has to be provided. Alternatively, the semiconductor blocking voltage
stress could be halved by means of a three-level topology. Also
a buck converter could be placed in front of each boost converter
stage, i.e. in each phase, a buck-boost converter with a common
inductor could be implemented. This would allow the output voltage
level of the individual modules to be chosen similar as for the Y-
rectifier with 400 V [34]. Then, only the transistors of the buck stage
have to be designed for line-to-line voltages. However, an additional
power transistor then lies in the current path, which leads to higher
conduction losses.

At the input of the rectifier stages of the A-rectifier modules, for
a two-level implementation of the boost output stages, voltages

uz; = 8458ign (435) € (0, +Upn,i, —Upn,i) )

(ss; designates the switching state of the power transistors Si;;
1,7 = {a,b,c}) are formed that, apart from the switching state
Sab = Sbc = Sca = 0, contain a switching frequency zero sequence
voltage component ug,

Uab = Ugp + Uo

Upe = Up, + Uo ©)
= u'éa + uo .

As can be immediately seen via a delta-star transformation for the

formation of the phase currents 4;, only the voltages ugy,, ug,, Uk,
and/or the equivalent star-point phase voltages

1

U;N 3 (U%b - Ulaa)
1

upy = 3 (Ube — tan) (7)
1

u:’:N =3 (UIEa - U{Sc)

with
Ugp + Upe + Uga = 0 ®)

are effective. The zero sequence voltage component

1
uo = 3 (uab + Upe + Uza) O]

b
c
a)
N ~ b
-~ C.
b)
Fig. 10. a) Basic structure of the A-rectifier, with thyristor bridges at the

input of the modules to provide the nominal output power in case of phase
loss; three-level boost stages are employed to reduce the voltage stress of the
power semiconductors. b) Simplified ac side equivalent circuit with the zero
sequence component Aig of the input current ripples of the modules.

thus drives only a switching-frequency current within the delta-
circuit. This means that for a three-phase EMI filter, the modulation is
best designed through suitable synchronization of the carrier signals
of the modules such that ug is maximized or a maximum fraction
Aig of the switching-frequency input current ripple of the modules
is held within the delta circuit [27], [35]. There then results a
minimum ripple of the phase currents %;, and the EMI filter effort is
minimized. However, this advantage should be weighed against full
modularity/independence of the subsystems (also regarding switching
and modulation), that is obtainable only with the configuration of an
individual EMI filter per module.

An essential advantage of the A-rectifier is the availability of the
full rated power even for a failure of one mains phase. For this
purpose, the modules must be connected as in Fig. 10(a) via three-
phase thyristor bridges to the mains, and the thyristor bridges, on
interruption of a mains phase, are switched over to the two remaining
phases (cf. [27], [34]). However, this concept is applicable only for
a suitably high loading capacity of the remaining mains phases.

C. Discussion

Phase-modular systems allow the knowledge on single-phase PFC
rectifier systems to be exploited relatively directly and/or allow for
the development of a three-phase PFC rectifier system with low effort.
However, this advantage can be realized only with a fully modular
structure, i.e. with the arrangement of an individual EMI filter per
module, so that the modulation methods for the reduction of ripple in
the phase currents described above cannot be used. However, in any



case, a balancing of the modules is required to assure a symmetrical
loading of the mains. Here, the additional effort for measurement and
signal processing required for the Y-rectifier should be noted.

Basically, due to the modular structure, three individual dc output
voltages are formed that only with the aid of downstream isolated
dc—dc converters can be employed for the supply of a single load.
Furthermore, each module requires filtering of the power flow, which
pulsates with twice the mains frequency, i.e. electrolytic capacitors
of suitably high capacitance must be provided on the output side. On
the other hand, the assurance of a mains-holdup to master the failure
of a mains voltage half-cycle anyway requires a relatively high output
capacitance. Furthermore, by division of the overall system into three
subsystems, a compact construction is supported and the cooling of
the power components is simplified.

The essential advantage of the Y-rectifier is the lower voltage stress
of the power semiconductors or the relatively low level of the output
dc voltages. However, a. direct coupling of the phase modules is
present, which especially for mastering of a phase failure requires a
close co-ordination of the modules and finally a control circuit for the
overall system. Hence, the advantage of modularity cannot be used
for the control. Industrially, the system will thus probably remain
of minor importance. In contrast, the modules of the A-rectifier
work in a decoupled manner, and via a relatively simple expansion
of the circuit topology, the full rated power is available on phase
failure. The disadvantage of the relatively high output voltage and/or
required blocking voltage capability of the power semiconductors
in the modules ought to be alleviated in future by the availability
of 1200V SiC power JFETs or SiC power MOSFETs. Then also
an additional buck converter stage could be implemented for each
module, which enables to maintain the output voltage level given by
single-phase PFC systems and therewith the use of already developed
dc—dc converter circuits. On the whole, then, an excellent potential
for industrial application of this system can be discerned.

IV. DIRECT THREE-PHASE PWM RECTIFIER TOPOLOGIES

In the following, the topologies of important direct three-phase
boost- and buck-type rectifier systems will be derived and briefly de-
scribed with regard to their basic function and control. Boost systems
will be developed by three-phase extension of known single-phase
boost-type PFC circuits (cf. Fig. 11 and/or Fig. 26 in [30]); the circuit
structures of the buck-type systems follow by extension of passive
three-phase diode rectifiers with turn-off power semiconductors.

In general, the definition of three-phase converter topologies,
should be under consideration of a high level of symmetry of the
resulting circuit structure. Because of the identical nature of the
phases of the supplying mains (pure ac voltages of same shape and
amplitude), it is obvious to provide the same structure for the circuit
branches connected to the phase terminals (phase symmetry). On the
other hand, the symmetry of the positive and negative half-cycles of
the ac input phase currents to be impressed by the rectifier system
naturally leads to an identical arrangement of power semiconductors
in the positive and the negative half of the phase-legs. In connection
with the dc voltage to be formed, corresponding topologically to a
positive and a negative output terminal, there thus results a three-
phase bridge topology with symmetrical positive and negative bridge
halves (bridge symmetry). For a dc—dc converter, connected to the
rectifier output, this symmetry does not necessarily need to be
maintained. Here, a decision could be made e.g. by analysis and
comparison of the CM EMI emissions and the conduction losses of
a symmetrical or asymmetrical topology.

It should be noted that rectifier systems which violate one or both
symmetry requirements, e.g. with the aim of reducing the implemen-
tation effort, can also enable the impression of mains ac currents and
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Fig. 11.  Single-phase boost-type PFC rectifier systems; the three-phase
extensions of the circuits leads to direct three-phase hybrid or active PFC
rectifier systems with boost-type characteristic. a) Conventional PFC rectifier,
b) bridgeless (dual-boost) PFC rectifier, and ¢) PFC rectifier with ac-switch.

the formation of a regulated output dc voltage. However, a sinusoidal
shape of the phase currents is possibly not feasible (cf. Sec. IV-A2 for
systems showing phase symmetry but no bridge symmetry), and/or
the output voltage or the modulation range of the circuits is limited
compared to symmetric structures. Furthermore, in general a more
complex modulation results (cf. e.g. [36] as an example of a system
with bridge symmetry but no phase symmetry). In addition, with
missing phase or bridge symmetry, differing loadings of the individual
power semiconductors occur. Asymmetrical circuits are hence treated
within the scope of this work only as an intermediate step in the
derivation of symmetrical circuits.

In the following for all circuits, i.e. also for systems employing
power semiconductors with high blocking voltage stress (defined
by the mains line-to-line voltage), power MOSFETs are shown as
switching elements. This should point out the generally existing
requirement of high switching frequency or high power density. An
implementation of the power semiconductors would be possible with
Si super-junction MOSFETSs with a blocking voltage of 900V [37]
or in future with SiC JFETS (in a cascode configuration, [38]-[40])
or SiC MOSFETs [41]). Alternatively, 1200V IGBTsS, possibly with
SiC freewheeling diodes could also be employed, however, with
considerably lower switching frequency, due to the relatively high
switch-off losses.

A. Boost-Type Systems

A three-phase extension of the conventional single-phase boost-
type PFC rectifier [cf. Fig. 11(a)], i.e. the addition of a third bridge-
leg to the input rectifier bridge, results in a hybrid rectifier structure
shown in Fig. 12(a). The system enables a control of the output
voltage, but the input current exhibits the characteristic block shape
of passive diode rectification with THD; ~ 30% [cf. Fig. 12(b)].
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Fig. 12. Three-phase extension of the single-phase system shown in
Fig. 11(a). a) System structure and b) corresponding mains voltage and mains
current if the dc—dc boost converter stage operates in Continuous Conduction
Mode (CCM). ¢) System structure if the boost inductor is shifted to the ac
side and divided over the phases. d) Corresponding mains voltage and current
(ia refers to the local average value of the phase current i) for operation of
the system in Discontinuous Conduction Mode (DCM).

If the boost inductance is moved to the ac side and distributed over
the phases [cf. Fig. 12(c)] and the mode of operation is changed to
DCM at constant duty cycle of the power transistors, the switching
frequency peak values of the discontinuous phase currents follow a
sinusoidal envelope. However, as shown by more detailed analysis,
low-frequency harmonics of the phase currents continue to occur
[42]. A modulation of the transistor switch-on time with sixfold
mains frequency [43], [44] and/or operation in Boundary Conduction
Mode (BCM) also cannot completely eliminate the low-frequency
current distortion, since the smallest phase current in each case always
reaches zero prior to the other two phase currents and thus exhibits
a zero current interval at switching frequency [42]. Accordingly, a
relatively high current quality is only attainable for high voltage
transfer ratios and/or a relatively short demagnetization time of the

inductors L compared to the transistor switch-on time, i.e. for output
voltages Upn > 1kV when operating in the European low-voltage
mains. Because of this limitation, and the high peak current loading of
the power semiconductors and the large EMI filter effort, this circuit
concept has not been successful in industry.

