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Single-Phase AC-DC-AC Three-Level Three-Leg
Converter With Reduced Switch Count

André Elias Lucena da Costa
Cursino Brandao Jacobina

Abstract—This paper presents a new single-phase ac—dc—
ac three-level three-leg converter composed of three coupled-
inductors and six active switches. The system model, operation
principles, and a control strategy are presented and discussed.
Additionally, a space-vector pulsewidth modulation technique is
developed to double the effective frequency of the grid and load
voltages and to reduce the switching losses. The proposed con-
verter is compared to other similar converters in terms of switch
count, harmonic distortion, and power losses. The results show
that the proposed topology has improved power quality and uses
fewer switches and gate drive circuits. These characteristics can
potentially reduce the costs and the complexity of the system. In
addition, the proposed converter eliminates the requirement for
dead time to prevent short circuit of the dc-link. In order to validate
the theoretical analysis, simulated and experimental results are
presented and discussed.

Index Terms—AC-DC-AC converter, coupled inductors, multi-
level inverters, multilevel rectifiers, three-leg (3L) converter.

1. INTRODUCTION

OWER electronics have been increasingly used to improve
P the quality of electrical power systems by minimizing the
impacts of the voltage sags or by eliminating the harmonic distor-
tion. Electric power quality is fundamental to feed sensitive loads
such as computers, telecommunication systems, and biomedical
instrumentation. Harmonic pollution, voltage instability, and
poor power factor are some examples of power quality issues.
These problems lead to higher energy usage, lower productivity,
higher energy costs, higher maintenance costs, and failure of
the equipment [1]. Single-phase and three-phase ac—dc—ac con-
verters have been used in several applications with the goal of
mitigating these impacts of poor power quality. They have the
capability of power factor correction and voltage regulation to
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Fig. 1. Conventional configurations. (a) 3L. (b) 3LNPC.

sensitive loads, i.e., an ac—dc—ac converter provides high power
quality.

Line conditioners, universal active power filters (APF), and
uninterruptible power supplies (UPS) are some examples of
single-phase equipment which can be developed by using
single-phase ac—dc—ac converters [2]-[4]. A single-phase-
to-single-phase ac—dc—ac converter can be obtained by using the
conventional three-leg (3L) converter, as shown in Fig. 1(a) [5].
The conventional 3L converter shares acommon leg between the
input and output stages. This configuration has fewer switches
when compared to a four-leg topology and provides the same
dc-link voltage capability if both input and output stages operate
with the same frequency. This feature allows the 3L converter
to decrease the power losses when compared with the four-leg
converter [5].

Inrecent years, 3L ac—dc—ac converters have been obtained by
using three-level legs [6]—[8]. In [6], a single-phase three-level
3L converter using silicon carbide (SiC) was proposed. The
proposed converter comprises two three-level T-type legs and
a common two-level leg. Each T-type leg comprises two SiC
MOSFET devices; therefore, switching losses can be reduced or
the converter can operate at a higher switching frequency with
the same power losses. In [7], the 3L neutral-point-clamped
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(BLNPC) converter was investigated and its unidirectional
version was proposed in [8]. The 3LNPC converter can be seen
in Fig. 1(b) and it is composed by three bidirectional NPC legs,
while the converter in [8] uses one unidirectional NPC leg at the
input side. These converters present lower voltage stress across
the switches and also allow a reduction in the harmonic distortion
when compared to the 3L converter. A specific disadvantage of
the 3LNPC converter is the tendency of the dc-link neutral-point
potential to deviate from its balanced state. In [7], the space-
vector plane generated by the 3LNPC converter and the capacitor
current contribution of each vector were presented. However,
the balance problem was addressed by a pulsewidth modulation
(PWM) scalar technique. Moreover, topologies connected in
series or parallel based on the 3L converter have also been
recently proposed [9], [10].

Multilevel converters have been intensely researched due to
its advantages over a conventional two-level converter, such as
lower voltage stress of power semiconductors, lower switching
loss and frequency, and lower voltage harmonic distortion [11].
The basic multilevel topologies are cascaded H-bridge (CHB)
with isolated dc sources [12], flying capacitors (FC) [13], and
NPC [14]. Furthermore, multilevel converters using T-type legs
[15] and cascaded transformers [16] have also been researched.
The major drawback of these topologies is related to the large
number of power semiconductor switches, which are associated
with gate driver circuits, making the overall system more ex-
pensive, bulky, and complex. Other disadvantages that can be
highlighted are the capacitor voltage balancing that increases
the control complexity for NPC and T-type converters, the large
number of capacitors for the FC converter, and the need of
isolated dc sources for the CHB converter [11], [17].

