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Abstract—This paper presents a three-phase multilevel power
factor correction (PFC) rectifier employing multistate switching
cells. A generalized converter structure is presented based on the
connection of switching networks of Vienna-type rectifier topolo-
gies through multiinterphase transformers (MIPTs). The resulting
rectifier presents the intrinsic benefits to the employed building
blocks and the ones added by a modular construction that en-
ables the reduction of passive components and overall losses. The
operation of the PFC rectifier is described, including appropriate
modulation and control strategies. Design guidelines for the mag-
netic components are derived for the MIPTs, boost inductors, and
power semiconductor devices. Finally, a lab prototype is used to
present experimental results. This prototype is rated at 7.5 kW
and uses a modular structure to assemble a four legs per phase
rectifier. Efficiency above 98% from 40% load and IEC61000-3-2
requirements are observed.

Index Terms—High efficiency, high power density, multistate
switching cells, power factor correction, PWM rectifiers.

I. INTRODUCTION

HE electric power demand increase has triggered discus-
T sions concerning the production, transmission, and distri-
bution of electric energy in the last decades. Substantial research
resources have been put into new and renewed power process-
ing concepts, such as the use of renewable energy sources and
distributed generation. At the same time, the needs for energy
and the risk of shortages generated a discussion on how electric
energy is spent. Low-efficiency equipment are present in both
residential and industrial environments, and are responsible for
a considerable amount of the demanded energy and material
resources. In this sense, it is clear that energy processing effi-
ciency and reduced raw materials usage are key factors for a
sustainable society.

Unidirectional power factor correction (PFC) rectifiers play
an important role in such scenario, since high-power electronic
loads are effectively fed by such rectifiers due to the predomi-
nantly alternating current (ac) power distribution networks. Such
converters have been widely employed to improve the power
quality in high-power ac to direct current (dc) conversion sys-
tems. Various topologies were proposed [1], [2]. Especially, the
three-level three-phase unidirectional rectifiers [3], [4] provide
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the means to achieve benefits that include [5] high power fac-
tor; control of the dc output voltage; the possibility to use lower
voltage power semiconductors, e.g., 600-V MOSFETs in 400-V
mains applications; robustness, since shoot through is not pos-
sible; reduced passive components due to lower noise genera-
tion; and high conversion efficiency. Another trend perceived in
power electronics is the increase in the electronically processed
power levels, e.g., grid applications [6], [7] and high-power
variable speed drives [8]. This trend to higher processed power
has been mainly driven by the evolution of power semiconduc-
tors [9]-[12]. However, the development of modular converter
concepts has been also an important part in this process [13].
The typical aims in the high power are to increase reliability
and reduce costs, both initial and operational. Reducing power
conversion losses helps in both these objectives by lowering
cooling systems requirements, and thus, high efficiency appears
as a goal even under this perspective. This paper presents mul-
tistate switching cell-based multilevel PFC rectifiers (MLMSR)
[14]-[21] and shows that these are a promising solution in this
context. Remarkably high-efficiency rctifiers built with this type
of technology were reported in [22] and [23]. MLMSRs have
all the benefits of three-level three-phase unidirectional recti-
fiers and can be built in a modular way. Thus, very high power
ratings and/or very compact implementations are possible.
This paper introduces MLMSRs as a generalized converter
topology, where the switching network structure can be changed
to achieve the characteristics of more basic nonmodularized
three-phase three-level rectifier topologies. Different magnetic
components and architectures are discussed in Section II and
provide flexible ways to implement the rectifiers. A brief re-
view of multistate switching cells and an appropriate mod-
ulation strategy are also presented in Section II to introduce
the basic operation of the proposed concept. The operation of
MLMSRs as PFC circuits is defined and the resulting switching
voltages are derived in Section III. This section also analyzes
the generation of current ripple in the boost inductors as well
as in the multiinterphase transformers (MIPTs) magnetizing in-
ductance are analyzed and defines a suitable control strategy.
Section IV presents a discussion and design guidelines to the
choice of switching networks. A laboratory prototype is de-
scribed in Section V used to provide experimental results that
verify the described operation of an MLMSR. This prototype
is rated at 380 V/7.5 kW and has the characteristics of not us-
ing heatsinks, i.e., the generated heat is dissipated by forced
air cooling flowing through modular printed circuit boards that
physically implement the switching networks. The achieved ef-
ficiency is above 98% from 40% load and above 96% from 7%
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Fig. 1. General circuit structure of the multilevel multistate switching cell-based three-phase unidirectional rectifier (MLMSR).
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Fig.2. SPTT switches . (a) Generic representation. (b)—(g) Practical implementation examples of the SPTT switches. (h)—(j) Bidirectional switch implementation

alternatives to be employed in configurations (e) and (g).

load and IEC61000-3-2 Class A standard [24] requirements are
met.