Fundamentally, it should also be noted here that for three-phase
converter systems, because of the relatively high power, operation in
CCM is clearly preferable. Accordingly, the phase-shifted operation
of several DCM converter stages, which would be possible for the
system shown in Fig. 12(c), [45], [46], and is frequently used for
single-phase systems (for power levels up to typ. 1kW) is of minor
importance.

1) Hybrid 3* Harmonic Current Injection PFC Rectifier:

An improvement in the input current quality of the circuit in
Fig. 12(a) is only possible by extension of the controllability, i.e. by
addition of a further power transistor (cf. Fig. 13). The currents in
the positive and negative dc buses, 24 and 7, can then be controlled
independently and proportional to the two phase voltages involved in
each case in the formation of the output voltage of the diode bridge.
If the difference of 44 and 7_ is then fed back via a current injection
network (three four-quadrant switches, of which in each case only
one is switched on) into the mains phase which would not carry
current for simple diode rectification, a sinusoidal current shape can
be assured for all mains phases as shown below [47].

Because of the symmetries of the supplying mains voltage sys-
tem, the mathematical proof of the sinusoidal current shaping can
be limited to a 60°-wide interval of the mains period with e.g.
UaN > UbN > UcN, for which the injection switch Spyp (in general,
the injection switch of the phase with the smallest absolute voltage
value) is continuously switched on.

By suitable modulation of S, a current proportional to the mains
phase voltage uan can then be impressed in Ly or in the conducting
diode Day,

iy =ia, (10)
whereby for the local average, i.e. the fundamental frequency com-
ponent

amn

has to apply. Correspondingly, by suitable modulation of S_, a
current

12 = G uan

—i- =ic (12)
proportional to ucn can be impressed in L_ or D._ with
ie = G ucn . 13)

The fundamental frequency conductance G*, determining the rec-
tifier input and/or power, is thereby defined by the output voltage
controller. The switching of S} and S_ must not be carried out in
a co-ordinated manner since freewheeling of <4 and/or i is always
possible via the freewheeling diodes Dy and D_ or the diodes
antiparallel to S} and S_ and the injection switch Spyb.

For the injection current ¢y follows by Kirchhoffs’ current law

iy —i- — iy = 0 or ia + ic — iy = 0, and on consideration of
ip = —iy (injection switch Spyy, is switched on)
ib=—(ia+14c) and i, = — (ia +1c) - (14)

With (11), (12) and a0 + ubo + uco = 0 (symmetrical sinusoidal
mains phase voltages) there then results

(15)

Accordingly, for all phases a current shape proportional to the corre-
sponding mains phase voltage is achieved. (Equation (14) could also

gb =-G" (uaN + ucN) = G*UbN .



UaN UaN
Ta E
;0 160° § 7 ot
iy 1 1
i N e B
0 ! \/ S wt

Fig. 13. a) Basic structure of the hybrid 3'd harmonic current injection
rectifier [47]. b) Local average equivalent circuit of the active system part
for uan > upN > ucn. € Waveforms of the phase voltage u,n, the
corresponding phase current ia, and the injected current iy. It would be
advantageous to add a second freewheeling diode D_ in the negative bus
to minimize the switching frequency CM voltage variation of the output.
However, this would result in increased conduction losses.

be stated directly with reference to the current sum ¢ + ip +ic = 0
forced to zero because of the free mains star-point N, but was derived
here starting from the dc side in order to illustrate the function of
the current injection.)

As would be clear from an analysis of further 60° sections of
the mains period, the injection current iy exhibits threefold mains
frequency. Thus, and in the sense of the classification chosen here,
the rectifier system should be called hybrid 3¢ harmonic current
injection PFC rectifier.

The feedback and/or injection of current occurs in Fig. 13 always
into only one phase, which is selected by proper gating of the four-
quadrant injection switches. Alternatively, the current injection could
also be carried out by means of a purely passive injection network,
e.g. a resonance network or a transformer circuit with low zero
sequence impedance (cf. MINNESOTA Rectifier, [48]). However, it
can then not be chosen in which phase a current is injected, but the
feedback current can only be divided up into equal parts that are then
injected into the phases. As shown in [4], a sinusoidal phase current
waveform proportional to the mains voltage can also be attained
therewith. However, the passive injection network shows a relatively
large volume and weight. Furthermore, in comparison to the circuit in
Fig. 13(a) a threefold amplitude of the injection current is required,
so that the semiconductors of the converter stages that impress the

currents ¢4 and ¢— must be dimensioned for a significantly higher
current loading. Hence, considering the high power density often
demanded in industry, an active current injection is clearly preferable.

With regard to the operating range of the system it must be stated
that the output voltage must be selected significantly higher than
the peak value of the line-to-line mains voltage, i.e. as Upn >
V6 Un 11,rms as given in [49], p. 595, Sec. II-D. As shown above,
ohmic fundamental mains behavior can be attained, but no phase
displacement of the mains current relative to the mains voltage is
possible. However, it has to be emphasized that the system allows a
continuation of operation with sinusoidal current shape (at reduced
power) on failure of a mains phase. All injection switches then have
to be blocked and a simultaneous gating of Sy and S_ provided,
so that the same conditions exist as for a single-phase PFC rectifier
system operating on a mains line-to-line voltage.

Hybrid 3* Harmonic Current Injection Active-Filter Rectifier:
Starting from Fig. 13(a) and following a circuit concept known from
passive injection networks [11], [50], the two inductors Ly and L_
could be lumped together into a single inductor Ly lying in the
injection path. The resulting circuit structure is shown in Fig. 14,
[13], [14]. The output diodes D and D_ can now be omitted, since
a simultaneous switching on of the transistors S or S_ would lead
to a short-circuiting of the mains, in contrast to Fig. 13, and is thus
not allowed.

Accordingly, the systems shows a relatively low implementation
effort, however, at the expense of a missing output voltage control.
As can be immediately seen from the absence of diodes D4 and
D_, the output voltage is now determined directly by the diode
bridge and hence exhibits a six-pulse shape. However, as will be
shown below, assuming a constant power load, the possibility of
impressing sinusoidal mains phase currents remains. Thus the system
does not provide the full functionality of an output voltage-regulated
PFC rectifier, but the function of a passive rectifier with integrated
active filter and hence should be called a hybrid 3*¢ harmonic current
injection active-filter rectifier.

If a load with constant power consumption is supplied, there results
a load current varying in antiphase to the six-pulse rectifier output
voltage. As shown below, this leads to a sinusoidal shape of all mains
phase currents after overlaying with the injection current.

Consider a 60° interval of the mains period with uan > ubn >
ucn as in Sec. IV-Al. For the current to be injected into phase b

(16)

EY = *gb = *G*ubN
applies. The mains frequency voltage drop across the inductor Ly
can in a first approximation be neglected for the formation of ¢y,

Ly =0. (17

Accordingly, we have for the voltage to be formed at the output of
the bridge-leg

UYN = UbN - (18)

If in any case one of the transistors Sy or S_ is switched on, a4 +
«a_ = 1 applies for the relative switch-on times or - = 1 — a4
and hence, for the voltage formation of the bridge-leg

ULy = ayuaN + (1 — @q) UeN = QfUac + UeN - (19)
Correspondingly, there follows the duty cycle a4 with (19) as
Ubc
ay = 20)
T (
and thus for the current in St
- - - * * (3 C
1S+ = A4y = —Q4lp = —a+G UbN = -G UbN b (21)

ac
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Fig. 14. a) Hybrid 39 harmonic current injection active filter rectifier

according to [4], [14]. b) Local average equivalent circuit of the active part
of the system for uan > upn > ucN. €) Waveform of the phase voltage
uaN, the phase current i, the injection current iy, and the load current
i=PFy/ Upn at a constant output power F.

Considering the fundamental input currents that have to be generated
at the input
ga = G*uaN
ib = GTupy (22)
i = G ucN
the low frequency component of the current consumption of the
constant power load can be expressed via

+ UaNUac T UbNUbc
Uac

=G" (uaN + upN

. P, tallac + TbUbc
= — = =G

Uac Uac

(23)

“bc> Y
uac

For the resultant low frequency current component drawn from phase
a, there then follows with (21)

ia =i—isy = G Uan (25)

directly the desired (sinusoidal) waveform proportional to the mains
voltage. Furthermore, there applies with (16), (25),

Ga+ib+ic=0, (26)

and uan + ubn + ucn = 0 for phase ¢

ic = G uen , 27

so that the sinusoidal shape of all phase currents has been proved.

It must be emphasized that the circuit in Fig. 14(a) allows a
sinusoidal regulation of the mains currents only in case a converter
output stage, e.g. in the form of a dc—dc converter or a PWM inverter
stage, is present that assures constant power consumption. The
implementation effort of this concept should therefore be evaluated
only with regard to the overall system.

Furthermore, it should be noted that the waveform of ¢ required
for the formation of a sinusoidal mains current only results if no
smoothing capacitor (of higher capacitance) is connected between
constant power load and rectifier stage. Load variations are thus
passed on directly to the mains.

2) A-Switch Rectifier:

If the circuit in Fig. 11(c) is extended with a third bridge-leg and a
delta-connection of four-quadrant switches is added with respect to
the operating principle and the three-phase symmetry, there follows
the topology in Fig. 15(a) of the A-switch rectifier [51]-[53]. The
four quadrant switches enable to influence the conduction state of
the diode rectifier and thus to control the ac side voltage formation
via pulse width modulation. The A-switch rectifier is an active PFC
rectifier circuit since the commutation of the diode bridge occurs, in
contrast to the circuit in Fig. 13, at switching frequency.

Similar to single-phase PFC rectifier circuits, the voltage formed at
the input of a rectifier bridge-leg, e.g. sy (M’ designates a virtual
mid-point of the output voltage), depends on the switching state of the
(entire) converter and on the direction of the phase current ¢,. This
does not represent a limitation since a current ¢, in phase with the
mains voltage uan has to be impressed. Neglecting the voltage drop
across the input inductor u,n =~ @z~ has to be ensured. Therewith,
ia = G™uan and uan always have the same polarity.