In this context, when the application justifies the use of a
three-level converter instead of a two-level converter, one in-
teresting alternative is the use of a coupled-inductor multilevel
converter [18], [19]. Basically, the coupled-inductor converter
is composed of two unidirectional two-level legs and one cou-
pled inductor [20]. This understanding is important, since it
is possible to combine the coupled inductors with the con-
ventional NPC, CHB, or FC multilevel topologies [21]-[24].
This converter has increased its popularity in medium-voltage
high-power applications due to benefits such as smaller filters,
fewer switches, no need of dead time to avoid short circuit of
the dc-link, and its immunity to circulating currents [18], [20],
[25]. This topology produces an output voltage with the same
number of voltage levels as the NPC converter, but with half
the number of controlled switches [25]. Its only weakness is
the higher voltage stress when compared to the conventional
NPC three-level leg. Due to such benefits, rectifiers and inverters
using coupled inductors have been widely discussed in the
literature. Several PWM strategies have also been proposed
to improve the performance of the coupled inductors. In [26],
an interleaved discontinuous space-vector PWM (DSVPWM)
strategy for a three-level three-phase voltage source inverter
using split-wound coupled inductors was presented. The PWM
strategy is able to reduce the inductor losses and improve the
performance of the three-phase inverter. However, the use of
the coupled-inductor converter in ac—dc—ac conversion has been
unexplored.
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Fig. 2. (a) Proposed single-phase three-level ac—dc—ac converter. (b) Simpli-
fied equivalent circuit.

In this paper, a new single-phase-to-single-phase three-level
back-to-back converter is proposed. This topology, shown in
Fig. 2, uses the concept of split-wound coupled inductors to
achieve multilevel features. As a result, it is possible to reduce
the harmonic content at the input and output converter sides
while using the same number of switches of the conventional
3L topology [27]. Compared to the state of art of ac—dc—ac con-
verters, the use of coupled inductors brought several advantages
and the following contributions can be highlighted.

1) The proposed converter has a smaller number of active
switches compared with all multilevel solutions presented
in literature. There is no other ac—dc—ac multilevel topol-
ogy in the literature capable of producing five-level volt-
ages at both input and grid sides employing only six
switches.

2) It has natural protection against short circuit of the dc-link
capacitors, improving the robustness and reliability of the
system.

3) There is no need for dead time and, as a consequence, the
modulated signals have less harmonic content.

4) The control structure is as simple as the conventional
ones. There is no need for an increasing of the sensors or
of complexity algorithms, which is a huge disadvantage
for the ac—dc—ac multilevel topologies presented in the
literature.

5) The ac filter’s size and losses can be reduced.

Summarizing, the main contributions of this paper are:
1) a new single-phase-to-single-phase three-level ac—dc—ac
converter is presented; 2) a space-vector PWM technique is
developed to double the effective frequency of the voltage
waveforms and to reduce the switching losses; 3) the operating
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principles regarding the synchronization between grid and
load converter voltages are presented and discussed; and
4) a comparison between the proposed configuration and
similar topologies is discussed. Furthermore, simulation and

experimental results are also presented for validation purposes.

II. SYSTEM MODEL

The proposed topology is composed of three coupled-inductor
three-level legs, [see Fig. 2(a)], inductor and capacitor filters (C',
Rg, Ly, Ry, and L;), and one dc-link capacitor bank (Cp). Each
phase leg is composed by a coupled inductor, two controlled
switches ¢,1 and ¢.o, and two diodes D,; and D,o (with
T = g,s,l). An equivalent circuit of the proposed configuration
can be seen in Fig. 2(b), where the coupled-inductor model is
composed by the coil resistance R., and an equivalent induc-
tance L = Ly, + M.

Applying Kirchhoff’s law to the circuit in Fig. 2(b), the
following equations can be derived:

g
ey = Ryiy + Lgﬁ + v, (1)
. di
e = —Ryi; — leftl + v (2)
with
Vg = Vg0 — VUs0 (3)
V] = Vo — Vs0 “4)

where e, is the grid voltage, ¢, is the grid current, v, is the
voltage generated by the rectifier, v; is the voltage generated by
the inverter, e; is the load voltage, 7; is the load current, vy, V0,
and v, are the converter pole voltages, R, and L, represent the
resistance and inductance of the input filter, respectively, and
R; and L; represent the resistance and inductance of the output
filter, respectively.

