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Abstract—In this paper, the design and implementation of a
3 kW, three-phase, two-channel interleaved Vienna-type rectifier
with greater than 99 % efficiency is presented. The operating prin-
ciple of the interleaved Vienna-type rectifier is introduced, with
particular attention paid to the switching-frequency circulating
current generated by the interleaved operation, as well as effective
mitigation methods. An optimized design procedure for the con-
verter is then presented to achieve maximum efficiency, for which
detailed loss calculation models and hardware design guidelines are
developed and introduced. Finally, experimental results obtained
with a 3 KW experimental prototype are presented for validation
purposes, demonstrating the 99.28 % extreme efficiency attained by
the converter at nominal load, in close agreement with the 99.32%
predicted by the design procedure developed.

Index Terms—AC-DC power converters, coupled inductor,
efficiency, interleaved.

I. INTRODUCTION

HREE-PHASE active pulse width modulation (PWM) rec-
T tifiers are commonly used as a means of increasing effi-
ciency and improving the source current power quality, as they
feature a superior performance compared to their diode-based
counterparts. In effect, conventional two-level three-phase boost
rectifiers have become dominant in industry, a choice further
supported by their inherent simplicity. However, if higher ef-
ficiency is sought, three-level converters represent a better so-
lution thanks to their lower switching voltage [1]. This type of
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topology is increasingly being adopted for these applications,
a trend that has been made easier by the recent availability of
integrated power semiconductor modules in various three-level
configurations.

Three-level rectifiers can be classified in bidirectional and
unidirectional power flow topologies. Among bidirectional
topologies, one of the most recognized is the three-level
neutral-point-clamped (NPC) boost rectifier [2]. An alternative
realization of the latter is the T-type topology, which uses a
hybrid phase-leg implementation with two devices blocking
the dc bus voltage and two devices in ac-switch configuration
blocking half the dc bus voltage [3]. Unidirectional topolo-
gies feature a reduced number of switching devices. These
topologies are usually referred as Vienna-type [4] or force
commutated rectifiers [5]. The term “Vienna-type rectifier” is
used to refer to the unidirectional three-level boost rectifier in
this paper. Several phase-leg implementations for Vienna-type
rectifiers have been proposed and discussed attaining different
key features [4]-[6]. Fig. 1 shows the most used phase leg
for this converter. The main features of these phase legs and
the topologies mentioned above are summarized in Table II
in Appendix A.

To illustrate the potential efficiency gain brought forth by
three-level converters, Fig. 2 shows the loss breakdown for sev-
eral three-level topologies including Vienna-type rectifiers with
alternative phase-leg realizations. A two-level boost rectifier is
included as benchmark. The losses were calculated using the
design procedure developed in this paper (see Section IV) in
accordance with the specifications under consideration; namely
3 kW output power, 230 V ac input voltage, and 650 V dc out-
put voltage. As shown, the Vienna-type rectifier with phase-leg
implementation (d) features the lowest loss among these con-
verters. This is due to the minimum losses that result from the
main commutation loop (MOSFET and diode), which takes ad-
vantage of the use of silicon—carbide (SiC) Schottky devices,
and due to the fact that only one diode conducts when clamp-
ing the positive or negative dc bus. Although these are rated at
1200V, the forward and characteristics and junction capacitance
of SiC Schottky diodes differ little between 600 and 1200 V de-
vices [7], [8]; hence the advantage attained. In addition, this
phase-leg implementation only requires one isolated gate driver
per phase leg.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1.  Alternative phase-leg implementations of the Vienna-type rectifier.
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Fig. 2. Loss distribution and comparison between three-phase active rectifier topologies.

A method to further increase efficiency and improve the ther-
mal management of a power converter is to use parallel switches
or parallel phase legs. In the latter case, if additionally the gate
signals of the corresponding switches of each phase leg are in-
terleaved, both the converter efficiency and power density can be
increased [9]-[16]. Specifically, the harmonic cancellation ef-
fect among the interleaved phase legs allows for the use of lower
switching frequencies, while simultaneously reducing the size
of input power quality and electromagnetic interference (EMI)
filters [17]. It is expected then that an interleaved n-channel
Vienna-type rectifier [16], [18], [19] would feature even higher
efficiency and power density than its single-channel embod-
iment. In search of a topology with an efficiency exceeding
99% that could eliminate the need for active cooling, this work
adopted a two-channel interleaved Vienna-type rectifier.

Specifically, this paper presents the design and optimization
of a 3 kW, three-phase, two-channel interleaved Vienna-type
rectifier with an efficiency greater than 99%. The converter op-
eration is optimized for: three-phase 230 V ac, 360-800 Hz line
frequency, 650 V dc output, and 3 kW output power. The paper is
organized as follows: Section II presents the operation principles
of the interleaved Vienna-type rectifier; Section III presents the
analysis of the resultant circulating current between converter
channels; Section IV presents the comprehensive design pro-
cedure developed for the converter in question, including the
design flow chart, detailed loss estimation, and semiconductor
selection; Section V presents and discusses the experimental
results; and finally, Section VI presents the conclusions drawn
from this work.
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Fig. 3. Topology of a dual-channel interleaved Vienna-type rectifier.

II. INTERLEAVED VIENNA-TYPE RECTIFIER OPERATION
A. Topology Introduction

Fig. 3 shows the topology of the interleaved Vienna-type rec-
tifier considered in this paper. In this circuit, S; — S, S5 — Sg,
and Sy — S1¢ and the diodes directly connected to these MOS-
FET switch pairs Dy — Do, D5 — Dg, and Dg — Dy form a
three-phase subconverter that can operate independently as a
rectifier. The remaining switch pairs S3 — Sy, S7 — Sg, and
S11 — S12 and their corresponding diodes D3 — Dy, D7 — Dsg,
and D11 — D;o form a second subconverter. The correspond-
ing phase legs in these two subconverters are connected using
interphase inductors Ly;a, Ly, and Lyc, as seen in Fig. 3.
Ly, Lp,and L¢ correspond to the input boost inductors of the
converter, which are shared by the phase legs of both subcon-
verters as energy storage inductors. As example, the phase leg
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Fig. 4. Circulating current generation mechanism.

constituted by Dy, Ds, S1,and S and the phase leg constituted
by D3, Dy, S5, and Sy are connected by the interphase inductor
Ly sharing the input boost inductor L 4.