Except for a simultaneous switch on of all four-quadrant switches
(a5 = Spe = Seza = 1), one phase terminal, e.g. a, is always
connected with the positive or negative output voltage bus, p or n.
Accordingly, the circuit shows a two-level characteristic with regard
to the voltage formation. As is immediately clear considering the
diode rectification on the input side, the output voltage has to be
selected according to

Upn > \/iUN,ll,rms - (28)

In case of a failure of a mains phase, the two four-quadrant switches
associated to the phase that failed have to be permanently disabled.
Then again a single-phase PFC rectifier circuit with an ac side
switch is present, which operates however from a line-to-line voltage,
but still allows a regulation of the output voltage and a sinusoidal
impression of the mains currents.

It is interesting to understand that the operating range of the A-
switch rectifier is not restricted to ohmic fundamental mains behavior
(as could be expected due to the diode rectifier) but allows the
formation of current phase displacements in the angular interval

& = (—30°,+30°) . (29)

This can be clarified by a more detailed analysis of the conduction
states of the system, which may be restricted to a 60° interval due to
the symmetry of the three-phase mains system. The equivalent circuit
of the active part of the A-switch rectifier is shown in Fig. 15(b) for
ia > 0,ip < 0,4c < 0. It is assumed that only the four-quadrant
switches connected to the phase with the largest absolute voltage
value is switched [52].

For the impression of i1, and i, Sz and Sac are switched such that
%ae and uzp compensate the line-to-line voltages tac > 0 and uan >
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Fig. 15. a) Circuit topology of the A-switch rectifier [S1]. Also a bridge
configuration of six transistors with antiparallel diodes and short-circuited
output terminals could be used instead of a delta-connection of four-quadrant
switches. b) Equivalent circuit of the system for ia > 0, i, < 0, ic < O, i.e.
for on = (—30°, +30°). ¢) Waveforms of the mains phase voltages, local
average phase current 4,, and sections of the line-to-line voltages.

0. The voltages %ac and up can be formed for the given polarities of
the currents. However, as a result of the phase displacement between
the phase quantities and the line-to-line quantities of +30° (compare
€.g. Uan and uap Or Uan and uac) Uac > 0 and uap > O applies,
not only for on = (—30°,30°) but also for pn = (—60°,60°).
Therewith, the balance of the voltages uac ~ @ae > 0 and uap ~
55 > 0 can be also achieved for phase voltages with a displacement
of +30° against the phase current system.

It is advantageous to use the circuit in Fig. 16 for the control of the
system. There, all phase currents are continuously controlled opposed
to alternative control concepts [54]. The voltage reference values
formed at the output of the phase current controllers are converted
with a Y-A transformation into the effectively adjustable line-to-line
voltage reference values

*7 _ * *

'U,a = UaN ubN
* * *

Upe = UpN — UeN (30)
* . * *

Uza = UeN — UaN

The polarity of the phase currents or phase voltages, i.e. the infor-
mation of the actual 60° sector of the mains period has then to
be considered for the control of the individual power transistors,
however, no sector dependent switch-over of the entire control
structure is required. This results in a higher input current quality
as a switch-over of the control, potentially causes current distortions
at the switching instants.

3) VIENNA Rectifier:

If the delta(A)-connection of the four-quadrant control switches of
the A-switch rectifier is replaced by a star-connection, and the star-
point of the switch arrangement is connected to a capacitively formed
mid-point M of the output voltage in terms of highest possible
symmetry, an active three-level PWM rectifier system (cf. Fig. 17(a),
[42], [55]), known as VIENNA Rectifier, results. Functionally equiv-
alent alternative implementations of the bridge-leg structure with a
lower blocking voltage stress of the power diodes are depicted in
Figs. 17(b)-(d) [55]-[57].

As for the A-switch rectifier, the ac side voltage formation of the
system is again dependent on the sign of the phase currents. However,
the rectifier phase input, e.g. a, now can be also connected to the mid-
point M of the output voltage besides the positive and the negative
output voltage bus. Thus, three voltage levels are available for the
formation of uam, which justifies the designation of the system as a
three-level converter.

A major advantage of the three-level characteristic is that for the
selection of the blocking voltage capability of the power transistor
only half of the peak value of the line-to-line voltage and not the
total value is relevant. Furthermore, as a result of the higher number
of levels of usm, the difference uan — usn remains limited to small
values. Thus a smaller mains current fundamental ripple results [cf.
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Fig. 16. Control scheme of the A-switch rectifier with superimposed output voltage controller K y(s) and subordinate input current controllers Kj(s) with
feed-forward of the mains phase voltages u;n. The rectifier input phase voltage reference values generated by the phase current controllers are converted into
line-to-line voltage reference values by using a Y-A-transformation and then applied to the system by modulation of always only two of the four-quadrant

switches S;55, Spep» Scac [cf. Fig. 15(e)].
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Fig. 17. a) Circuit topology of the original VIENNA Rectifier [42]. b)-d)
Alternative bridge-leg structures, whereas the bridge-leg variant b) requires
only three transistors but shows higher conduction losses due to the series-
connected diodes [55]; ¢) [56] is advantageous concerning precharging the
output capacitor at start-up [55] (after the precharge interval the thyristor
is gated, thus a parallel path with precharging resistor and series diode
is bypassed); d) [57] allows a further reduction of the conduction losses
compared to the topology in c).

(2)], and/or the value of the input (boost) inductances can be reduced.
In addition, as a result of the lower switched voltage also a lower
conducted EMI noise level is generated.

In analogy to the A-switch rectifier,

Upn > \/EUN,ll,rms (31)
applies for the output voltage range of the system and
® = (—30°,+30°) (32)

for the phase displacement range of the mains voltage and the
mains current fundamental in case a high output voltage Upn >
2v/2 Un 11,rms and a small boost inductance are assumed. The phase
displacement range is increasingly reduced to pure ohmic mains
behavior (¢ = 0) [53], [55] for lower output voltage values, i.e.
for V2Ux 1,rms < Upn < 2V2Un,11,rms- Similar to the A-switch
rectifier in case of a phase loss, also the VIENNA Rectifier can still
be operated at a reduced output power and at the same output voltage
and with sinusoidal input currents in the remaining phases [58]-[60].

The control structure of the system is shown in Fig. 18(a) with a
superimposed voltage controller, defining the reference value of the
fundamental frequency conductance G™ and/or the power delivered
to the output, and subordinate phase current controllers. Simple P-
type controllers can be used if feed-forward of the mains voltages
is applied. The balancing of the two partial output voltages, which
is required due to the integration of the capacitive mid-point of the
output voltage into the system function, can be implemented in a
similar manner as shown for the Y-rectifier (cf. Sec. III-A), i.e. by
adding an offset 45 of the phase current reference values. The reason
for this is that the system, shown in Figs. 18(b) and (c) for . > 0 and,
ib,ic < 0, has redundant switching states (100) and (011) regarding
the voltage formation on the ac side. A positive offset 55 > 0 leads
to an increase of the relative on-time of (100) compared with (011)
and a negative offset i < O to a relative decrease compared with
(100). Correspondingly, mainly the lower or upper output capacitor
is charged.

The output voltages of the system can be loaded asymmetrically,
as was shown in the analysis in [61]. However, the admissible degree
of asymmetry depends on the mains voltage level. High degrees of
asymmetry are only possible for high output voltages.
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Fig. 18. a) Basic structure of the control of the VIENNA Rectifier with superimposed control of the output voltages % pm, umn and subordinate phase current
control with feed-forward of the phase (mains) voltages. In order to increase the output voltage control range, a third harmonic of the mains frequency is
superimposed to the mains voltage feed-forward signal [25]. The balancing of the two output voltages is achieved by adding an offset ¢ § to the phase current
reference values. b) and c) Redundant switching states of the system (for s > 0, ip,%c < 0) that result in equal rectifier input line-to-line voltages and
opposite signs of iy and therefore facilitate a balancing of the output capacitor voltages without influence on the phase current shaping. (E.g. for ¢ § > 0,
the relative on-time of the switching state (100) is increased and the on-time of the switching state (011) is reduced resulting in 4y < O; correspondingly
i§ < O results in 4y < 0. The switching state is represented by phase switching functions s;, and/or (sa,sp,Sc), where s; = 1 (i = {a, b, c}) indicates that
the corresponding four-quadrant switch is switched-on and s ; = O that it is switched-off.
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Fig. 19. a) Hardware demonstrator of a 10kW VIENNA Rectifier. b)
Measured phase current i, (THD; = 1.6%) and corresponding mains
phase voltage u,n. Operating parameters: mains rms line-to-line voltage
UN,11,rms = 400V, mains frequency fx = 800 Hz, output voltage Upn =
800 V, switching frequency fp = 250kHz Scales: 200 V/div, 10 A/div,
0.5 ms/div.

A state-of-the-art hardware demonstrator of the VIENNA Rectifier
is shown in Fig. 19. The switching frequency of the system is
fp = 250kHz. Such a high switching frequency, however, is only
useful if an extremely low THD; of the input currents has to be
achieved at high mains frequencies (e.g. for More Electric Aircraft
[53], fn = 360 Hz...800 Hz). No advantage is given with regard to
power density compared to a system with fp = 72kHz for forced
air cooling (cf. Fig. 35).

4) Hybrid Half-Controlled / Active Full-Controlled Six-Switch

PFC AC/DC Bridge Circuit:
If instead of the conventional single-phase PFC rectifier structure
bridgeless (or dual-boost) converter topology in Fig. 11(b) is ex-
tended to three-phases, a half-controlled hybrid phase-symmetrical
rectifier circuits shown in Fig. 20(a) results.