II. THREE-PHASE MULTILEVEL PFC WITH MULTISTATE
SWITCHING CELLS

The proposed multilevel three-phase PFC rectifiers employ-
ing multistate switching cells, shown in Fig. 1, are an extension
of the single-phase ones introduced in [18], [25], and [26]. How-
ever, their three-phase characteristics make them more efficient,
even though more complex. This section describes the basic
operation of such rectifiers driven by pulse width modulation
(PWM).

The converter is fed from a three-phase three-wire ac power
system. It is assumed that the grid phase voltages are balanced
and defined with

v, =V, sin (wyt + ¢y, (1)
where Vg and w, are the peak phase-voltage value and the
angular frequency of the grid, respectively, and k = a, b, c. Thus,
the phase angles ¢y, are ¢, = Orad, ¢, = —27/3rad, and ¢, =
+27/3 rad.

Three dc voltage levels, namely v,,, 0, and v,, are on the
dc-link at the output side. The total dc-link voltage is
(@)

Vo = Vop + Von-

The MLMSR has three phases, where each rectifier phase is
composed of N semiconductor legs (identified with index j,
with 7 = 1,2,..., N). Three boost inductors L; j interface the
converter to the grid voltages. A MIPT T}, with N windings
connects the respective boost inductor L;, ;. to /N semiconductor
legs. Each leg is composed of a single pole triple throw (SPTT)
switch Sj;, diodes Dy;j,, and Dy j,, where the subindices p
and n refer to the diodes connected to the positive p and neg-
ative n dc-link terminals, respectively. These diodes are used
to maintain the unidirectional nature of the converter, but can
be omitted for specific analyzes, for instance to obtain control
oriented models.

Various switch configurations are able to implement .Sy, ;. The
ones presented in Fig. 2 [3], [4], [25], [27]-[30] are well-proven
examples. However, the generic representation of an SPTT in
Fig. 1 is considered for the converter operation analysis de-
scribed in the following. The semiconductors efforts and prac-
tical implementation issues related to the SPTT configurations
are further discussed in Section IV.

The MIPTs T}, have been named differently in the literature.
Cougo et al. [31], [32] use intercell transformers, while the
first reference on this subject related to PFC rectifiers [14] uses
autotransformers, and the authors in [33] and [34] use highly and
close-coupled inductors, respectively. The first work to propose
the association of bidirectional multilevel converter legs with
this type of magnetic component [35] used the term current-
sharing reactors. This study chooses to use MIPT as in [36] given
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Fig.3. (a) Basic implementation of an /N -winding MIPT, where an asymmet-
rical IV-limb core is illustrated. (b) Whiffletree alternative for a practical N = 4
converter implementation.

the definition in [37] that specifies an interphase transformer as
“an electromagnetic device enabling the operation in parallel
of two or more phase displaced commutating groups through
inductive coupling between the windings placed on the same
core,” which is closely related to the definition in [38].

The basic implementation of a hypothetical MIPT T}, with N
windings is shown in Fig. 3(a), where an N-limb core is em-
ployed. Since a symmetrical MIPT is not easily constructed for
N > 3, other structures such as the whiffletree presented in [36]
and seen in Fig. 3(b) are preferable for practical implementa-
tions. For the following analysis, the MIPTs will be considered
as symmetric structures.

A. Converter Operation

The poles of the generic SPTT switches are connected to
the respective windings at one end. By definition, a turned-on
switch Sj; connects the transformer winding to the midpoint
0 of the dc-link. When the switch is turned OFF, the voltage
on the pole is determined by the input current direction. Thus,
the pole voltages across the switches, i.e., the voltages between
each switch fixed terminal and the 0 terminal, are given by

. 7
sk j = sign(ir.) ?0 (1= sk;) 3)

where the switching functions sy, ; are defined as

L,
Skj = 0

and the partial dc-link voltages are assumed balanced and con-
stant, i.e., vpp = Von = V,,/2.