B. Operating Principle

The Vienna-type rectifier is a current-commutated converter
[51, [20], that is, the devices that commutate at any given switch-
ing instant are determined by the instantaneous current direction.
For example, if current 7 1 in Fig. 4 is positive, the commutation
will take place between D; and the combined switch S| — S5.
As a result, the voltage potential at point A; with reference to
the middle point of the dc bus will be either half of the dc bus
voltage, when S; — S is OFF, or zero, when S7 — S5 is ON.

To operate the converter in an interleaved manner, a phase
shift is introduced between the PWM carriers of the two sub-
converters that compound it [11], [16], [21]. This operating
mode forces specific current harmonic components to circu-
late between the corresponding phase legs of the subconverters,
which renders smoother the current drawn from the source. In
many applications, this is known as the harmonic cancellation
effect, where the cancellation frequency depends on the num-
ber of interleaved phases and interleaving angle used [11], [16].
As a result, the switching frequency of each subconverter in
the interleaved system can be lower while keeping the same in-
put current quality (or total harmonic distortion (THD)), which
helps reduce the converter switching loss.

III. CIRCULATING CURRENT GENERATION AND MITIGATION IN
INTERLEAVED CONVERTERS

A. Generation Mechanism of Circulating Current in
Interleaved Converters and Its Influence

An unwanted effect of interleaving two subconverters is the
generation of circulating current [11]. This phenomenon is the
side effect of the harmonic cancellation that occurs as a re-
sult of interleaving. As described in the previous section, har-
monic components of the two interleaved phase legs that are
out of phase are cancelled on the source side, but are left to
circulate freely between the two subconverter phase legs. The
circulating current is produced by the voltage difference be-
tween the interleaved phase legs. This is illustrated in Fig. 4,
where currents in the two interleaved phase legs are labeled 14,
and I4- and the circulating current I.;, is defined as the aver-
aged difference between the currents in two interleaved phase
legs (Iir = (Ia1 — Ia2)/2). In addition, the current flowing
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current, and the corresponding voltage difference.

through the input boost inductor is labeled 14, which splits
evenly in the two interleaved phase legs. With all these defini-
tions, I41 and I4- equal to (14/2 + I.i,) and (I4/2 — L),
respectively.

Assuming now, without loss of generality, I, is greater than
zero. If point A; is clamped to the positive rail by diode D,
and A, is connected to the middle point of the dc bus by S3
and Sy, the voltage difference between A; and A, will generate
current (I, ) circulating between these two phase legs. Fig. 5
shows the simulated waveforms of the current in phase A of each
subconverter (/47 and I42), the circulating current (I.;; ), and
the voltage difference between A; and As; namely V1 — Viyo.
This clearly shows that the voltage difference determines the
circulating current, such that when the voltage difference is
positive, the circulating current increases, and when negative, it
decreases.

If the amplitude of the circulating current is too large, it
will not only create additional conduction losses, but it will
also impede the proper operation of the converter. For instance,
when 74 is positive, point A; should be clamped to either the
positive rail by D; or the middle point of dc bus by S; —
Sy however, if I, is high enough that 7,4, becomes negative
(a1 = I4/2 — Iy < 0), it will be impossible to connect
point A; to the positive rail when S; — S, are OFF. Instead, this
phase leg would clamp to the negative dc bus rail, resulting in a
modulation error. This illustrates why the circulating current in
interleaved current-commutated converters, as the Vienna-type
rectifier, should be well controlled.

B. Circulating Current Attenuation Method

The voltage difference between the two interleaved phases,
which causes the circulating current, is inevitable in interleaved
converters. In each switching cycle, the voltage difference is pre-
determined by the modulation scheme and working conditions;
thus, a known approach to attenuate the circulating current is
to increase the impedance between the two interleaved phases.
Adding coupling inductors between the interleaved phases, also
known as interphase inductors, can effectively increase the
impedance of the circulating loop while maintaining only a
minor influence on the common current (14 /2) [11], [14], [16],
[22]. In Fig. 4, such inductor is depicted as Ly;5 for phase legs
Aj and A,. A physical implementation example of the coupling
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Fig.6. (a) Interphase inductor and flux generated by common current (14 /2).
They cancel each other. (b) Interphase inductor and flux generated by circulating
current (1., ). They couple to the other windings.
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Fig. 7. (a) Transformer-based equivalent circuit of the interphase inductor;
and (b) T-equivalent circuit based model of the interphase inductor.

inductors is shown in Fig. 6. The orange and green arrows rep-
resent the flux generated by the orange and green currents (in
Fig. 4) of phase leg A; and As, respectively.

Fig. 6(a) shows the flux components generated by the source
current components [ 4 /2. Itillustrates how the coupled inductor
has no effect over the source current components as the flux
cancels out in the magnetic core. Whereas Fig. 6(b) shows the
flux components generated by the circulating currents. These
flux components add up, effectively embodying an inductor and
consequently adding a high impedance to the circulating current
path.

C. Design and Implementation Considerations of Interphase
Inductors

The interphase inductors in the dual channel interleaved
Vienna-type rectifier should be designed to avoid the modulation
errors described above. Its impedance should be high enough to
ensure that for any fundamental period half-cycle, the respective
phase currents should be either positive or negative.

Equivalent circuits of coupled inductors have been used to
facilitate the design. Fig. 7(a) shows the transformer-based
equivalent circuit of a coupled inductor, and Fig. 7(b) shows its
T-shape equivalent representation. From the latter, the inserted
impedance of the interphase inductor can be determined. As
seen in Fig. 7, the equivalent circuit also includes an equivalent-
parallel-capacitance (EPC), which represents the parasitic ca-
pacitance between the different winding layers, and the para-
sitic capacitance between the windings and the magnetic core
of the inductor. These parasitic capacitances are all lumped as a
single EPC component. In general, for frequencies close to the
converter switching frequency (20—100 kHz), the effect of the
EPC can be neglected as its value is typically in the order of
tens of pico-farads.