This circuit topology does not allow to impress a sinusoidal input
current within the entire mains period because of the lack of bridge-
symmetry. If, e.g. a 60° interval with uan > 0 and upN, ucn < 0,
i.e. an angular interval on = (—30°,30°) of the mains period is
considered [cf. Fig. 21(a)] and phase currents with identical signs
as the corresponding mains phase voltage are assumed, only the
switching-off of San would cause a commutation of 4, to Dap. In the
phases b and c, the anti-parallel diodes D, and Dnz would remain
conductive, independent of the switching state of the transistors Sg,
and Sen.

Therefore, sinusoidal current impression is possible only for those
60° intervals in which two mains phase voltages have a positive
sign, thus when e.g. ua,up > 0, uc < 0, or 2s,i5 > 0, 4% < O
applies [cf. on = (30°,90°), Fig. 21(c)]. By switching on Sns or
S5, @ or b can then be connected to the negative output voltage
bus n and %, or i increased. At the switch-off of Sna or Sy, the
corresponding freewheeling diode Dap or Dy, becomes conducting.
Thus, a positive potential is applied to @ or b, and the corresponding
phase currents are reduced. Therewith, either an increase or decrease
of two phase currents and consequently a sinusoidal current waveform
is achievable. The third phase current then also shows a sinusoidal
shape as a result of 45 + ip + ic = 0.

In summary, a sinusoidal current shape can be achieved only in
sections of the mains period. The function of the circuit is hence
essentially limited to output voltage regulation, whereby by using the
simple control procedure described in [62], at least a block-shaped
current waveform, comparable to passive rectifiers, may be realized.

It should be noted that to simplify matters, all transistors could
also be switched synchronously with a duty cycle constant over the
mains period and the system operated in DCM. The input current
shape would then be identical to that in Fig. 12(d). As an advantage,
lower conduction losses would occur but at the cost of a higher
implementation effort.

Voltage regulation and sinusoidal current impression requires an
extension of the circuit in Fig. 20(a) to bridge symmetry, i.e. the
addition of three further transistors antiparallel to the freewheeling
diodes of the positive bridge half. There then results the six-switch
converter structure shown in Fig. 20(b), which is employed e.g. for
supplying of the voltage dc-link of variable speed drives.

Since for a switched on transistor the current in any case flows
over this transistor or its antiparallel diode, the system allows, in
each phase, a voltage formation independent of the current. At the
input of each rectifier bridge-leg, a positive or a negative voltage may
be generated referred to the virtual output voltage mid-point. Thus
the bridge-legs exhibit a two-level characteristic and hence allow the
impression of sinusoidal phase currents of any phase displacement
relative to the mains voltage. In particular, the current may also be
led in antiphase to the mains voltage, i.e. power may be fed back into
the mains. This inverter operating mode is e.g. employed in variable
speed ac machine drives to feed braking energy back into the mains,
and represents the main energy flow direction for supplying an ac
machine from a voltage dc-link.

With regard to the level of the output voltage,

Upn > \/§UN,ll,rms (33)

is required, the same as for the systems in Fig. 15(a) and Fig. 17.
Furthermore, the system can deal with a mains phase failure, thus
representing a mains interface that can be used in an extremely flex-
ible manner. Hence the entire circuit structure is also commercially
available as a power module (generally denominated as “sixpack”
power module) and is widely used in industry.

It should be emphasized that the circuit has a relatively simple
structure, despite the high functionality, i.e. in particular, the bidirec-
tionality does not result in an increase in the number of switches
compared with the unidirectional structures derived above. This
becomes especially clear on using Reverse Conducting (RC)-IGBTs,
which apart from the power transistor, also include the antiparallel
freewheeling diode in one chip. The same applies (in future) e.g. for
SiC JFETs (in cascode connection). The circuit is thus of particular
interest, despite the limitation made here to unidirectional systems
as the wide phase angle range may be exploited also in the purely
rectifier mode, e.g. for reactive power compensation.

5) Discussion:

According Sec. IV-Al, the implementation of a three-phase boost-
type PFC rectifier is possible with a current injection concept
based on passive diode rectification or, according to Sec. IV-A2—
Sec. IV-A4, by control of the conduction state of a diode bridge with
turn-off power semiconductors, which allows a direct impression of
sinusoidal ac currents.

The direct ac current impression is preferable compared with the
impression of two dc currents (in combination with a current injection
into the third phase) for an industrial system as a switching at
the sector borders, potentially causes distortions is not required. In
addition, active rectifier systems are not limited to a purely ohmic
fundamental mains behavior, therewith e.g. the capacitive reactive
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Fig. 20. a) Half-controlled (hybrid) boost-type three-phase ac-dc bridge
circuit. b) Full-controlled active three-phase ac—dc bridge circuit (bidirectional
six-switch active PFC rectifier).

power of the EMI input filter can be (partly) compensated, or in
general a higher flexibility for the current control is given.

Thus, for the comparative evaluation in Sec. VI-C, only the A-
switch rectifier, the VIENNA Rectifier and the (bidirectional) six-
switch boost-type PFC rectifier are considered. The A-switch rectifier
could here be also omitted with regard to the system complexity.
Given by its structure, however, the system cannot generate a short-
circuit of the output voltage in case of a faulty control of the power
transistors. Therewith, an advantage is given regarding the operational
safety compared with the six-switch converter. The evaluation of the
system furthermore is reasonable in terms of completeness of the
analysis.
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Fig. 21. a) Time behavior of the phase voltages within a mains period. b)

Active part of the system for sector 1 (uan > 0, upn, ucn < 0) with the
possibility of controlling only one phase current. ¢) Active part of the system
for sector 2 (uaN,ubNn > 0, ucny < 0) with the possibility of controlling
two phase currents, ie. all phase currents.

B. Systems with Buck-Type Characteristic

As single-phase buck-type ac—dc converters do not enable to
provide sinusoidal currents over the entire mains period [21], the
derivation of buck-type PFC rectifier structures has to refer directly
to three-phase diode rectifier circuits with dc side inductor [cf.
Fig. 2(b)]. The diode bridge has to be extended with turn-off elements
by considering phase- and bridge-symmetry requirements, such that
the mains phases to be connected with the dc side can be arbitrarily
selected. Alternatively, also a system based on the injection principle
could be conceptualized with reference to Sec. IV-Al.

1) Active Six-Switch Buck-Type PFC Rectifier:

A power transistor has to be added in series to each diode in the
circuit shown in Fig. 2(b) to enable a full, i.e. a voltage-independent
controllability of the power transfer. The resultant converter struc-
ture is shown in Fig. 22(a), which is known from current dc-link
converters used for drive systems [63]. The diode-transistor series-
combinations represent here unidirectional, bipolar blocking switches,
which can be also replaced by RC-IGBTs in terms of a reduction
of the conduction losses. However, a limitation of the switching
frequencies to relatively low values (in the range of 10 kHz) would
then be required due to the relatively high switching losses [64].

If a transistor of the positive bridge half, e.g. transistor Sap, and a
transistor of the negative bridge half, e.g. Sne, are switched on, the
output inductor current I is drawn from phase a and fed back into
phase c,

ia=+1
i, =0 34)
te=—1

[cf. Fig. 22(b)]. In addition, the line-to-line voltage uac is switched
to the output, i.e. is used for the formation of the output voltage

Upn = UaN — UeN = Uac = Uac - (35)
If solely both transistors of a bridge-leg are switched on, i, = ip =
ic = 0 applies and w = 0, i.e. the system is in a freewheeling state.
The conduction losses in the freewheeling state could be reduced by
implementation of an explicit freewheeling diode.

By proper modulation, the output current ¢ can thus be distributed
to the three phases in such a manner that after low-pass filtering
of the pulse-width modulated discontinuous input currents %a, %,
% sinusoidal mains currents result (in Fig. 21(a) only the filter
capacitors Cr of the EMI filter on the mains side are shown).
Furthermore, the output voltage, which is formed by low-pass filtering
of w with the output inductor L and the output capacitor C, can be
adjusted with the relative duration of the freewheeling state starting

from zero to values
3
Upn < 5 UN,ll,rms .

The limited output voltage range is explained by the fact that two
line-to-line voltages have to be used in each pulse period for the
formation of the output voltage in order to supply each mains phase
with current. In order to maximize the achievable output voltage,
here always the two largest voltages, e.g. uaz and uzg are selected
(valid within a 60° interval of the mains period on = (—30°,+30°),
cf. Fig. 15(c)). Both voltages have a phase displacement of 60°.
Therefore, only voltage values uae = uzp = \/mUN,n,rms are
available for the pulse period at the intersection of both voltages.
Correspondingly, the output voltage range is defined by (36). The
full controllability of the system generally allows an arbitrary phase

(36)
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Fig. 22. a) Circuit topology of the active six-switch buck-type PFC rectifier.
b) Equivalent circuit of ac part of the system. Note: if power transistors were
only implemented in the positive or negative bridge half, a circuit analogous
to Fig. 20(a) would result, which also would not allow for a sinusoidal current
impression due to the limited controllability.

displacement between the mains current and the mains voltage of
® = (—180°,+180°) . 37

However, with an increasing phase displacement ®, the line-to-line
voltages switched to the output have lower instantaneous values,

and/or
3
Upn < 5 UN,ll,rms cos (@)

applies. Correspondingly, e.g. for ® = 90° follows Upn = 0, as
is immediately clear considering the power balance between the ac
and the dc side. The output voltage range (36) is thus only valid for
® = 0 and/or in order to ensure a wide output voltage range, the
phase displacement ® has to be limited to small values [65].

(3%)

U;N

Au,,
U ] Ku(s) Ki(s)
”pn =

Note: According to (37), for the circuit in Fig. 22(a), the reversal of
the power flow direction demands a change of the output voltage. A
reversal of the power flow direction at the same polarity of the output
is only possible by extension of the circuit structure with anti-parallel
transistors to the diodes [66].