Defining N, j as the number of turned-off switches at phase
k and N, ;; as the number of turned-on switches at that phase, it
follows that

if switch .Sy,; is ON @)
if switch S; is OFF

N:No,k+Nc,k- (5)
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Fig. 4.  Modulation strategy carriers disposition examples the for converters
with (a) N = 2 and (b) N = 3. The carriers are displaced of 27 /N rad.

As presented in [18], according to the MIPT operation, the input
phase voltages vi, . generated by the converter are

‘/UNO,IC
2N

N
1 o
Uik = 57 D Vsk j = sign(i) (6)

Jj=1

From (4) and (6), the input phase voltages are rewritten as

v, 1
Vin, i = sign(iy) 211-= Z skj | - @)
2 N £

The input phase voltages, as defined in (7), present several
levels depending on the switching signals, which are generated
by the applied modulation strategy.

B. Multilevel Modulation Strategy

The modulation circuit of the presented converter has two
elementary functions: to generate the desired input voltages
Uin,; and guarantee the correct operation of the MIPTs, i.e., to
avoid the saturation. Carrier-based PWM modulation variations
are further considered in this study, even though more com-
plex modulation schemes can be employed, e.g., space-vector
modulation variations. This is to simplify the implementation in
commercially available digital signal controller (DSC) devices
assuming a large number of converter legs V.

The carrier-based modulation scheme employs a hybrid set
of carriers as shown in Fig. 4. For even values of IV, there are
two in-phase disposition carrier subsets, where each subset is
composed of N phase-shifted (PS) carriers displaced of 27 /N
from each other. On the other hand, for an odd value of N, the
two subsets of NV PS carriers are in phase opposition disposition.

As there are two carriers per SPTT switch, the gate ON signal
for a given switch Sy ; occurs in two situations:

1) the modulation function m;, is lower than the respective

carriers crr;p, and my, is positive;
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2) the modulation function my is higher than the respective

carriers ¢rr;,,, and my, is negative.

Thus, in each switching period T, all switches of the same
phase operate with the same duty cycle dj, but displaced by
27 /N rad, ensuring the appropriate MIPTs operation. Ideally,
this type of operation leads to exclusively high-frequency volt-
age components across each MIPT winding and allows that these
devices can have an optimized design with ferrite materials. On
the other hand, this guarantees very low voltage steps across
the boost inductors and these can be optimized for mainly wire
losses with increased N.

As in other multilevel converters, such a modulation scheme
leads to frequency multiplication on the input switched volt-
ages. Herein, the first high-frequency harmonic group, i.e., the
apparent frequency f, is located around IV times the switching
frequency f; = 1/Ty, which is an important feature to reduce
input filter components.

III. PFC RECTIFIER OPERATION

The following analysis assumes ideal components, sinusoidal
and balanced ac voltages, ripple-free input currents, and that the
output voltages are constant and balanced.

The three-phase rectifier operation can be defined by model-
ing the ac side with

Ua,b(t = L(zbc ' %Zabc + ﬁin,abc - gN@,O (8)
where
- T
Vabe = [va Uy Uc} (9)
anc - [ia ib in]T (10)
Uin,ab(: = [Uin,a Vin, b Uin.c]T (11)
Labc = Lb . I3><3 (12)

with Ly, = Ly o = Ly, = Ly . and U, o being a column vector
with the voltage between points Ne and O at its three com-
ponents. The voltage component in U, is also named here
common mode (CM) voltage, v.p,, since the CM impedance of
the MIPTs is null [18].

Assuming a purely sinusoidal mains voltage, the local average
value of the voltages vi, j is required to be

(Vin,k) = Vg? + |Vip|? - sin (wgt + ¢ — O1p)

to achieve near unity power factor, where |Vi;| = w,Ly I ,
01, = arctan(|Vzy|/V;), I is the peak current value of the si-
nusoidal input currents, and () denotes the local average value
of variable = defined by

13)

(x)y = é/tth (1) dr.

s

(14)

The values of |V;| and 0, are typically very close to zero in
practical implementations and will be neglected in the following
analysis. Thus

(Vin k) & V- sin (wyt + o) (15)
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Fig. 5.
situation.