Carrier4; Carriery;

VA I~ VAZ

\ d

Leir

Fig. 8. Relationship between modulation, phase leg output voltage, and cir-
culating current.

To illustrate the detailed operation of the interleaved converter
phase legs and the resultant circulating current, Fig. 8 presents
a zoomed view of the modulator and the resultant voltage and
current waveforms in one switching cycle. The top axis shows
the two double-carrier signals—proper of three-level converters,
namely Carriers; and Carrieryo, phase shifted by 180° in
accordance with the interleaving scheme used. The duty cycle
in this switching cycle is labeled as d in the top axis. The resultant
output voltages of the interleaved phase legs V41 and Vo are
shown in the second axis. The difference between these two
voltages V41 — Vy9, which corresponds to the voltage source
of the circulating current, is shown in the bottom axis together
with the resultant circulating current I.;,. From this figure, as
well as the equivalent circuit of coupled inductor (shown in
Fig. 7), the relationship between the peak value of I.;, and the
voltage applied across A; and A, can be determined as follows:

Leir

Var — Vaol|™ )
4Lm + 2le

where Ioi; peak is the peak circulating current value, Vi, Vao
are the voltage outputs of the interleaved phase legs (referred
to the dc bus middle point), ¢, is the duration of the voltage
pulse (positive or negative) at the given switching cycle, and
L, and Ly, the magnetizing and leakage inductances of the in-
terphase inductor. The voltage difference V4, — Vo is always
equal to half of the dc-link voltage. However, the width of the
applied pulse t;,, determined by modulation scheme and oper-
ating condition, varies significantly throughout the line cycle.
Consequently, and taking into consideration that the only con-
trol over i, eak 1S given by the interphase inductor impedance,
the inductance of the latter should fulfill the following condition
to avoid modulation errors:

[Var — Vaalfg=
4Lm + 2le
where 4 is the total input phase current of phase A during the

switching cycle in question (see Fig. 4). This condition should
be naturally met throughout the entire line cycle, requiring that

|Icir,pcak ‘ -

1
|Icir,pcak| - < |?A (2)
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Fig. 9. (a) Waveforms without enough impedance in the circulating loop at
high frequency. High-frequency ringing can be observed on I.i, (the averaged
difference between I 41 and I49), I41, and I49. (b) Waveforms with high
impedance inserted at high frequency. /iy, 141, and I 49 are less distorted.

a switching cycle-by-cycle analysis be carried out. Given that
different modulation schemes will result in significantly differ-
ent volt-second quantities applied to the interphase inductor, a
MATLAB Simulink model based analysis was carried out to
determine the required inductance in this case.

The complete design of the interphase inductor will finally
require that other constraints be considered. In order to avoid
magnetic material saturation, as well as excessive core and wind-
ing losses of the inductor, higher inductance values might be
required in its final construction.

Another important problem in the construction of the inter-
phase inductor is that its winding EPC is not negligible at high
frequencies (>1 MHz). While the inductance of the interphase
inductor increases the impedance of the circulating loop, the
EPC has a significant but reverse effect on the total impedance in
this frequency range. This is important since the voltage applied
to the circulating loop contains high-frequency components that
result from the drain-to-source voltage ringing. This effect is ex-
acerbated when using wide-bandgap power semiconductor with
dv/dt slew rates in the 20-100 V/ns range. This phenomenon
is shown in Fig. 9, which illustrates the interleaved phase volt-
ages V1, Vaon and the resultant circulating current I.;,. The
waveforms are obtained with the Vienna-type rectifier prototype
presented in this paper.

To highlight the above-mentioned phenomenon, Fig. 9(a)
shows the measured high-frequency current spikes in the con-
verter prototype; namely, I.i;, 141, and I45. As observed, the
magnitude of the high-frequency spikes in /4, and 149 is high
enough that it may well impede the proper operation of the
converter. A dedicated effort is hence required to minimize the
EPC of the interphase inductors in order to limit this current,
for which the inductor physical structure should be taken into
consideration. For instance, nonbifilar winding should be pre-
ferred over bifilar windings since the latter result in higher EPC.
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Similarly, single layer windings, not tightly wound, should be
preferred in order to reduce the EPC. Alternatively, the use
of an additional series-connected interphase inductor may be
sought, implementing it with a magnetic core and winding struc-
ture featuring superior high-frequency characteristics. Fig. 9(b)
shows for comparison purposes the measured current when an
18 1H interphase inductor is added in series using a Ferroxcube
TX36/23/10-3C90 magnetic core. This additional interphase in-
ductor was constructed with nonbifilar, single layer windings,
which ensured that a high impedance could be attained at and
beyond the switching frequency of the converter. As a result,
the high-frequency spikes in I ;;, 141, and I 4o were effectively
mitigated in this prototype as the corresponding waveforms de-
pict.

The EPC of the interphase inductor also induces additional
switching losses on MOSFET devices. Specifically, as one phase
leg is switching, the EPC will be either charged or discharged
through the MOSFET channel during turn-ON transients. The en-
ergy loss will equal the energy stored in the EPC, which can be
calculated in the case of the interleaved Vienna-type rectifier as

follows:
1 V,\?
§CEPC <2)

where Pgpc is the EPC-dependent power loss in all three phases,
fsw 1s the switching frequency of a single channel, Cgpc the
equivalent capacitance, and V,, is the output voltage. This loss
component is quite small and accordingly not considered in
the loss prediction of the design procedure mentioned below.
In effect, this loss is estimated to account for 340 mW in the
experimental prototype in question.

3

PEPC:'?)XQX.JCSWX

IV. CONVERTER DESIGN PROCEDURE, LLOSS ESTIMATION, AND
CONVERTER IMPLEMENTATION

To achieve an optimum efficiency while meeting power qual-
ity and power density constraints, an efficiency-oriented de-
sign procedure was developed in this paper for the interleaved
Vienna-type rectifier in question. Its specifications are three-
phase 230 V ac, 360-800 Hz line frequency, 650 V dc output,
and 3 kW output power. The details of this procedure are pre-
sented hereinafter.