According to Kirchhoft’s voltage law given by inner loops of
the coupled inductors, the following equations can be derived:

diy diy
Vz10 — Vg0 = Rcwiwl + (LKa: + M) dtl +M dt2 (5)
dig dig
Vg0 — Vg20 = Rcmiaﬂ + (LKz + M) dt2 + M dtl (6)
combining (5) and (6), it is obtained that
. dicmx
Upmx = Rexlomx + (LKac + 2M) ;t @)
o . diDmx
UCmx = Vz0 + RCIZDmX + LKmT (8)
with
Vpmx = Vz10 — Vz20 (9)
2
210 T Uz
Veme = Vw10 7T Vx20 (10)
2
b = <2 (11
, Ipl + U
iome = o (12)
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TABLE I
SWITCHING STATES AND RESULTING LEG CONDITIONS
State | qz1 | a2 Va0 Coupled-inductor Iomae
00 0 0 0 desmagnetize decreases
01 0 1 | —vc/2 0 constant
02 1 0 ve /2 0 constant
03 1 1 0 magnetize increases

where vpmx and veyx denote the differential and the common-
mode voltages, respectively. Ly, M, and R., represent the
leakage inductance, mutual inductance, and coil resistance of
each bobbin, respectively.

Considering that Ly, and R, are small quantities, from (8),
it can be concluded that the pole voltage v, depends only on
the common-mode voltage vy, Which depends on the states of
the switches. In this way, it is possible to write v, as a function
of the switching states and the dc-link voltage as follows:

vco .

Vo = (qz1 — qw2)7 with = € (g,s,1) (13)
where ¢, and g, are the state of the switches of the phase leg
2 and v¢ is the dc-link voltage.

Then, the complete system model is given by
dig

Vg10 +Vg20  VUsio + Vs20

ey = RgingLgE 3 — 5 (14)
di s s
€l=—Rzil—Lz£+vl10;—w20—Ulo—gvzo- (15)

The correct operation of each phase leg relies on securing
the volt—second balance of the coupled inductors. In this way,
several PWM strategies have been presented in the literature for
this purpose [19], [26], [28]. These strategies take into account
the four possible switching states of one phase leg, as shown in
Table I. As can be seen, the switching states result in different
winding conditions. When the phase leg is in states (01) and (02),
the coupled inductor is shorted and the common-mode current
is constant. The switching state (00) increases and state (03)
decreases the common-mode current by applying a differential-
mode voltage of +vc /2 and —v¢ /2, respectively, across the
coupled-inductor windings. The volt—second balance is secured
by equally distributing the time applications of states (00) and
(03). The common-mode current is maintained at a positive dc
value, and as a consequence, the converter is able to produce
optimal multilevel voltage waveforms.

III. SPACE-VECTOR PWM

A space-vector technique can be utilized to synthesize the
reference voltages vy and v Fig. 3 shows the space-vector plane
generated by the proposed converter. There are 64 switching
states resulting in 18 active vectors (V1 — Vig), a null vector
(Vy), and 24 sectors. The voltage vectors are defined by the
following equation:

Vng,nin, = Ug + Juy. (16)

The voltages v, and v; coincide with the real (Re) and the
imaginary (I'm) axes, respectively, and the vector redundancies
are represented as vy, , n, n,, Where ng, n, and n are the binary
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Fig. 3. Space-vector plane generated by the proposed converter.

sequences ¢q1qg2, q11Gi2, and gs1¢s2, respectively, converted to
decimal numbers. The reference voltage vector located inside a
triangle must be synthesized by

2t1 2t2 2t3
where 1, {2, and t3 are the time weights for vectors V,, V,,
and V , respectively, and half of the switching period is defined
by L =t +t2 + t5.

The time weights ¢, to, and t3 are calculated as follows:

vi=V, +V +V, a7

2Re(V,) 2Re(V,) 2Re(V.) *

31 T, T, T, Yg
ty | = 2Im1(1:/m) ZIm;:/y) ZIm:/(“?IZ) vl* (18)

T

ts 1 1 1 5

Since there are redundant switching states for each sector of
the plane, there are some possibilities to produce the reference
vector v*. These redundancies and the application sequence
of the voltage vectors are selected to minimize the amount of
changes in the switching states, reduce the switching losses, and
maintain the high-frequency spectrum of the output voltages
at twice the switching frequency. Then, two inverter legs are
always switching and the third leg is always clamped in +v¢ /2
or —v¢ /2. The application sequence of the vectors utilized in
this paper follows the concept of [26], that is a combination
of two five-segment sequences where the same voltage vector is
used at half of the switching period T /2. Hence, a nine-segment
sequence is formed.