A superimposed output voltage controller with an underlying cur-
rent controller is used for the system control (cf. Fig. 23), whereupon
possibly active damping of the input filter has to be applied [67]. It
has to be pointed out that opposed to boost-type PFC rectifiers the
mains current is not directly impressed by the control, but is formed
only by pulse width modulation without feedback from a controlled
dc current. Accordingly, variations of the dc current, parasitic timing
errors of the switching or distortions at borders of the 60° mains
voltage sectors [68] are not immediately corrected. In the practical
application, particularly at high mains frequencies, buck-type PFC
systems therefore show a lower input current quality than boost-type
PFC systems. First considerations of a direct mains current control,
which could eliminate this disadvantage, can be found in [67].

A hardware demonstrator of the rectifier system is presented in
Fig. 24 [69]. The efficiency of the system, implemented with 900 V
super-junction MOSFETs and SiC Schottky diodes (fp 18 kHz)
equals to 98.9% at the nominal operating point. This clearly shows,
that with an appropriate semiconductor effort, despite the implemen-
tation of the switches as diode-transistor series connection, very high
efficiencies are achievable.

2) Active Three-Switch Buck-Type PFC Rectifier:
As an alternative to Fig. 22, the selection of the conducting phases is
also possible with four-quadrant switches arranged on the ac side of
the bridge rectifier. The four-quadrant switches can then be integrated
into the bridge-leg structure as shown in Figs. 25(a)—(c). The resulting
three-switch buck-type PFC rectifier system is depicted in Fig. 25(d).

Due to the reduction of the number of switches and/or higher
number of diodes, higher conduction losses result. On the other
hand, the installed chip area of the power transistors is better
utilized. However, as a result of the lower number of switches, the
controllability is limited compared with Fig. 22. There is not any
more a possibility given for a reversal of the power flow direction, as
can be immediately verified with Fig. 25(a). Furthermore, only the
current conducting bridge-legs but not directly the current conducting
diodes are definable. The conduction state thus adjusts depending on
the polarity of the voltages at the activated bridge-legs.

J

Sector
detection

Fig. 23. Structure of the control of the active six-switch buck-type PFC rectifier with a superimposed output voltage controller K (s). The output current
controller K7 (s) with feed-forward of the output voltage U*,, defines the voltage at the output of the rectifier bridge. The modulation is performed such that
output voltage of the rectifier is formed in each pulse period by segments of two line-to-line voltages and the dc current 4 is distributed to the input phases

and sinusoidally modulated.
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Fig. 24. a) Hardware demonstrator of a 6kW active six-switch buck-type
PFC rectifier. b) Time behavior of the phase currents within a mains period.
Operating parameters: rms line-to-line voltage Un 11,rms = 400V, mains
frequency fnv = 50 Hz, dc output voltage Upn = 400V, switching frequency
fp = 18kHz. The rectifier enables an extremely high nominal efficiency of
Mnom = 98.9% [69] althouth there are always four power semiconductor in
the current path (two diode-MOSFET series connections). Scales: 5 A/div,
2 ms/div.

A restriction of the operating range to

® = (—30°, +30°) (39)

results, as is shown by a more detailed analysis, which however is
of minor importance in view of the preferred ohmic operation as a
consequence of (38). A figurative explanation of (39) is possible in a
similar manner as for the boost-type A-switch rectifier [cf. Fig. 15(c)]
with the +30° phase displacement between the phase quantities and
the line-to-line quantities, however, is not shown here for the sake of
brevity. The output voltage range for ® = 0 is still given by

3
Upn < \/;UN,ll,rms .

The control scheme depicted in Fig. 23 can be also applied to
the three-switch system. The switching signals of the transistors then
have to be generated by OR-connection of the switching signals of
the power transistors of the respective bridge-legs of the six-switch
buck-type PFC topology.

3) Hybrid Current Injection Buck-Type (SWI1SS) PFC Rectifier:

As an alternative to the direct control of the current formation
of a three-phase diode bridge, a three-phase PFC rectifier can also
be implemented, according to the concept of 3™ harmonic current
injection described in Sec. I'V-Al for boost-type systems. Then, only
the de—dc boost converters of the circuit in Fig. 12 have to be replaced
by buck converters. The resultant circuit is shown in Fig. 26(a). To
the knowledge of the authors, this system has not yet been described
in the literature, presumably due to the general focus in research on
systems with boost-type characteristic. In the following, the circuit
topology is thus designated as SWiISS Rectifier [4], [70].

Contrary to the circuits according to Sec. IV-B1 and Sec. IV-B2,
the rectifier diodes of the system are not commutated with switching
frequency. Correspondingly, the conduction losses can be reduced by
employing devices with a low forward voltage drop (and a higher
reverse recovery time). As for the boost-type system, the current
injection is performed again with four-quadrant switches into the
phase with the currently smallest absolute voltage value. In this
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Fig. 25. Derivation of the circuit topology of the active three-switch buck-

type PFC rectifier. A four-quadrant switch is formed by a diode bridge and a
dc side power transistor is inserted on the ac side in a). After merging series
connected diodes and redrawing, the bridge-leg structure in c) results, and/or
the three-phase circuit topology in d).

context, it should be mentioned that with a passive injection network,
a current injection into all three phases is possible. Such a system was
proposed in [12] and is, as described in Sec. IV-A1, also known for
boost-type systems. However, in consideration of the large volume
of the passive injection network and the higher injection current, this
approach is not discussed further in this paper.

For the proof of the sinusoidal controllability of the mains currents,

Fig. 26. a) Basic structure of the SWiSs Rectifier. b) Local average equivalent
circuit of the active part of the system for uan > UbN > UcN-



again a 60° interval of the mains period with uan > ubN > Ucn OF
on = (0,60°) is considered. The active part of the circuit in this
mains sector is depicted in Fig. 26(b).

The rectifier system should represent a symmetric three-phase load
of (fundamental) phase conductance G* to the mains. Accordingly,
the local average values of the (discontinuous) input currents may be
written as

;a = G*uaN
i = G ubN (41)
Ea = G*’U,CN

(uin = u;y). The reference output current I, to be impressed by the
buck converter, is then given under the assumption of a symmetrical
three-phase mains system by

72
rr=3c

42
26 T 42)

(U ~ designates the amplitude of the phase voltages, Upn is the output
voltage). An ideal output current controller and/or ¢ = I = I* is
assumed for the further considerations. The currents in the phases a
and c are impressed by a respective switching (PWM) of S} and S_

OC+I = Ea a_I = —25 (43)
whereby the duty cycles result with (41), (42), and (43) as
2 U, 2 U,
I =22y, I=—Z-BEyn. 44
oy 3U§UN oy 3U§UN (44)

Considering the partitioning of the current in the node Y and 4a +
ib +ic = 0 or 4a + i + ic = O, the injection current
iy=1—-0o)T—(1—-a4)] =i5+ic = —ip (45)

results. Thus, the correct current is injected into the third phase (here
phase b). For the formation of the output voltage,

txz = aquan + (1 — aq) uby — (@-uen + (1 — a—) upn) (46)

is relevant. After simplification, the output voltage may be written as

UXZ = Q4 Uab — O—Uch - (CY))
A multiplication of (47) with I results in
uxzl = zauab + gcucb =p= P P (48)

the instantaneous power p, which under the assumption of symmet-
rically loaded mains shows a constant value p = P. Accordingly,
at a constant current I, also a constant voltage ux, and thus due to
ur, = 0 a constant output voltage upn = Upn is generated.

As the previous derivation shows, the operation of the system is
limited to purely ohmic fundamental mains behavior,

®=0 (49)

[cf. (41)]. The output voltage range is limited by the minimal value
of the six-pulse diode bridge output voltage,

3
U n —U rms j
pn < \/; N, 11,

and therewith identical with the output voltage range for six-switch
active buck-type PFC rectifier systems.

A possible implementation of the control circuit of the system, with
a superimposed output voltage controller Ky (s) and a subordinate
output current controller Ki(s) is shown in Fig. 27. Ultimately,
with the output current controller the current forming voltage uxz is
defined, where advantageously a feed-forward of the output voltage
Upn = U is applied. The adjustment of uxz is obtained with an
appropriate selection of the duty cycle of the pulse width modulation
of the transistors S4 and S_ [cf. (43)]. There, the (normalized)
voltages usn and uan are used as modulation functions according
to (44) (cf. also Fig. 27).

The pulse width modulation of Sy and S_ can be implemented in
phase or antiphase. The switching frequency ripple of 7y is minimized
for carrier signals upy and up— that are in phase. For carrier signals
that are in opposite phase, a minimal output current ripple but a
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Fig. 27. Control structure of the SWISS Rectifier with a superimposed output voltage controller Ky (s) and a subordinate output current controller K1(s)
with feed-forward of the output voltage. The voltage required to control the output current is formed through modulation of S 4 and S_ such that in both
conducting branches of the diode bridge a pulse width modulated current results. The local average value of this current is proportional to the corresponding
mains phase voltage. A four-quadrant switch is switched on by the sector control and injecting always into the mains phase with the smallest absolute voltage

value.
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Fig. 28. Combination of an active-filter-type 3'¢ harmonic current injection
rectifier and a dc—dc buck-type converter stage to an active buck-type PFC
rectifier system. The system is characterized by a minimal number of power
semiconductors in the main current path, and only a low-frequency variation
of the output CM voltage. The dc—dc buck converter should be advantageously
implemented as interleaved converter.

maximum ripple of ¢y results, which needs to be considered for the
design of the filter capacitors Cr at the input.

It should be noted that a hybrid 3 harmonic injection PFC
rectifier circuit can also be built by combination of an active-
filter-type 3*¢ harmonic injection rectifier and a simple dc—dc buck
converter stage (cf. Fig. 28). The buck stage to be controlled e.g. for
a constant output current or a constant output voltage then ensures,
independent of the pulsation of the voltage ups with sixfold mains
frequency, a constant output power. The advantage of this circuit
topology is that only a single power transistor is lying in the main
current path, i.e. in particular at high output voltages with a relatively
short freewheeling interval, low conduction losses occur. In addition,
the negative output voltage terminal is always connected to the mains
via a diode of the lower bridge half of the diode rectifier. Therefore,
no output CM voltage with switching frequency is generated. The
implementation effort of the CM EMI filter can thus be reduced.
Only the parasitic capacitors of the power semiconductors lead to
high-frequency CM noise currents (cf. related consideration of boost-
type PFC rectifier systems in [53]).