A. Converter Design

The efficiency-oriented design procedure developed for a
dual-channel interleaved Vienna-type rectifier is described in
the flow chart diagram in Fig. 10.

This procedure starts with the specifications and standards to
be met by the converter. The specific power quality requirements
used for current harmonics are detailed in Table I. This should
be ensured over the whole input frequency range (360-800 Hz),
e.g., with 800 Hz input frequency, the current harmonic limits
should be met up to 32 kHz (40 x 800 Hz). Additionally, an
input current THD lower than 10% is required. The second
step in the process developed is to select the proper modulation
scheme of the converter, which will be discussed in depth in
Section IV-B.
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Fig. 10.  Efficiency-oriented design procedure for a dual-channel interleaved
Vienna-type rectifier.

TABLE 1
CURRENT HARMONIC LIMITS

Harmonic Order Limits

Odd Non-Triplen Harmonics (h = 5,7, ..., 37) L, =031L/h
Odd Triplen Harmonics (b = 3,9, 15, 21, ..., 39) I, =0150L/h
Even Harmonics 2 and 4 I, =0.011,/h

Even Harmonics > 4 (h = 6, 8, 10, ..., 40) 5, = 0.0025 1, /h

To find the optimum design point for the converter, a nu-
merical iterative process was developed in what is referred to
as the “sweeping program” in the diagram shown in Fig. 10.
This loop starts with the switching frequency selection, after
which all passive components in the converter, including the
input boost inductor, interphase inductors, and the dc bus capac-
itors, are designed. The sizing of these components is primarily
constrained by the power quality standards and thermally by
their estimated power loss. Si and silicon SiC devices are then
considered in the efficiency estimation and optimization step,
seeking the best performer among the candidates considered
based on a preliminary datasheet selection. A full list of compo-
nent candidates is provided in Section IV-D. Specifically, at each
switching frequency point, the conduction and switching losses
from all combinations of semiconductor device candidates are
calculated (the loss model used is discussed in Section IV-C).
The design that achieves the lowest total loss is accordingly
chosen for the optimized design point for this specific switching
frequency. Continuing with the iteration process, the relation-
ship among total power loss, design of passive components, and
switching frequency is finally attained. From the resultant set of
alternative design options, the optimized converter design with
the lowest power loss—and highest efficiency, which meets the
power quality and power density constraints, is finally selected.
It should be mentioned that there was no EMI specification in
the case under consideration, hence EMI filters were consid-
ered to be out of the scope of this work and are not included in
the design procedure of the converter. A detailed description of

each of these steps and analytical models involved are presented
below.

B. PWM Scheme Selection

All modulation schemes applicable to Vienna-type recti-
fiers can be used in the interleaved system because interleaved
subconverters generate their outputs independently. In order
to achieve high efficiency, nonetheless, discontinuous PWM
(DPWM), which clamps one phase in every switching period, is
preferable in this case. Reference [23] has proposed and com-
pared two DPWM schemes for Vienna-type rectifiers; one of
these schemes, whose vector selection is depicted in Fig. 19
in Appendix B, is adopted in this paper. This PWM scheme
not only avoids switching the phase leg with the highest cur-
rent magnitude, but also avoids switching the phase leg going
through zero crossing thus avoiding commutation failures. A
comparison between DPWM and other modulation schemes,
such as sinusoidal PWM and space vector modulation for two-
level converter, was documented in [21]. Reference [21] claimed
that DPWM not only reduces switching loss but also input cur-
rent THD for two-channel interleaved Vienna-type rectifiers.

Furthermore, since according to (2) the interphase inductance
must be large enough to limit the circulating current through-
out the entire line cycle, the use of this DPWM scheme brings
yet another benefit. Specifically, when a pair of phase legs is
clamped to one of the dc bus terminals, no effective voltage
difference exists between them, and hence no volt-seconds are
applied across the interphase inductors. As a result, no circu-
lating current can be generated during this time. This can be
clearly observed in Figs. 5 and 9, where the circulating current
is zero during the clamping period. The interphase inductance is
accordingly not determined by the converter operation when the
input current is close to zero, reducing in this way the inductance
requirements in accordance to (2).

C. Loss Estimation

The losses in the converter result mainly from its power semi-
conductor devices and inductors. Accordingly, the conduction
and switching losses of semiconductor devices, as well as the
magnetic core and winding losses of inductors have been care-
fully modeled in this work. Specifically, the conduction loss
of a MOSFET is function of its drain—source resistance during
the on-stage (Rgson), and the rms current flowing through its
channel. The rms current through each device can be accurately
calculated using closed-form expressions or obtained numeri-
cally from simulations. This can be ensured by adopting the right
measures to attain an even current distribution between inter-
leaved phase legs, and by effectively limiting, if not canceling,
the circulating current between them. The MOSFET conduction
loss Pyios,con 18 given by

2
PMOS.con = IMOSA,rms Rdson (4)

where I\ios,rms 1s the rms value of the current flowing through
the device, which is obtained through simulation in this paper.
Furthermore, since R 5., is temperature dependent, several iter-
ations are needed to estimate the MOSFET junction temperature
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and the corresponding on-state resistance. The diode conduc-
tion loss Ppiode,con On the other hand is a function of its con-
duction characteristics and the current flowing through it. It is
expressed as

&)

2
PDiode,con = IDiode,AveVFD + IDiode.,rms RDiode

where Ipiode,Ave 1 the average value of current flowing through
it, Vgp is its forward voltage drop, Ipiode,rms 18 the rms value
of the current, and Rpj,q. i the equivalent series resistance,
which is usually found be curve fitting. It should be noted that
both Vrp and Rpioqe are function of the junction temperature
as well.