To illustrate how the vectors are selected, Fig. 4 shows the
application sequence for sectors 16 and 23. In both sectors, the
pole voltage v is clamped in —v¢ /2 [only state (01) is applied]
while legs g and [ are switching. Only one transition occurs in the

gating signals from one vector to another, and as a consequence,
the switching losses are minimized. Additionally, Fig. 4 shows
that the volt—second balance of phase legs ¢ and [ is guaranteed
by equally distributing the time duration of states (00) and (03)
over half of the switching period. For example, in sector 16,
vectors vos; and v3p; generate the same active vector (Vo =
0.5v¢ + 70.5v¢) but with opposite impact on the differential-
mode voltage. Furthermore, since voltages v, and v; repeat twice
over a switching period, it is possible to double the effective
switching frequency of output waveforms v, and v;.

When the reference vector is located in sectors 14, 22, 18,
11, 3, and 7, it is not possible to achieve an output switching
frequency with twice the switching frequency with the three
nearest voltage vectors. Besides that, when v* is located in
these sectors, the number of switching changes per switching
period increases if the three nearest vectors are used. In these
cases, v* must be synthesized by the two nearest vectors and
one more distant. For example, when v* is tipped in sector
22, the two nearest vectors from V5, V3 and Vi; and one
vector from V5 or Vg can be used. Fig. 5 shows the appli-
cation sequence for the case when Vo is used. Sector 22 is
divided into two subsectors 22a and 22b. When v* is tipped in
subsector 22a the application sequence is Vo — V3 — V19 —
V3 —+Vy = V33— Vi, = V3 — Vy, whilein subsector 22b
the sequence is Vo -+ Vi3 - V5 -V -V, -V —
Vis — Vi1 — Vo

Table IT shows the vector sequences for the case that v; > 0.
Due to the symmetry between the first and fourth quadrant and
between the second and the fourth quadrant, it is only necessary
to define the application sequences for v; > 0 (quadrants I
and II). The application sequences for v; < 0 (quadrants III and
IV) are complementary to the sequences applied when v; > 0.
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T2 T,
UDerqA\tw/Z t,/2 ts t/23 /2] /21 t./2 ts /21 t./2
>
valA
>t
UDmsT
| >1
1;0
ve/2 |
| >
U
)2 —
| > 1
A
a1 00 0 o f1 110 0 0: 0 .
»
Qo2 1 o = 1 T 1 1.1 T 110
Y
gn T 1 0 0:0[0:0 0 T 1 =
k »
Q2 = 1 oioloio 1 T 1
T2 T, i 0 0ioloto 0 00
k »
4s2 T T 1|11 T T 1 _
V031:V131: Vi1l V1o1:'V301lV301:Vior  Viir (ViseVosl|
Vector Sequence
(a)
Fig. 4. Application sequences. (a) Sector 16. (b) Sector 23.

For example, if the sequence in sector 16 is vg31 — Viz1 —
V111 — Viol — V301 — Vior — Vi1l — V131 — Vo31, the
sequence for sector 9 is Vg3p2 — Vopo — Vaga — Voo —
V032 —> V232 — V222 — V202 — V302.

IV. OPERATION RESTRICTIONS

Considering V" and V;* the amplitude of vy and v}, respec-
tively, and e the phase shift between them, the dc-link voltage
value is obtained by the following equations:

ve > |v) (19)
ve > ) (20)
ve > (v, — U 1)

As previously discussed in [27], the 3L converter has the
same voltage capability as the four-leg topology when vy and
v; have the same frequency. Additionally, in order to satisfy
(21), the synchronization angle € needs to be considered. Fig. 6
shows the voltage vector locus and the waveforms of v_j;, vy, and
v, — v; for € equal to 60°. For a higher value of ¢, the dc-link
voltage needs to be increased, otherwise v; = v; — v} becomes
higher than v and the converter operates in the overmodulation

region.
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Ty/2 T,
UDmgNw/Q t,/2 ts t/25 /2] t/21 t./2 ts /23 1./2
>
UDmi
| »
UDmsT
| >1
Vg A
Vo
’Uc/2 t
»
»
U
(el
ve/2 — ¢
- »
le A
00 T T L |11 T 0.0 g
»
Qo2 1, i o 0 T 1| 1.1 0 0ol o
>
qn T : 1 1 11001 1 T ¢ 1 >/
»
42 = 0 0ofoloio 0 0 [T
st 0t 0 0 0:0flo:io 0 00
Qs2 == 1 T 1 [ 11 T T 1 ~
Vo31Vo21t V221 (V320V301l V301 Va2l Vaar  Vo21Vozl|