Rectifier input voltage levels and respective time intervals in a general

which should be generated by the modulation strategy that drives
the converter. Therefore, neglecting the voltages across the boost
inductors, for a high power factor operation and a sinusoidal grid
voltage [cf., (1)], the local average values of the input voltages
(Vin, %) must be

(Vin,a) = MVT sin (wyt)
(Vinp) = MVT sin (wyt — %’T) (16)
(Vin,e) = M% sin (wgt + %’“)
where M is the modulation index given by
2V,
M ==L 17
v a7

The rectifier modulation functions are generated by the con-
verter control system and then compared with the carriers to
generate the gate signals. Considering the converter operation,
from (16), the phase modulation functions are approximated
with

m, = M sin (wyt)
mpy = M sin (wgt — QT”) (18)
m. = Msin (w,t + %)
and in each phase k, the switches duty cycles are given by
dp =1 — M |sin(wyt + ¢p)] - (19)

Other modulation functions m, lead to different characteris-
tics and can be used as presented in [19]. Sinusoidal PWM is
considered here for the sake of simplicity.

A. Multilevel Input Voltage Generation

From (7) and considering the time-variant duty cycle defined
in (19), the input phase voltage varies between two well-defined
levels at a given time interval. The levels depend on the operation
ranges ; that are defined by

i = floor (N - dy.) . (20)

The voltage levels and its time intervals are shown generically
in Fig. 5. Note that the frequency at the input phase voltage vj,,
is N times the semiconductor switching frequency f; = 1/75.
Furthermore, the voltage steps at the input phase voltage are
V,/(2N).

Fig. 6 illustrates a three-phase MLMSR with N =2 in a
hypothetical condition with a modulation index M = 0.86 and
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N = 2: (a) input phase voltage viy, 4 ; (b) input phase voltage v;y, 3; (c) input
line-to-line voltage viy, 45 (d) CM voltage ver, ; (€) switching signals for all
active switches; and (f) carriers and modulation signal m,, .

fs = 9f4, where f, is the fundamental grid frequency. The in-
put phase voltages viy , and vy, 1, are shown in Fig. 6(a) and (b),
respectively. The line-to-line input voltage vj, ., and the CM
voltage vem = (Vin,a + Vin,p + Vin,c)/3 are shown in Fig. 6(c)
and (d). All switch commands are presented in Fig. 6(e), and the
modulation signal m, and PWM carriers are shown in Fig. 6(f).
The input voltages present five levels and the line-to-line voltage
presents nine levels. The apparent frequency in the input volt-
ages is, in this case (/N = 2), two times the switching frequency.
Furthermore, the converter exhibits a reduced CM voltage.

The main waveforms of a rectifier with N = 4 considering
a whiffletree MIPTs configuration (see Fig. 3) are shown in
Fig. 7 for a frequency ratio of f,/f, = 27 and a modulation
index M = 0.86. The voltage in the nodes of the transformers
are seen in Fig. 7(a)—(c), where the frequency multiplication
effect is visible. Thirteen voltage levels are observed at the
input line voltage waveform in Fig. 7(d). Fig. 7(e) and (f) shows
the voltages across the windings of the transformers and the
resulting boost inductor voltage is plotted in Fig. 7(g). Finally,
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Fig. 7. Main waveforms of a rectifier with N' = 4 (normalized): (a) vin1,q

(see Fig. 3); (b) vin2,4 (see Fig. 3); (c) input phase voltage vi, 4; (d) input
line voltage viy 453 () winding W, o1 voltage; (f) winding W, 11 voltage;
(g) voltage vy, across the boost inductor; and (h) currents through the boost
inductor and two of the MIPT windings.

the currents at the windings of the boost inductor and two of the
MIPTs windings are in Fig. 7(h).

In order to provide a simple comparison, consider a conven-
tional three-phase three-level unidirectional Vienna-type rec-
tifier with the modulation strategy presented in [39], and the
referred three-phase MLMSR with N = 2 employing the mod-
ulation scheme as shown in Fig. 4. In both cases, the frequency
ratio is fs/f, = 27, and the modulation index is M = 0.86.
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Fig. 8. Harmonic spectrum for (a) and (b) a three-phase three-level unidirec-
tional Vienna-type rectifier and (c) and (d) three-phase MLMSR with N = 2 for
a frequency ratio f, / f, = 27 and a modulation index M = 0.86. The results
are normalized with respect to the output voltage V,,. The ideal cancellation of
the low-order harmonics depends on the achieved command pulses symmetry
and, in practice, depends on the control and modulation strategies.