Similarly, the winding conduction losses of the boost and
interphase inductors can be calculated using current informa-
tion obtained from simulation. The winding conduction loss
Pwp,con can be calculated as

(6)

2
Pwp.con = Iwp rms” Bwp

where Iwp rms is the rms value of the current flowing through
the boost or interphase inductor and Rwp is its dc winding
resistance. In (6), skin and proximity effect losses are assumed
to be negligible with the use of Litz wire and carefully wound
windings. As discussed in [24], bundle-level skin and proxim-
ity effect are controlled by Litz wire. Strand-level skin effect is
controlled by using strands that are smaller than the skin depth
in the frequency range of interest. Strand-level proximity ef-
fect is on the other hand determined by the magnetic field in
the inductor. In a typical gapped-core (E-cores were used), the
magnetic field concentrates around the core gaps [25]. Accord-
ingly, in this work all windings were kept away from the gap in
order to minimize the strand-level proximity effect, which was
neglected in the calculations. For interphase inductors, thanks
to their bifilar structure, the magnetic field that penetrates the
winding is largely reduced, which also allowed the strand-level
proximity effect to be neglected.

The core loss of the boost inductors was calculated based
on the volt-second information obtained from simulation and
existing analytical models. Reference [26] showed that in ac
applications the core loss from the fundamental and switching
frequency components could be calculated separately. For fun-
damental frequency components, since the excitation on the in-
ductor is sinusoidal, core loss could be calculated using Steimetz
equation as

Pcore,f = ‘/ekfinan.pea‘k‘H (7)

where P, s is the time-averaged fundamental frequency com-
ponent related core loss, V, is the effective volume of the mag-
netic core, fi, is the fundamental frequency, By jcax is the peak
value of fundamental frequency flux density, and «, 3, and k are
the Steimetz parameters.
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Fig. 11. Example of boost inductor flux density change in one switching cycle.

Eight segments are observed in one switching cycle from the interleaved Vienna
rectifier with DPWM.

For the switching-frequency related loss, the improved gen-
eralized Steinmetz equation proposed in [27] can be used:
Poore,sw = Vefin Z

T;
</ ki|dB“ABi3“dt>
—~\ o dt

N
ABi @ B—a

i=1

N

®)

where P, sw 1s the switching frequency loss component, &; is
defined as follows:

k
b= — ©)
)" fy " [cos@|a 20 dp

Ve, fim, @, and 3 are the same parameters defined in (7), N
is the total number of flux segments in one fundamental cycle,
and it is equal to 8fsy /fin, and where AB; and T; are the
flux density change and the duration of the ith segment. The
segmentation of (8) is necessary given that in a three-phase
converter the magnetic flux in line inductors changes multiple
times in one switching cycle. An example is shown in Fig. 11
illustrating how in the Vienna-type rectifier the flux changes
eight times per cycle. Accordingly, (8) was used to calculate the
core-loss of the interphase inductors, where there is no dc or
low-frequency bias in magnetic flux thanks to the symmetry of
their volt-second product (see Fig. 8). Boost inductors on the
other hand feature a negligible loss due to the interleaving action
and PWM scheme used. Equation (8) was used in this case for
simplicity without taking into consideration the change in the
dc bias point. This was deemed reasonable given the very low
loss in these inductors, which is verified by both predicted and
measured losses in Section V. In addition, the loss of magnetics
components represents a small fraction of the total converter
loss, reducing the relative impact that this simplification could
have when predicting the conversion efficiency. This will be
illustrated in Fig. 15.

Loss in output capacitors FPc,, is calculated as

PCo = ICo,rmsQRCo,ESR, (10)
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where I¢, 15 18 the rms value of the current flowing through the
output capacitors and Rc, gsr is the equivalent series resistor
of the output capacitors.

The switching loss modeling and estimation of power
MOSFETs is a harder task given the nonlinear nature of their
commutation process. Accordingly, the most accurate way to
calculate the switching loss of a MOSFET is by measuring them
in a double-pulse test experimental set up. If, however, many
alternative devices are under consideration, as in the case un-
der consideration, this approach is too time consuming and not
desirable. The use of an analytical loss estimation method is
more suitable for this work, as it can provide a fast and accu-
rate loss estimation based solely on the information provided in
datasheets. The caveat is to ensure that the model employed is
of sufficient fidelity for the design task.

Several analytical models have been developed in the past
years to predict the switching loss of power MOSFETs. One of
the most accurate models so far analyzing the switching behav-
ior of this device in great detail is derived in [28]. It takes into
consideration the nonlinear capacitances of the MOSFET as well
as the parasitic inductance of the device package and circuit lay-
out. The price paid for this detailed model was however a fairly
intricate set of equations and solutions that rendered the model
hard to implement and adopt. A piecewise linear model predict-
ing MOSFET switching loss based on gate charge was proposed
in [29] and [30]. Though easy to use, the description of loss
generated by diode capacitive charging and MOSFET turn-OFF
procedure is incomplete. To circumvent the above-mentioned
shortcoming, this paper has developed a set of equations to
predict the switching loss of this device based on the piece-
wise linear model proposed in [29]. Both turn-ON and turn-OFF
times are determined in this model using the gate charge of the
MOSFET, as opposed to its capacitances, which eliminates the
need to deal with the nonlinear voltage dependence of the latter.
The parasitic inductance of the package, namely the common-
source inductance, as well as the loss caused by charging the
diode junction capacitance during turn-ON, is taken into consid-
eration. The complete model as well as the equations derived to
calculate losses is described in detail in Appendix C.

D. Semiconductor Devices Selection

The selection of semiconductors is critical in order to achieve
a high power conversion efficiency given that they determine
both the conduction and switching losses in the converter. For
diodes, 1.2 kV SiC Schottky diodes (candidates included: CREE
C4D10120A, C4D15120A, and C4D20120A) were selected in
order to eliminate the reverse recovery loss in the commutation
process. It is worth noting that diodes not only generate conduc-
tion loss but also produce switching loss due to charging of the
junction capacitance. Diodes with larger current capability have
higher junction capacitance that produces more switching loss.
To achieve maximum efficiency, SiC diodes should be carefully
selected considering their influence on both conduction loss and
switching loss.