4) Discussion:

The impression of the mains current of the considered buck-type
PFC rectifier systems is obtained with so far known current control
schemes always only in an indirect manner. Accordingly, contrary to
the boost-type PFC rectifiers (cf.Sec. IV-AS5), concepts based on the
current injection principle and direct active systems can be considered
as equivalent regarding the achievable input current quality.

Therefore, for the comparative evaluation in Sec. VI-C, both
concepts, i.e. the six-switch buck-type PFC rectifier and the SWISS
Rectifier, are considered. The three-switch buck-type PFC rectifier
is omitted due to the higher conduction losses and the less uniform
distribution of the semiconductor losses compared to the six-switch
buck-type PFC rectifier.

C. Systems with Boost-Type and Buck-Type Characteristic

As shown in Fig. 4, the output voltage range of boost-type PFC
rectifiers is not immediately adjoining the output voltage range of
buck-type systems. Voltages in the range

3
\/;UN,ll,rms < Upn < \/§UN,ll,rms

can thus only be generated with a downstream dc—dc boost converter
of the buck-type PFC rectifier or by combination of boost-type PFC
rectifier and a dc—dc buck converter.

A possible implementation of such dc-dc converter system is
shown in Fig. 29. The bidirectional, i.e. for boost and buck operation
designed converter has an output power of 10kW, allows a voltage
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Fig. 29. a) Circuit topology of a (bidirectional) 6 kW Triangular Current
Mode (TCM) Zero Voltage Switching (ZVS) buck dc—dc converter compris-
ing three interleaved stages. b) Ultra-efficient and ultra-compact hardware
demonstrator with a nominal efficiency of n = 99% and a power density
of p = 18.5kW/dm3. Specifications: nominal input voltage Upn = 350V,
output voltage range Uan = 0V ...350V, rated output power P> = 10kW,
switching frequency of each stage at rated output power fp = 48 kHz.

transfer from U; = 350V to Uz = 0V...350V, and comprises
three interleaved subsystems. The discontinuous current mode op-
eration of the subsystems with resonant switching transition and/or
zero voltage switching [71] minimizes switching losses and allows
the selection of a high switching frequency (at nominal operation) of
fp = 48kHz. Therewith, a very high efficiency of n = 99% and a
power density of p = 18.5kW/dm? is achievable.

As an alternative to an explicit implementation of a dc—dc con-
verter, a dc—dc boost converter stage could also be integrated into
the output stage of a buck-type PFC system, whereby the output
inductor could also be used as boost inductor [72], [73].

V. DIMENSIONING OF THE POWER SEMICONDUCTORS AND OF
THE EMI FILTER

In the following, the current and voltage stresses of the systems
in Sec. IV-AS and Sec. IV-B4 are briefly summarized to assist a
practical implementation of the circuit topologies described above.
In addition, the basic structure of the EMI filter on the ac side is
discussed with a focus on the CM filtering.

A. Dimensioning of the Power Semiconductors and Main Passive
Components

The current stresses of the power semiconductors of a PFC rectifier
systems are often determined for a defined operating point by
simulation. Alternatively, a calculation can be also performed only
analytically with good accuracy. Simple mathematical expressions
then result, which are valid over the whole operating range (under the
constraint of CCM) and thus provide an ideal basis for the analysis of
the component stresses and/or the losses at different operating points
or input and/or output voltages.

The starting point for the analytical calculations are the relative
switch-on times of the power transistors which can be determined
analytically for the whole mains period if the modulation method is
known. The remaining parameter is the modulation index M, which
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represents the ratio of the amplitude of the three-phase voltage or
current system on the ac side and the dc output voltage, and/or the
dc output current

Uy

M=—2
3Upn

(52)

~
=~

(UU Un represents the amplitude of the fundamental of the
discontinuous phase voltage at the rectifier input of a boost-type
system, Iy is the amplitude of the fundamental of the discontinuous
phase currents at the rectifier input of a buck-type system).

With the relative switch-on time (duty cycle) and the input current
(for boost-type rectifiers), and/or the output current (for buck-type
rectifiers), the instantaneous conduction states of the power semi-
conductors are defined, and the local average current values can
be calculated by averaging over a pulse period. Based on that, the
global average and root mean square (rms) values of the currents and

Ipavg = 1M

Ip.om

voltages of interest can be determined [74] by averaging over the
mains period. The resultant equations for the individual topologies
are compiled in Fig. 30.

B. DM and CM EMI Filter

The input inductors of the boost-type PFC rectifier systems,
discussed in Sec. IV-A, are to be considered as the first stage of
a multi-stage EMI filter placed on the ac side similar to the input
filter capacitors of the systems with buck-type characteristic. The
conducted EMI noise is suppressed with this filter such that the
standards of conducted noise are fulfilled in the frequency range of
150kHz...30MHz (e.g. CISPR 11). (Depending on the application,
another EMI filter might be required on the dc side [75], [76], which
however is not discussed here for the sake of brevity.)

Three-phase rectifier circuits inherently generate a CM voltage
between the mid-point of the output voltage (the output voltage buses)
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Circuit topologies and current stresses of the main components of the power circuit of selected active boost- and buck-type PFC rectifier systems.

a) Six-switch boost-type PFC rectifier [cf. Fig. 20(b)], b) A-switch rectifier (cf. Fig. 16), ¢) VIENNA Rectifier (cf. Fig. 18), d) six-switch buck-type PFC
rectifier (cf. Fig. 21), ) Swiss Rectifier (cf. Fig. 25), and f) active-filter-type 3rd harmonic current in jection rectifier (cf. Fig. 13).



and ground. The CM voltage waveform for a passive diode rectifier
circuit with inductors on the dc side is depicted in Fig. 31(a). For
active rectifier circuits, the CM voltage has a pulsed waveform [cf.
Figs. 31(b) and (c)] thus, CM currents result due to the parasitic
capacitances to ground.

For fully active boost-type PFC systems, e.g. for the VIENNA
Rectifier, the CM voltage originates from the rectifier ac side phase
voltages employed for the current impression that do not add to zero
(except for the switching state sam = Sgvy = Sem = 1). Thus, as for
the Y-rectifier, shown in Sec. III-A, a CM voltage

1
uMN = —= (uam + Ugm + UsM) = UCM , (53)

3
is generated between the mid-point of the output voltage and the
(grounded) mains star-point, which could contain a low-frequency
component ucwMm, but contains in any case a switching frequency
component Ucm,~

UCM = UCM + UCM,~ (54)

(cf. for the VIENNA Rectifier also [53], Fig. 34 and Fig 5.73). A
filtering of ucm,~ can be achieved by connecting M via a capacitor
Ccwm,M to an artificial mains star-point N’ (representing the ground
potential), formed by a star-connection of filter capacitors Cr and
insertion of a CM inductor Lcwm,1 in series to the boost inductors
[cf. Fig. 32(a)]. A low-frequency variation of the potential of M is
thus not prevented. In addition, contrary to a placement of CM filter
capacitors to ground, ground currents are minimized. Additional CM
filter stages have to be implemented on the mains side for the filtering
of the noise currents that result from the parasitic capacitances of the
power semiconductors to the heat sink [53].

For fully active buck-type PFC systems, within each pulse period
two line-to-line voltages are switched to the rectifier output for the
formation of the output voltage and for the distribution of the output
current to the mains phases. This again leads to a CM voltage ucm,~
at switching frequency. (A CM voltage during the freewheeling
interval can be avoid by symmetrical splitting of the output inductor
to the positive and negative output bus). The concept described above
for boost-type converters can advantageously also be used for the
filtering of ucwm,~ of buck-type systems [cf. Fig. 32(b)] where the
CM inductance has to be inserted on the dc side.

For determining the switching frequency component of the DM
voltage, which is relevant for the design of the DM filtering, for
boost-type systems within each pulse period, the formation of the
input current has to be considered. E.g. for phase a

L% = Uan — (Uam + UCM) = UaN — UaN

dt (55)

(56)

= UaN — UaN — UaN,~

applies. The phase current consists of a fundamental and a switching
frequency component

ia = ta +Ga~ (57)
where the fundamental component i, is formed according to
L% v — (8)
and the voltage to be suppressed by the DM filtering is
L% I VI (59)

The filtering of upwm,~ (each phase shows an equal spectral composi-
tion of the related DM voltage) is performed with the boost inductors
and with ac side capacitors Cpwm,; between the phases, whereby
typically two filter stages are required [cf. Fig. 32(a)]. Additionally,
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Fig. 31. CM voltage at the output of three-phase rectifier systems referenced
to the grounded star-point of the mains. a) Passive diode rectifier with
smoothing inductor on the dc side [cf. Fig. 2(b)]. b) VIENNA Rectifier [cf.
Fig. 18(a)]. c¢) Six-switch buck-type PFC rectifier [cf. Fig. 22(a)].

damping elements for reducing the resonance peaks [77] in respect
of the control stability of the system have to be added, which also
prevent the excitation of the filter by harmonics of the mains voltage.

For buck-type systems, the DM noise is generated by the pulsating
input currents at switching frequency and is attenuated by the input
filter capacitors Cr and the ac side filter inductors Lpwm,1 and an
additional input filter stage.