Moreover, dc voltage sources on the output side and ac si-
nusoidal current sources on the input side are employed. The
resultant harmonic spectra for the line-to-line input voltages
Vin b and for the CM voltage are shown in Fig. 8. Comparing
with the conventional three-level converter [see Fig. 8(a) and
(b)], it is seen that several harmonic groups are canceled in the
MLMSR converter, as shown in Fig. 8(c) and (d).

B. Input Currents

Each phase boost inductor current ¢, is found by solving the
differential equation

d
Lbkd

where vy, ; is the voltage across the winding W7;. It can be
proven that

it = vipk = Vk — (Vwkj + VUsk,j) + Vem (2D

Vink = UWk,j + Usk,j- (22)

The inductor voltages, vy, With k = a, b, ¢, are not uniquely
determined by the respective input phase voltages, v, k., as it
is the case for the single-phase rectifiers [26]. Thus, the input
current ripple depends on the rectifier CM voltage v.,, and the
input voltages vj, ;. Both are defined by the employed modula-
tion strategy, number of semiconductor legs NV, and modulation
index M. Consequently, a general formulation for the input cur-
rent ripple is a complex task. However, from (21) and (22) and
considering the voltage levels and time intervals presented in
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0.012
0.008

0.004

Fig. 9. Normalized phase “a” boost inductor current ripple envelope as a
function of @ for converters with NV = 2.6 and M = 0.86. The peak normalized
ripple in a typical Vienna-type rectifier is Ai;, =~ 0.028 for the modulation
scheme presented in [39].

Fig. 5, it is possible to obtain the high-frequency input current
ripple Ai;, envelope.

Fig. 9 illustrates normalized input current envelopes Aiy, as
functions of the instantaneous input phase voltage angle 6 for
converters with N = 2,3,...,6, operating with a modulation
index M = 0.86. All results are normalized according to

stb
Vo

The input current ripple is clearly reduced with increasing
N and there are significant behavior changes with changing
N. This result clarifies the benefits of the proposed converter
regarding the input filters.

AZ1n - AZ1n (2’3)

C. Multiinterphase Transformers Magnetizing Currents

According to (7), the generation of a given input phase voltage
is related to the MIPT operation and the switching states. A
simpler way to model the MIPT operation is to decompose the
voltages and current across the windings into their local common
and differential components [18]. It follows that the self- and
mutual-inductances are uniquely represented through local CM
and DM inductances. Each MIPT local CM inductance is null
[18], while the DM ones are

N
~—Ls
TN-1

where Lg is the self-inductance of each winding. The local
DM currents and voltages across the windings Wp.; (with j =

1,2,..., N) are related according to
Uik = LWk 5 W (25)
with
dm VZ}(N - 1)

vy, = sign(ir) N (26)

1 N
EON
j=1
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Fig. 10. Normalized local differential mode current (magnetizing current)

envelope of the MIPT windings.

The DM inductances L%ﬁ“k are responsible for limiting the
interphase circulating currents, i.e., the local DM or magnetizing
currents of an MIPT. Such currents influence the losses and the
general operation of the converter, since high DM currents lead
to early discontinuous conduction mode operation. Thus, the
magnitude of the DM currents must be evaluated.

From (25), (26), and Fig. 5, the envelope of the DM currents
across the windings is obtained from the integration of the DM
voltage, resulting in

. v,
g, = di (=2, — 1+ N) +

sdm (ke +1)
WETANf LI

N
27)
Defining the normalized DM current envelope as

dm
(Sidm _ 6i?¢mk LW fs
. = 7
Wk ‘IO

(28)

the positive DM current envelope is presented in Fig. 10, for
different values of IV and 0 < 6 < m, considering the modula-
tion strategy introduced in Section II-B with a modulation index
of M = 0.8. Equation (28) can be used to define the value of
the required magnetizing inductance. The leakage inductance in
these transformers can be used to reduce the current ripple at
the boost inductor and, thus, do not affect the operation of the
converter in a relevant way. However, an air gap will influence
the winding losses and reduce the total magnetizing inductance.
Its presence can reduce the possibility of saturation due to low-
frequency flux harmonics generated by small deviations of the
duration of the gate pulses. Therefore, the magnetizing flux
and the winding currents are the main design parameters to be
considered.

It should be observed that the magnetizing current is directly
related to the magnetic flux in the transformers. In this sense, its
behavior should be evaluated, since the total losses and volume
of a transformer depend on its magnetic flux density. Further-
more, a modulation strategy must guarantee that the local aver-
age value of all MIPTs magnetizing currents, and implicitly the
magnetic flux in their cores, in each switching period is null.
Thus, the modulation strategy must achieve

(iwkjam) =0 (29)

in each switching period for the optimal design of the MIPTs.
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Fig. 11.