—@®— Boost Inductance Inter-phase Inductance
Total loss
5000 35
4000 .\ 30
&l 25 5
23000 20 7
= g
g 152
52000 =
E 102
1000
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12 168224 30 36 42 48 54 60 72 90
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Fig. 12. Relationship among switching frequency and boost inductance, in-

terphase inductance, and minimized loss.

Regarding active semiconductors, Vienna-type rectifiers re-
quire four-quadrant switches to block voltage and conduct cur-
rent in both directions. Two MOSFETs are used and connected
in a common-source configuration to attain this functionality, in
which case they can be driven by the same circuit and a single
isolated power supply. Several 600 V (or 650 V) Si MOSFETs (In-
fineon IPP60R199CP, IPW65R110CFD, IPW60R045CP) and
1.2 kV SiC MOSFETs (CREE C2M0160120D, C2M0080120D)
were examined in the optimization process.

E. Converter Loss Estimation

Continuing with the design procedure, Fig. 12 shows the
resultant relationship found between the boost and interphase
inductance values, and the total loss of the converter as a func-
tion of the switching frequency of each subconverter. It should
be noticed that the first group of switching harmonics is located
at twice the switching frequency as a result of PWM interleav-
ing. The boost inductance required below 22.4 kHz switching
frequency is determined by the current harmonic limits (de-
tailed in Table I); hence the jump observed for lower switching
frequency values. Beyond 22.4 kHz switching frequency, boost
inductance is designed to ensure THD to be below 10% at nom-
inal load. The final design point chosen for switching frequency
to ensure minimum loss, while avoiding a large inductor size,
was accordingly 22.4 kHz. In this case the estimated loss was
19.9 W, which translated to an efficiency of 99.32%.

F. Converter Implementation

To achieve the optimized design, boost inductors were built
using E55/28/21-3C90 cores with 40 turns, achieving the re-
quired 360 pH inductance value. The interphase inductor was
implemented using TX51/32/19-3C90 cores with 42 turns, while
the additional high-frequency interphase inductor was imple-
mented using a 3-turn TX36/23/10-3C90 core. The windings
of both types of inductors were implemented using 120/36 Litz
wire. Based on the loss model presented previously, at a switch-
ing frequency of 22.4 kHz, CREE C4D15120A SiC Schottky
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Fig. 13.
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Converter prototype of a dual-channel interleaved Vienna-type recti-
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Fig. 14.  Experimental waveforms of converter prototype under nominal load.

diodes and CREE C2M0080120D SiC MOSFETs attained the
lowest semiconductor loss, and were, therefore, selected.

V. EXPERIMENTAL RESULTS AND PERFORMANCE EVALUATION

This section presents the results of the experimental evalu-
ation conducted with the converter prototype constructed, in-
cluding efficiency, THD, and thermal behavior. The converter
prototype is shown in Fig. 13. The dimensions of the prototype
are 8.7" x 8.8” x 2. Experimental waveforms obtained at nom-
inal output power are shown in Fig. 14, where V4, and V42,
correspond to the voltages of phases A; and A, with respect
to the dc bus midpoint, Vy;g to the voltage difference between
these voltages, 41 and I4- to the input currents of phase A;
and phase As, and I, to the circulating current. As observed,
the latter was effectively attenuated by the interphase inductor
arrangements, while the converter phase currents are perfectly
sinusoidal and the converter phase voltages are shown to effec-
tively clamp their operation to the positive and negative dc bus
rails during the times when the respective phase currents are
close to zero or at their maximum value.

The efficiency of the converter at its nominal output power
condition was measured with a Yokogawa PZ4000 power ana-
lyzer, which indicated a 99.26% efficiency. The accuracy of this
instrument is £0.2% for dc power measurement and £0.125%
for ac power measurement, which corresponds to a £0.33% ac-
curacy in said measurement. To verify the efficiency measure-
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Loss distribution of an interleaved Vienna-type rectifier at nominal

ment, an offline temperature characterization was done, where
a controlled dc current was injected into each device under test
producing the same temperature rise as in their normal opera-
tion. This dc condition renders the consumed power measurable
by using higher precision dc voltage and current meters. In these
measurements, it was assumed that the temperature of the in-
terphase and boost inductors is not dependent on neighboring
components. Diodes and MOSFETs on the other hand do have
mutual heat transfer due to the short distance between them,
and thus two current sources were used simultaneously in the
test. The estimated total loss from offline thermal characteriza-
tion was 21.4 W, which is in close agreement with the 19.9 W
total loss predicted by the optimized design procedure.

The predicted and thermal-characterization-derived loss
breakdown at nominal load is shown in Fig. 15, where a good
match is observed between them. For data derived from ther-
mal characterization, the loss distribution of each device (e.g.,
MOSFET) is estimated based on device characteristics (e.g., con-
duction loss of MOSFET could be calculated and the rest is switch-
ing loss). The predicted and thermal-characterization efficiency
measurement as well as the efficiency measured with the power
analyzer are shown for different load values in Fig. 16. The good
match of all three plots, but especially of the two experimental
ones, validates this result.

The measured current THD at full load is 9.5% (full fre-
quency range). The measured low-frequency current harmonics
and harmonic standard limits are depicted in Fig. 17, where the
compliance of the latter is shown.

The temperatures of the semiconductor devices were mea-
sured during nominal operating conditions with both thermo-
couples and a thermal camera. Under 25°C ambient conditions,
and without any active cooling, the thermal image of the con-
verter prototype is shown in Fig. 18. In this figure spot 1 and
spot 2 correspond to the MOSFET and diode in one of the con-
verter phase legs, indicating 61°C and 73°C in steady state after
30 min of operation. The measurements obtained with the ther-
mocouple on the other hand indicated respective temperatures
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Fig. 18.  Temperature distribution of the converter prototype.

of 53°C and 74°C, also after 30 min of operation. This slight
discrepancy is attributed to the fact that the converter prototype
was not coated in black prior to conduct the imaging process;
hence, the dual measurement conducted. These results also ver-
ified the design conducted that pursued an operation without
active cooling for the converter prototype.