Regarding the volume of the EMI filter, it has to be noted that, e.g.
for boost converter systems, a constant voltage is decomposed into
its spectral components by the pulse width modulation, i.e. into a
mains-frequency fundamental component and harmonic components
grouped around multiples of the switching frequency with sidebands.
Only the fundamental frequency is used for the impression of
the phase current, i.e. the switching frequency harmonics must be
suppressed with an appropriate EMI (input) filter. The harmonic
components, i.e. ultimately the difference between the constant output
voltage Upn and the actual low-frequency voltage component to be
formed, e.g. uan, show similar rms values. Considering in addition
that the EMI input filter has to conduct the input current of the
converter, a significant fraction of the total converter volume is ex-
pected to be determined by the EMI input filter. This is confirmed by
implemented systems, where the volume of the EMI filter (including
the boost inductors or buck input filter capacitors) typically represents
30% to 50% of the total converter volume (cf. Fig. 20). Here,
it should be pointed out that the required filter attenation can be
calculated analytically in a simple manner by determining the spectral
decomposition of the rectifier input voltage into a fundamental and
a total noise voltage [78]-[80].

VI. COMPARATIVE EVALUATION

In the foregoing sections, boost- and buck-type PFC rectifier
systems suitable for industrial application have been identified and
briefly discussed. In the following, a comparative evaluation of
selected circuit concepts with regard to efficiency, volume, and
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Fig. 32. Example of the EMI filter structure of a) an active boost-type PFC rectifier system [VIENNA Rectifier, cf. Fig. 18(a)] and of b) an active six-switch
buck-type PFC rectifier [cf. Fig. 21]. Commercial EMI input filters typically employ filter capacitors at the input (mains) side. Accordingly, an additional
filter stage is formed by the inner mains impedance Zn, which could be deliberately increased to limit the short-circuit current. Fuses, over-voltage protection
devices, bleeding resistors, and precharging circuitry are not shown. (Remark: Optionally, the CM capacitors could also be combined with the DM capacitor
stages, i.e. by adding a Y-capacitor between the star-point of the DM capacitors and ground.)

implementation effort, and therewith finally implementation costs
is provided to highlight the advantages and disadvantages of the
individual systems and to facilitate the selection of a circuit topology
for a specific application.

The performance indices used for the evaluation (cf. Sec. VI-A)
are calculated using the same specifications for each system:

Rated output power P, = 10kW;

Line-to-line mains voltage Un,i1,rms = 400 V;

Output voltage U, = 700V (boost-type systems), U, = 400 V
(buck-type systems);

Power transistors: 1200V SiC JFETs (Infineon/SiCED, in cas-
code configuration, i.e. with normally-off characteristic);
Power diodes: 1200V SiC Schottky diodes (Infineon, ThinQ2,
commutation/freewheeling diodes), 1200V Si EmCon4 diodes
(Infineon, rectifier diodes of the Swiss Rectifier);

Switching frequency: fp = 48kHz;

Thermal conditions: average junction temperature of the semi-
conductors 77 avg = 125°C, heat sink temperature 75 = 85°C,
ambient temperature 1'a = 45°;

DC output capacitors: aluminum electrolytic capacitors
(B43501-series, EPCOS), 400V capacitors for boost-type
systems (two in series), 500V capacitors for buck-type
systems, designed for a mean time-to-failure of 50°000h
regarding the rms current loading and an assumed maximum
capacitor temperature of 65°C;

AC filter capacitors (buck-type systems): foil capacitors (MKP,
305V ac, X2, B3277x-series, EPCOS).

The rated output power of 10kW represents a typical value for
three-phase power supplies. The power transistors are implemented
with SiC JFETs. This allows the use of the same transistor technology
for all systems under investigation as the boost-type PFC rectifier
systems feature two- or three-level characteristic, which requires a
minimum blocking capability of 700V or 350 V. Furthermore, in
combination with SiC Schottky freewheeling diodes, a relatively high
switching frequency of fp = 48kHz is enabled which represents
a reasonable compromise for both converter types. (For the six-
switch boost-type PFC rectifier systems the internal body diodes
of the JFETs are used instead of explicit freewheeling diodes.)

Alternatively, the three-level converter (VIENNA Rectifier) could also
be implemented with Si super-junction MOSFETSs and the two-level
converter with 1200 V IGBTs, which however would only allow a
maximum switching frequency of fp =~ 20kHz. In addition, the
SiC JFETs can be also applied for the buck-type rectifier systems,
which have a similar blocking voltage requirement for the power
semiconductors as the two-level boost-type systems. Only for the
Swiss Rectifier, the diode rectifier at the input is implemented with
low on-state voltage drop Si diodes instead of SiC Schottky diodes
in order to achieve a high efficiency.

The chip area of the semiconductors is designed based on a
thermal model of a typical semiconductor package (EconoPACK,
Infineon, [79]) and a heat sink temperature of 7s = 85°C such
that an average junction temperature of 17 ,vg = 125°C results. For
determining the semiconductor losses, the conduction characteristics
(on resistance or diode forward characteristic) and the switching
losses are considered with reference to data sheet values and results of
experimental measurements on commercial components [79]. Thus,
an equal usage of all semiconductors is ensured. In addition, the
semiconductor design ensures that the amplitude of the junction
temperature ripple (with mains frequency) remains limited to values
that guarantee a mean time-to-failure of 50’000 h considering typical
cycles-to-failure rates [81] that is equivalent to the dimensioning of
the electrolytic capacitors.

It is worth noting that the relatively high equal junction temperature
of all power semiconductors leads to relatively high semiconductor
conduction losses due to the selected unipolar devices. In order to
achieve a higher efficiency, semiconductor devices with a higher
current rating, i.e. a larger chip area, could be used, and a lower
junction temperature could be selected.

A. Definition of the Performance Indices

In order to provide a universally valid quantification of the con-
verter performances, normalized performance indices are employed,
which are independent of the actual system dimensioning. Thereby,
the output power P, and the load current I, are used as reference
values.



With reference to [8], the fictitious total apparent power and the
normalized conduction and switching power loss are used for the
characterization of the semiconductor expenditure.

1) Total Transistor and Diode VA Rating:

Total Transistor VA Rating

-1 _ Zn US,max,n 1S, max,n

ns' = i : (60)
Total Diode VA Rating
#51 _ Zn UD,max,n ¢D,max,n (61)

P

(US,max,n and UD,max,n refer to the maximum blocking voltage stress
without considering switching overvoltages, ¢s,max,n and ¢D,max,n tO
the peak current value of the n-th device; us and up were defined
in [8] for the assessment of the transistor and diode utilization.)

2) Relative Total Conduction Losses:
Relative Total Transistor Conduction Losses

I rms,n
r = 2 famen (62)
I
Relative Total Diode Conduction Losses
5o = 2onIDrmen (63)

Lo

As mentioned above, for the transistors (SiC JFETSs) and diodes, the
semiconductor chip area is scaled with the current loading and/or
the power loss such that a constant (average) junction temperature of
all power semiconductors is given. Correspondingly, the conduction
losses of the transistors only increase linearly and not quadratically
with the current loading.

3) Relative Total Transistor and Diode Switching Losses:

P n

. Zn 051137 (64)
E : P) n

op = —"PO a (65)

The switching losses are calculated based on experimentally verified
switching loss measurement data [79] and are approximated linearly
as a function of the switched voltage and the switched current for a
junction temperature of 7'y = 125°C.

4) Relative Boxed Volume of the Inductors and Capacitors:
Regarding the passive components for the boost-type rectifier systems
only the boxed volume of the boost inductors (iron power cores) and
the output capacitors (electrolytic capacitors) and for the buck-type
rectifier systems only the boxed volume of the output inductors (same
core material as used for boost inductors) and of the ac side filter
capacitors Cr = Cpm,1 (MKP X2 foil capacitors) are considered.

V i

Inductors  p. ' = % (66)
o
V i

Capacitors pal = ZZTC ©7

o

5) Conducted Differential and Common Mode Noise:
The assessment of the conducted EMI noise behavior and/or of the
required filter effort to meet the EMC standards is performed for the
boost-type systems based on the Differential Mode (DM) component
upwm and the Common Mode (CM) component ucm of the noise
voltage at the rectifier input
(68)

Unoise = UDM,~ + UCM,~ -

Thereby, in terms of a simplification [78], for the DM noise voltage
upwm the total voltage, forming the boost inductor current ripple
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component of a phase current may then be written as (shown e.g.
for input phase a)

UDM,a,~,rms — \/ u;N,rms - uzN,rms = UDM,~,rms - (69)
The Common Mode (CM) voltage is given by
1
uom = —3 (uam + upym + uem) (70)

(cf. (4), where M designates the (fictitious) mid-point of the output
voltage. Analogous to (69), the CM noise voltage relevant for the
filter design can then be approximately calculated by subtracting the
low frequency component %Ucm

— 2 72
UCM,~,rms = \/uCM,rms - uCM,rmS . (71)

For the buck-type PFC system the CM voltage can be calculated as

1
ucm = = (UpN + unN) 5 (72)

2
and the switching frequency component again according to (71).
Instead of upm,~ [cf. (§89)], here, the rms value of the switching
frequency components of the discontinuous input currents

. Y )
1DM,a,~,rms — Za,rms - 7'a.,rms .

(shown for input phase a) is used for the assessment of the DM filter
attenuation requirement. A voltage noise level could be calculated by
multiplication with R = 502, the input resistance of a typical EMI
test receiver.

6) Efficiency:
The efficiency of the systems is characterized by the relative losses

(73)

P Py — P, 1 1-
_L:u:__lz_”;“,n, (74)
Po Po n n
where in addition to the semiconductor losses and main power
components also a power consumption of P,,x = 30W for the

auxiliary supply (control circuitry, gate drives, fans) is considered.
7) Volume of the Cooling System:

With the relative losses (1 — 7)) and the Cooling System Performance

Index [82]

Gins—a
CSP] = —=—"—
Vs

(75)

(Gtn,s—a designates the required thermal conductance (W/K) be-
tween the surface of the heat sink and the ambient) and a given
admissible temperature difference ATs_a the volume of the forced
air cooled heat sink can be calculated to [83]

_ Gth,s—a _ Py ~ P,
Vs = TSp1 ~ aTi.cspi ¥ Ani.ospr T - (9
Commercial heat sink profiles have a typical CSPI =

5...7W/(Kdm?®), with optimized heat sink profiless a CSPI =
12...15W/(K dm?®) is achievable.