Block diagram of the used control strategy.

D. PFC-Oriented Control Strategy

Even though the proposed topology presents multilevel and
frequency multiplication at the input voltages and output cur-
rents, from the control point of view, the MLMSR converter
is very similar to the conventional unidirectional three-phase
three-level rectifier. This occurs because, ideally, the MIPTs do
not present CM inductance and, thus, do not influence the in-
put current dynamics. However, the MIPT must be designed for
a high differential inductance, i.e., for a high rate of CM/DM
currents in the transformer windings, in order to avoid discontin-
uous operation, which occurs when the diodes Djy,, and Dy,
turn-off prematurely.

Among various control schemes, a synchronous reference
frame strategy is used in this study. It is implemented as shown
in Fig. 11. This control scheme includes an output voltage bal-
ancing loop and has been presented for unidirectional three-
phase three-level unidirectional rectifiers in works such as [40]
and [41] with small modifications.

The instantaneous phase angle w,t is obtained from the grid
line-to-line voltage measurements v,; and v,. by means of a
phase-locked loop circuit. The total output voltage V, control
loop generates the direct axis current reference 74", and the
quadrature axis current reference is set to zero. The measured
input currents 7, and ¢, are converted to the synchronous refer-
ence system through the abc/dq transformation and are directly
controlled in dq variables. Finally, the modulation signals my
are obtained from a dg/abc transformation of the control signals
mgq and m,, as well as the output control signal my s, , generated
from the partial output voltage balance loop.

It should be noted that the frequency multiplication and mul-
tilevel operation allows a converter design with a reduced value
of inductance at the L inductors. However, the crossover
frequency of the current control loop will not be necessarily
higher, in comparison with other conventional rectifiers, since
the transformer operates at the switching frequency. Therefore,
the digital modulation circuit must be updated at this frequency
in order to guarantee the adequate operation without magnetic
saturation. Besides, other issues such as digital control delays
typically limit the dynamics of the current control. On the other
hand, the reduced inductance value of L; ; makes the system
more susceptible to disturbances mainly to the grid voltage,
which typically presents harmonic distortion and unbalance. In
such situations, simple controllers such as PI and PID may be
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inefficient and more complex control structures such as multiple
resonant controllers may be necessary, mainly for these periodic
disturbances.

IV. PRACTICAL IMPLEMENTATION FOR THE SPTT SWITCH
AND CURRENT EFFORTS

The SPTT switch in the converter of Fig. 1 can be imple-
mented through different semiconductor configurations. In this
study, six examples are considered (cf., Fig. 2) including some
variations. Such configurations differ regarding the number of
controlled devices, gate drivers, and the requirements regard-
ing the isolated auxiliary power supplies, voltage and current
efforts, complexity of the modulation circuits, among other is-
sues. However, all cases generate the same external converter
characteristics for PFC operation as previously discussed.

According to the application requirements, both IGBTs,
MOSFETs, or other power semiconductor devices can be cho-
sen for the turn-off devices. For high power density applications,
MOSFETS are typically preferred. In high-power applications,
where high-current devices are necessary, IGBTs are typically
used. Moreover, several other recent and emerging semiconduc-
tor technologies such as SiC-JFETS, SiC-MOSFETS, and GaN
devices [11], [12] are promising devices for current and future
MLMSR applications.

As seen in Fig. 2(b), configuration I [3] requires two driver
circuits with insulated references. On the other hand, the con-
trolled devices S; and Sy are easily driven by the same gate
signal and diodes D; and D operate at the grid frequency.

Configuration II [cf., Fig. 2(c)] [27] needs two isolated gate
drivers and allows simpler modulation circuits, as with config-
uration I. However, a more complex modulation circuit might
bring benefits it MOSFETS are used, where a synchronous mod-
ulation scheme can be implemented in order to reduce the con-
duction losses. Thus, for the positive half cycle, switch S5 is
driven with the control gate signal, while S; is continuously
ON, reducing the conduction losses in D;/S;. Complementary
operation occurs in the negative half cycle.

A potentially inexpensive solution is presented in Fig. 2(d)
[4], where a single turn-off device and its gate drive are required.
The main drawback is the increased conduction losses, since
there are three devices carrying current in one of the operation
states.