Comparing to the single-channel Vienna-type rectifier with
phase-leg implementation (d) (shown in Fig. 1), a 27% loss
reduction is achieved by the interleaved prototype. The loss
reduction is attributed to the following aspects:

[m p
A=m

npnl fppnl

[mnp] [pnp]

Fig. 19.  Space vectors of DPWM and clamping options.

1) the switching loss of MOSFETs is reduced from 10.4 to
5.5 W, though the equivalent switching frequency is the
same;

2) the conduction loss of both MOSFET and diode devices is
reduced, from 2.3 to 0.9 W and from 10.6 to 8.4 W in the
MOSFET and diode cases, respectively; and

3) the conduction losses of the boost inductor are reduced
from 5.8 to 3.5 W.

The latter point is illustrated in Figs. 5 and 14 that show how
the current ripple is nearly zero at the peak and trough of the
phase currents thanks to the use of interleaving and DPWM. Ac-
cordingly, these inductors can be implemented with fewer turns
for the same peak-flux density and inductance, if the same mag-
netic core is used. Interphase inductors, however, are required
when using interleaving, whose 2.3 W loss was small enough in
this case to not affect the overall loss reduction attained by the
method.

The above-mentioned loss reduction translates into an im-
proved thermal design for the interleaved converter, which in
this case eliminated the need for active cooling. In effect, it is
estimated that a case temperature of 138°C and 152 °C would
be the operating condition of the MOSFET and diodes of a single-
channel Vienna-type rectifier built to the same set of specifica-
tions assuming an ambient temperature of 25°C. The interleaved
Vienna-type rectifier on the other hand featured temperatures of
53°C and 74°C for its MOSFET and diode devices for the same
conditions, making possible the operation without active cool-
ing up to 60°C ambient conditions.

VI. CONCLUSION

This paper presented the design and hardware implemen-
tation of a three-phase interleaved Vienna-type rectifier with
99.28% nominal load efficiency operating without active cool-
ing. The operating principle of the interleaved Vienna-type rec-
tifier was presented in detail, analyzing in depth the generation
of the switching-frequency circulating current as well as ef-
fective methods for its attenuation. A design and optimization
procedure to attain maximum efficiency was then proposed,
based on detailed loss models developed for the power converter
semiconductors and its boost and interphase inductors. From
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these, hardware design guidelines were presented to ensure
the correct operation and functionality of the converter, while
demonstrating the feasibility of the efficiency-optimized design
procedure. Finally, experimental results obtained with a 3 kW
experimental prototype were presented to validate the design
procedure and converter operation.

APPENDIX A

TABLE I
KEY FEATURES OF TWO-LEVEL BOOST RECTIFIER, THREE-LEVEL NPC BOOST
RECTIFIER, T-TYPE BOOST RECTIFIER, AND DIFFERENT PHASE-LEG
IMPLEMENTATIONS OF THE VIENNA-TYPE RECTIFIER

Topology Device blocking ~ Pos. /Neg. Middle point Devices in
voltage clamping path clamping path commutation
Two-level Whole dc bus MOSFET N/A MOSFET<4>MOSFET
Body Diode
Three-level NPC  Half-dc bus MOSFET * 2 MOSFET+Diode MOSFET<>MOSFET
Body Diode
T-type Hybrid:two blocks MOSFET MOSFET * 2 MOSFET<>MOSFET
whole dc bus, two Body Diode
blocks half-dc bus
Vienna-type (a) Half-dc bus Diode * 2 Diode-+MOSFET External
Diode<>MOSFET
Vienna-type (b) Half-dc bus  Diode+MOSFET Diode+MOSFET MOSFET<>MOSFET
body Diode
Vienna-type (c) Half-dc bus Diode * 2 Diode * External
2+ MOSFET Diode<MOSFET
Vienna-type (d)  Diodes:half dc Diode MOSFET * 2 External

busMOSFETs:whole Diode<>MOSFET

dc bus

Additionally, the isolated gate drivers per phase leg in each
topology are 2,4, 3,2,2, 1, and 1.

APPENDIX B

Under this DPWM scheme, to achieve phase clamping in
sector 1, vectors [p n n], [p n m], and [p m m] would be selected
in the lower half of the region, and vectors [pnm], [pmn], and [p
m m] in the upper half, where the vector elements “p,” “m,” and
“n” refer, respectively, to the positive, midpoint, and negative
dc bus terminals. This choice of vectors ensures that phase A
remains connected to the positive dc bus rail when the desired
output voltage vector lies in sector 1, effectively clamping phase
A during this period of time. Conversely, in sector 2, vectors [p
m m], [p m n], and [m m n] are selected to ensure that phase
B is clamped to the dc bus mid-point instead, corresponding to
the instant of time when the current in phase B crosses zero.

APPENDIX C

The voltage and current transitions during commutation
are assumed to be linear as illustrated in Figs. 21 and 22.
These figures also show the four time intervals that take place
during the turn-ON and turn-OFF process. The duration of these
intervals is determined by the driving circuit, the parasitic
inductance and, most importantly, the gate charge. In this part,
Fig. 20 depicts the circuit for MOSFET switching loss prediction
with all considered parasitics. Figs. 21 and 22 depict the
voltage and current waveforms during the turn-ON and turn-OFF
commutation process, respectively.

For turn-ON loss prediction, four different intervals are de-
scribed and modeled separately.
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Fig.22. Waveforms during the turn-OFF procedure.

Interval 1: The gate-to-source voltage V increases from zero
to the threshold voltage level V4. The gate charge provided by
the driver during this time is (;,. There is no switching loss
resulting from this interval.

Interval 2: V,, increases from V{), to the plateau voltage level
the MOSFET, V1. In [30], it was assumed that V/},; was constant
under different load current value Ijy,q, so that Vs remained
at V}, during this interval, while in this revised model, V,
changes as 14, changes and V; increases linearly to V},;, making
it more accurate. Since the MOSFET works in saturation regime
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during this interval, the relationship between V},; and [1,,q can
be expressed as

Y

where k is a constant and is determined by the device intrinsic
parameters (gate oxide capacitance, channel dimensions, and
carrier mobility). Based on (11), V},; can be found using

Ioa
%l:\/%+‘/th~

In this interval, as V, increases, the drain-to-source current
145 rises to I),aq. The gate charge provided by the gate driver
during this interval is (051, from where the following set of
equations can be derived

Lioaa = k(Vi1 — Vin)?