B. Comparison of the Six-Switch Boost Rectifier, the A-Switch Rec-
tifier; and the VIENNA Rectifier

In Fig. 33, a performance comparison of the six-switch boost
PFC rectifier, the A-switch rectifier, and the VIENNA Rectifier is
shown based on the performance indicies defined in Sec. VI-A. The
representation is chosen such that for high performance only a small
area is covered.

All systems require a similar total chip area, show approximately
equal relative losses, approximately the same DM and CM conducted
EMI noise levels, and allow for continuous operation in case of a
mains phase loss. The main advantage of the three-level characteristic
of the VIENNA Rectifier is the significantly lower volume of the
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Fig. 33. Comparative evaluation of two alternative active boost-type PFC
rectifier systems, i.e. the six-switch rectifier according to Fig. 20(b) and the
VIENNA Rectifier according to Fig. 17(a). The characteristic of the A-switch
rectifier is shown by a dashed line.

boost inductors compared with the two-level topologies. Only a small
difference between the individual systems is given regarding the
volume of the output capacitor as the two- and three-level converters
have similar rms values of the capacitor currents and in any case a
series connection of two electrolytic capacitors is required because of
the output voltage of Upn = 700 V. The center tap for the VIENNA
Rectifier thus is inherently available.

In summary, the six-switch converter is characterized by a very
simple structure of the power circuit and the VIENNA Rectifier by a
relatively small overall volume or a high power density. In addition,
for the VIENNA Rectifier (as well as for the A-switch rectifier) a short
circuit of the dc-bus through a faulty control of a power transistor is
not possible and for both topologies, power transistors with relatively
slow parasitic anti-parallel body diodes can be used.

The use of the A-switch rectifier, which is relatively complex with
regard to the circuit structure and modulation, can be only justified
when a three-level topology does not provide significant advantages
due to a low mains voltage or if an unidirectional topology is required
that prevents energy feedback into the mains by its hardware structure
and not only by control. Power supplies in aircraft could serve as an
example here.

C. Comparison of the Active Six-Switch Buck-Type PFC Rectifier and
the SWISS Rectifier

In Fig. 34, a conventional six-switch buck-type PFC rectifier
according to Fig. 22(a) and a SWISS Rectifier according to Fig. 26
are compared. Both systems show, with respect to the total chip area
requirements, the volume of passive components, the efficiency, and
the conducted EMI noise, only very little differences. An increase
in efficiency of the six-switch structure would be easily possible by
using an explicit freewheeling diode across the dc link. For the SWISS
Rectifier, a reduction of the number of power semiconductors can be
achieved through modification of the circuit topology according to
Fig. 28. In addition, the mains commutated injection switches could
be implemented with RC-IGBTs with a low forward voltage drop as
an alternative to the SiC JFETs.

— Six-Switch A
chip
Buck-Type N (mm2) .
Rectifier Hs Up

— Swiss Rectifier )

Fig. 34. Comparative evaluation of two alternative buck-type PFC rectifier
systems, i.e. of the active six-switch rectifier according to Fig. 22(e) and the
hybrid SWiSS Rectifier according to Fig. 26.

In summary, the main advantage of the SWISS Rectifier is not seen
in a higher performance but in a dc—dc converter like circuit structure.
Accordingly, basic knowledge of the function of a passive diode
rectifier of the input stage of the system is sufficient to implement
a three-phase PFC rectifier with sinusoidal input current and a con-
trolled output voltage. In particular, no space vector based modulation
scheme, which is frequently applied to three-phase converters and
typically leads to difficulties when dealing the first time with three-
phase systems, has to be implemented.

VII. CONCLUSIONS

As shown in this paper, a three-phase PFC rectifier functionality
can be implemented besides a phase-modular approach with

1) direct control of the conduction state of a three-phase rectifier
through integrated power transistors or parallel control branches
with active power semiconductors, i.e. as an active rectifier or

2) by shaping the output currents of a three-phase diode rectifier
on the dc side and feedback/injection of the current difference
always in that phase which would not conduct current for
conventional passive diode rectification, i.e. as a hybrid rectifier
with 3¢ harmonic current injection.

Following these basic concepts, direct three-phase rectifier circuits
with boost- or buck-type characteristic are realizable. These circuits
advantageously have a bridge topology (at the input) with bridge-legs
of identical structure and thus feature an overall bridge symmetry.
For both circuit categories, over the last two decades, a variety of
circuit topologies have been proposed. However, in the opinion of the
authors, from the category of the boost-type rectifier systems, only
the conventional (bidirectional) six-switch converter and the VIENNA
Rectifier and from the systems with buck-type characteristic only
again the six-switch structure and the SWISS Rectifier, proposed in
this paper, are of interest for industrial application. Compared to these
four topologies, other circuit concepts show a (significantly) higher
complexity of the power and/or the control circuit, or have high
component stresses at a lower complexity and a limited operating



range with regard to output voltage range and/or current-to-voltage
phase displacement angle at the input. This is of particular importance
when operating at unbalanced mains systems or in case of failure of
a mains phase.

The selected circuit topologies enable very high efficiencies as a
result of the excellent conduction and switching characteristics of
modern Si and SiC power semiconductors. Soft-switching concepts
are thus not necessary and would also not be accepted by industry
due to the increase in complexity resulting from the auxiliary circuit
branches with additional losses and due to the typically complex
state sequence within a switching period. In general, in industry only
circuit topologies are practicable that are well understood not only
by the inventors but also by a sufficiently large number of engineers.

In terms of system complexity, it should be noted that the restric-
tion to unidirectional power flow does not allow a reduction e.g. a
halving of the number of active semiconductors or a simpler control
scheme. The reason is that ultimately also unidirectional structures
have to conduct phase currents of both directions and to generate
voltages with both polarities. Only for three-level converters, a clear
advantage of unidirectional converters (VIENNA Rectifier) is given
compared with bidirectional converters; for the unidirectional system
six transistors (with anti-parallel diodes) and six diodes are required,
whereas the implementation of a topologically similar bidirectional
T-type three-level converter system [84] requires twelve transistors
(with anti-parallel diodes).

The main three-phase PWM rectifier circuit topologies, except
the Swiss Rectifier, have been already theoretically investigated
and experimentally verified in the literature. Therefore, for further
academic research, mainly the following relatively narrow topics
remain:

e Direct mains (input) current control of buck-type PFC rectifier
circuits. [For these systems typically only the output voltage and
the output current is directly controlled and/or the mains current
is not explicitly included in a feedback loop; thus, particularly
for high mains frequencies (800 Hz), current distortions can
occur at the intersections of the line-to-line voltages.]

« Parallel operation of a higher number (more than two) converter
systems. (High output power levels are often implemented
by parallel connection of multiple low-power modules where
circulating currents could occur in between the systems.)

« Stability of distributed converter systems. (The constant power
characteristic of PFC rectifiers results in a negative differential
input impedance, which can lead to instability in combination
with the EMI input filter or the inner mains impedance and/or
with other converters [85].)

In addition to these topics, especially the multi-objective optimiza-
tion of converter systems represents a wide and interesting field of
research. When developing an industrial systems, besides a defined
efficiency and power density, mainly a cost target has to be met,
and a certain lifetime has to be guaranteed, i.e. multiple performance
indices have to be simultaneously considered. It is therefore essential
to understand the mutual dependence of the performance indices in
the course of the design, e.g. the trade-off between power density p
(kW /dm®) and efficiency 7 (%).

The achievable performance limit (Pareto-Front), i.e. when all
degrees of freedom are optimally used, can be determined based on
a mathematical model of the system behavior and the design process
with a multi-objective optimization (cf. [30], Fig. 26). The influence
of individual design parameters, e.g. the switching frequency, can
then be immediately identified and/or the necessary parameters for a
target performance can be directly calculated. Fig. 35 shows, as an
example, the n-p-Pareto-Front based on data of hardware demonstra-
tors of the VIENNA Rectifier with different switching frequencies.
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Fig. 35.  n-p-Pareto-Front based on hardware demonstrators of 10kW
VIENNA Rectifier systems (the parameter is the switching frequency). The best
compromise between the efficiency and the volume determining technologies
was identified during the design process for each system. A switching
frequency of fp < 250 kHz is recommended for an industrial implementation
based on the current state-of-the-art as it leads to a relatively high power den-
sity (p = 6.4kW/dm®) and still a high nominal efficiency (Jnom = 96.7%),
and guarantees a high input current quality also for high mains frequencies
as e.g. in More Electric Aircraft (MEA) applications [cf. Fig. 20(b)].

Starting from fp = 73kHz, an increase in the switching frequency
leads, due to the increase of the switching losses and therewith an
increase in the heat sink volume, to a reduction of the power density,
which cannot be compensated by the possible reduction of the EMI
filter. A higher switching frequency, e.g. fp = 250 kHz is therefore
only sensible, if a low distortion of the input current THD; must be
guaranteed at high mains frequencies as e.g. for MEA applications
with fx = 360...800Hz.

The n-p-Pareto-Front, besides for the specification of the design
parameters, can be also advantageously used for a comparison of
alternative circuit concepts, e.g. in the course of an industrial devel-
opment process. Each circuit topology is then characterized by the
associated performance limit and thus the difference in performance
and the suitability of a concept to meet the target performance is
immediately visible.

However, in order to obtain a complete picture, also the relation
between 1 and p and the relative costs o (kW/$), i.e. also the n-o-
and p-o-Pareto-Fronts should be considered. Furthermore, the impact
of new technologies, e.g. the replacement of Si by SiC/GaN power
semiconductors on the system performance could be analyzed using
the Pareto-Front. The resulting shift of the performance limits then
directly shows the possibility of improving a selected concept and
the resulting costs can be immediately determined (cf. [30], Fig. 26).

Such analysis so far only has been performed only for single-phase
systems [8], and is therefore seen as a focus of future academic
research in the field of three-phase PWM rectifier systems and as a
key topic in power electronics in general.
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