Configuration IV [cf., Fig. 2(e)] consists of a T-type arrange-
ment [28]. The central bidirectional switch may be realized in
different ways, as shown in Fig. 2(h)—(j) [4], [30]. This scheme
reduces the number of devices in the current path when the
switches are OFF. However, in this case, the external diodes
Dy, and Dy, must be rated for the full dc-link voltage V.

A general switch implementation is presented in Fig. 2(f) [25]
and allows many variations. For instance, all semiconductors
may be synchronously commanded, sharing the current efforts.
Furthermore, it is possible to switch ON the MOSFETs related
to the diodes that conduct in the complementary time (1 — d)T}
and, thus, reduce the forward voltage drop across such devices.
The main disadvantage is the requirement for four gate drive
circuits and consequently higher implementation cost. Another
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TABLE I
SEMICONDUCTOR EFFORTS FOR THE SPTT SWITCHES CONFIGURATIONS I, 11,
IIT, AND TV PRESENTED IN FIG. 2, AND FOR THE DIODES Dy, j,,
AND Dy, (k = a, b, c)

SPTT Model | Device Lo 1
D1 Dy Ly 2%
I i
fin ) Iin /1 2M
Si Sp 1% (4 — M) T\/Z*W
i Dy Ds jl",\],w i}vn 5

S1 82 Dy Dy | fimc(a—mm) | Lp/i-22

Iin Iin

D1 Dy N 2N
m |ps; o, La(a— M) | L /12
Iin } I, v}
Sy g% (4 — Mm) | R+ \/ﬁ
fin Iin /1 _ 2M
IV(h) Ds D¢ D7 Ds AN (4 — Mm) N \/;
Tin J Iin aM
Ss 725 (4 — M) W\/%‘W
IVG) Do Do S5 5 | Lgpta—nmy | Ty /T— 2L
V() Di1Di2 S So | fin(4—Mr) | Lz \/ﬂ

All | Dijp Dijn fialt VAT
PEBBs Output DC
capacitors

Digital signal

controller Base board

Fig. 12.  Built 7.5-kW three-phase MLMSR modular prototype with N = 4.

possibility is to employ exclusively the MOSFETSs S, and Sy,
which share the same reference, reducing the auxiliary power
supply requirements.

Fig. 2(g) shows configuration VI, in which a bidirectional
switch [such as the ones shown in Fig. 2(h)-(j)] is placed in
between the pole and the 0 terminal. This leads to reduced
conduction losses since the current is divided into two paths.
Nevertheless, such a scheme requires two additional gate circuits
and their respective auxiliary power supplies.

Table I summarizes the current efforts for all devices of con-
figurations I-1V and for the diodes Dy, and Dy, ;,, . The efforts
for the other cases are not included, since these depend on the
employed modulation scheme and mainly of the static charac-
teristics of considered devices, and thus, cannot be generalized.

V. EXPERIMENTAL RESULTS

A three-phase MLMSR laboratory prototype (cf., Fig. 12)
with N = 4 has been built based on a modular construction
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= = == = = = e = Fig. 15.  Experimental waveforms of the voltage vy, ;, (200 V/div) and current
mmy s s = i - - iz (10 A/div) across the boost inductor Ly , .

Meosure
vake
saus - v .

S0 o Edoe Negatid

Fig. 13.  Experimental results: grid phase voltages v, (100 V/div) and grid cur-
rents i, (20 A/div). The converter presents low-current total harmonic distortion
THD: = 1.82% and high power factor PF > 0.99.

(a)

H H i 1 H
Measure P1ms(C1) P2rms(C2) P3:ms(C3) P4ms(C4) P5ms(F1) P6ms(F2) P7:ms(F3) P8:---
value 2358V 2341V 2340V 18.36 mA 2760V 4045V 4027V

status v v v

v v v
Cih C 1
W 400 00. 200 V| 0 V] 400 V| 400 V
0.0 VR -1kV] 0 pA| ms| 5 ms| 5 ms|

Fig. 14. Experimental results: (a) input phase voltages vi, j (400 V/div) and
(b) input line-to-line voltages (400 V/div).

Von Vo Vop

architecture [42] using the switching network of Fig. 2(b) and the
whiffletree configuration shown in Fig. 3. The converter operates
at the switching frequency f, = 75kHz, with the following
specifications: rated output power P, = 7.5 kW, output voltage
V, =760V, and input phase rms voltage v; = 230V /60 Hz.
All control and modulation schemes are implemented within a
DSC TMS320F28335 (Texas Instruments).