(12)

Vor — Vin
V;,s(t) — %t + Vvth
dlis T
VLS = Ls d = Ls foad
dt tron (13)
‘/dr - er (t) - VLs
1, ate,PQ(t) = g
g f Rg
Qgsl = ﬁ),r'ou Igate,P?(t)dt

where V14 is the voltage across the common-source inductance
Ly, t, on is the duration of the interval, R, is the gate resistor,
Igate,p2 1s the output current of the gate driver, and Vj, is the
gate-driver output voltage.

Solving these equations yields ¢, ., which is given by

2Rg <Qgs1 + 7L'€}Q(°ad )

g

2Var = Vin — Vi

tron = (14)

Interval 3: Vi, stays at V},; due to the Miller effect, and the
drain-to-source voltage V5 begins to fall. The total charge re-
quired by the Miller capacitor is ()gq, Which can be found in
the datasheet. Based on this analysis, the output current of the
gate-driver during this interval Ioac p3 is given by

Vvdr - Vl
Ligte p3 = ——2. 15
gate, P3 R, (15)
The duration of this interval ¢; ,,, is given by
Qea Ry
trop = —2—9 (16)
! V;lr - ‘/pl

The junction capacitor of the freewheeling diode is also
charged during this interval, where the charging current also
flows through the MOSFET channel causing additional loss. The
total energy Ejiode,total provided by the dc voltage source to
charge this junction is given by

Vout
Edio<ie,total = Vout / Cdiode(v)dv (17)
0
where Vi is the dc bus voltage and Clyipqe is the (nonlin-
ear) diode junction capacitance. In this process, part of the en-
ergy stored in the capacitor is returned to the source during the
diode turn-ON transient (MOSFET turn-OFF); thus the total energy

dissipated Fqioq can be calculated as follows:

Eiiode = Faiode,total — Ee diode
Vout

Vout
- Vout Cdiodc(v)dv *\/ Cdiodc(V)VdV (18)
0

0
where E. giode is the total energy stored in the diode junc-
tion capacitor. Given the nonlinear nature of this relationship, it
is highly recommended that this expression be used—together
with the C—V datasheet curves—to estimate the capacitive charg-
ing loss, as opposed to a simplified one, for the sake of the
estimation accuracy.

Additionally, the diode reverse recovery may take place dur-
ing this interval during the turn-OFF of the diode. This energy
loss Err can be calculated as follows:

Err = Qrr Vout

where Qrp is the total reverse recovery charge of the diode. If
Schottky diodes are used this term is zero.

Finally, the energy stored in the MOSFET output capacitor
Eoss mos will be dissipated in the MOSFET channel during this
interval. This energy is expressed as

19)

Voul.
Fomnios — / Comrios(VIVAV 20)

0
where Cyss M0s is the nonlinear output capacitance of the MOS-
FET. The relationship between Cogs Mos and the drain-to-source
voltage is always provided in datasheets.

Interval 4: V,, continues to rise, resulting in a further re-
duction of the ON-state resistance of the MOSFET. There is no
switching loss in this interval.

Accordingly, the turn-ON loss energy in the total switching
period is given by

1
Qmutlload (tr,on + tf.on) + Ediude

+ Eossmos + Qi Vout -

The turn-OFF of the MOSFET follows a similar but inverse
process than the turn-ON transient and the corresponding wave-
forms are illustrated in Fig. 22. Four time intervals are used to
describe the turn-OFF procedure.

Interval 1: Vi falls to the turn-OFF plateau voltage V1 of - Las
and Vj; stay at Ijo,q and zero, respectively. No switching loss
is associated with this interval.

Interval 2: V, stays at V1 o while Vg, rises from zero to the
blocking voltage. It is worth noting that V},; o could be different
from V), described previously. Iy stays at the same level during
this interval. Part of the drain-to-source current flows through
MOSFET channel (depicted as I annel in Fig. 22) while the other
part flows through Cy of the MOSFET (evinced as [, in Fig. 22)
to charge the MOSFET output capacitor. The energy provided by
I, 1s stored in the output capacitor during turn-OFF and is not
dissipated until the MOSFET turns ON, which was accounted for
in the turn-ON loss calculation. Only the overlap of . anner and
Vis yields switching losses during the turn-OFF procedure. It is
further assumed that .y, and I, are constant during this
interval. Finally, the Miller charge (Q,q is removed by the gate
current during the same time interval. Accordingly, the duration

Eon =

21
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t, o should satisfy

_ Qoss n di
tr,oﬁ == 5
IOSS
troff = di o di o di
r.ott ™ T Vorotr —Varor T
Lyate.off Vorott —Viror <\/1uhakm.c1 n Vm) T
9
R,
Igate + Ioss + Ichannel = Iload
(22)

where (), is the MOSFET output charge and Vj, g is the turn-
OFF voltage present at the gate driver. Though an analytical solu-
tion exists, it is easier to use numerical methods, e.g., Newton—
Raphson, to find the approximate solution for /.y annel, Loss, and
trof in practical implementations.-

Interval 3: Vi, falls to the threshold voltage Vi, while Iop,annel
falls to zero. This interval follows a similar but inverse pro-
cess than interval 2 during the turn-ON process. For the sake of
brevity, the derivation is omitted here and only the equation for
the duration of this interval is provided as

LsIchanne
—2R, (Qgsl + #)
2Vdr,0ff - Vvth - VYPL,OFf

Lior = (23)

Interval 4: V, further decreases to zero. No switching loss is
generated.
The total turn-OFF loss F,g is finally given by

1

7Vzmt Ichannol (tr,off + tr‘oﬁ' ) .

Eg =
=3

(24)
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