The grid phase voltages and currents are shown in Fig. 13,
where high power factor and low-current harmonic distortion
are obtained.

As shown in Fig. 14, the input phase voltages vi, ; present
nine levels and there are 13 line-to-line voltage levels.

Besides frequency multiplication provided by the modula-
tion scheme (f, = N f; = 300kHz), the multilevel operation Fig. 16. Experimental waveforms of the partial dc-link voltages v, and vop
Feduces the vollage s acrss the boost inductors Ly and G4, ot vl (100 o s 4t
thus, low-current ripple is obtained. This is seen in Fig. 15, 1644 (80-40%).
where the voltage and the current in a boost inductor are shown.
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R

P3:rms(C3)  P4:rms(C4) P5meaniF1)
value 10525 A 10497 A 7601448V
status v v v

PEms(F2)  P7:rmsiF3) P8---
1054 A -

Measure

Fig. 17.  Partial dc-link voltages v,, and vo, (10 V/div), total output voltage
v, (20 V/div) and grid currents 75, (10 A/div) showing the dc-link voltages bal-
ancing control loop operation. The closed-loop operation starts at t = —80 ms.
99.0
98.5
— 98.0 —
= _—
= 975 /‘
§ 970 /
£ 965
5 /
96.0—
95.5
95.0
0 1 2 3 4 5 6 7 8

Output Power kW]

Fig. 18. Measured efficiency as a function of the output power with rated grid
phase voltage, i.e., v;™* = 230 V. The auxiliary power supply for gate drivers,
fans, and control has not been considered.

A fast transient response is observed in Fig. 16(a), when a
positive load step (40-80%) occurs. Similarly, the converter
exhibits fast response and low overshoot for a negative load
step (80-40%), as shown in Fig. 16(b). In both cases, the input
currents present a smooth behavior during the transient events.

The output voltage balance control action is observed in
Fig. 17. Initially, a small load difference makes the output volt-
ages have different values and the balance control is inactive.
At t = —80ms, the balance is activated and the partial output
voltages are rapidly balanced. The total output voltage remains
regulated before, during, and after the transient event.

As shown in Fig. 18, the converter presents a flat efficiency
curve over a wide load power range. Furthermore, it is seen that
the converter efficiency is above 98% for output power higher
than 3.5 kW.

Finally, the grid current harmonic spectrum and the IEC
61000-3-2 class A limits are presented in Fig. 19. The
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Harmonic order [n]
Fig. 19. Grid current harmonic spectrum and IEC 61000-3-2 class A limits

for the MLMSR operation at rated power.

converter presents low total harmonic distortion with a current
total harmonic distortion of THD: =~ 1.82% at rated power.

VI. CONCLUSION

The three-phase PFC multilevel rectifier employing multi-
state switching cells has been presented, including appropri-
ate operation, modulation, and control strategies. Two solutions
were discussed for the implementation of the MIPTs, where a
whiffletree configuration is shown as a promising alternative
for a high number of switching networks per phase leg and a
conventional multilimb core is suitable up to three legs. The
ripple current envelopes for the boost inductor and the magne-
tizing inductances of the MIPTs were derived and can be used
to design these components. Alternatives to the switching net-
works configuration were discussed on the basis of a comparison
between various SPTT switch possibilities including practical
implementation aspects, such as the number of required isolated
gate drivers and the possibility of using synchronous rectifica-
tion techniques, added to the current efforts computation expres-
sions for the main power semiconductors. Experimental results
from a four legs per phase lab prototype were presented, where
efficiency levels above 98% from 40% load and IEC61000-3-2
class A requirements regarding mains current distortion were
observed.

Despite the increased control/modulation complexity and
number of devices, the presented concept can be an attrac-
tive alternative to high-power three-phase rectification with
low impact in the mains due to its modular structure that en-
ables the separate design optimization of the magnetic com-
ponents, e.g., boost inductors built with iron powder materi-
als and MIPTs with ferrite cores; the use of reduced ratings
power semiconductor devices with very low switching losses;
the effective parallelism of these devices to reduce conduction
losses; the benefits of modularization for manufacturing pro-
cess and reliability; the overall converter size/weight reduction
including those of the cooling systems; the reduction of filter
elements due to the reduced magnitude of the voltage steps
applied at the input of the converter and reduced currents at
the dc-link; and the possibility of integration for high-power
converters.
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