Vectors Sequence

(b)

V. MAGNETIC ELEMENT DESIGN
A. Coupled-Inductor Design

As shown in [18], the coupled inductors should be designed
considering the maximum current ripple of the common-mode
currents. From Fig. 4(a), notice that the differential-mode volt-
age Upmg 1s positive during the time interval ¢; and, in this
interval, the common-mode mode current ¢y, increases. Since
the volt—second balance of the coupled inductors needs to be
assured, the maximum common-mode current ripple occurs
when the voltage vc /2 is applied across the coupled inductors
during a time interval of T,/2. Hence, neglecting the resis-
tance R, in (7), the coupled-inductor self-inductance (L) is
given by

vc
4fs Aq CmXpmax

where Lg, = Ly, + 2M is the self-inductance, x = g, s, [, and
AiCma,,, 18 the maximum current ripple of icpmy.

Lgy = (22)

B. AC-Filter Design

The ac filters L, and L; should be designed considering the
maximum input and load current’s high-frequency ripple values,
respectively [18]. The maximum peak-to-peak current ripple is
determined by analysing the voltage across the ac filters. There-
fore, the behavior of the current ripple can be divided into two
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Fig. 5. Sector 22. (a) Subsector 22a. (b) Subsector 22b.
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sub-regions—the first region occurs when the modulation index
M, is less than 0.5 and the second region when M, is higher.
Neglecting the leakage inductance Ly, and the coupled-inductor
winding resistance R..,, the envelop of the normalized input and
output currents can be directly extracted from the topological
stages and it is determined by

m — AIXmﬁXQfSLI (23)

vo

where A}, represent the normalized current through the ac
filters and it is defined by the following equation:

7 3M, sin(wt) — 2M? sin?(wt) — 1, for M, > 0.5
Lx — .
M, sin(wt) — 2M2 sin?(wt), for M, < 0.5

(24)

Figure 7 shows the normalized peak-to-peak current ripple as
a function of wt for different modulation indexes M .. As can be
seen, the maximum value of the Al  is equal to 0.125. Thus,
from (23), the ac-filter inductance can be determined by

Ve
Ly=—5% .
16f,AL,

The ac-filter equations for topologies 3L and 3LNPC can
be obtained in the same manner. For the same current ripple,
the proposed converter allows a reduction of 75% and 50% in
the size of the ac filters when compared with 3L and 3LNPC,
respectively. As a result, the ac-filter losses are lower for the
proposed topology than for the conventional ones.

(25)

VI. CONTROL STRATEGY

Figure 8 shows the overall control strategy of the proposed
converter. The control system has a cascade structure with an
external loop responsible for adjusting the dc-link voltage v¢
and an inner loop that adjusts the grid reference current ;. A PI
controller adjusts v to its reference vg, and sets the amplitude
of the reference grid current. Then, current 4, is synchronized
with the grid voltage via PLL (phase-lock-loop scheme) [29]
and it is adjusted to its reference by means of a double sequence
controller (R,) [30] that sets the reference voltage vy.

In order to generate the reference load voltage v, the syn-
chronization angle e should be taken into account. This angle
can be used to reduce the shared-leg current 7, as discussed in
[27], and can vary from 0° to 60°, see Section IV. This limit is
always respected if v} is synchronized with the grid voltage e,,.
This alternative also minimizes the losses in leg s and improves
the overall efficiency of the proposed converter, because 5 is
lower than 7, and ¢;.

VII. SIMULATION RESULTS

Computer simulations have been carried out to demonstrate
the feasibility of the proposed converter and its advantages.
The simulations were carried out in a system rated at 2 kVA
and an inductive load with power factor equal to 0.94 lagging.
The dc-link voltage reference was set equal to 200 V and the
reference load voltage was set to 180 V, resulting in a mod-
ulation index equal to 0.9. The load reference voltage v; was
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TABLE II
VECTOR APPLICATION SEQUENCES FOR v; > 0 (QUADRANTS I AND II)
Sectors Sequence Sectors Sequence
13 V130 =7 V120 —7 V122 —7 V123 —7 V103 19 V230 = V231 —7 V211 — V201 —7 V203
— V123 —7 V122 — V120 —7 V130 — V201 —7 V211 — V231 —7 V230
14a V130 =7 V120 — V121 — V123 —7 V103 20 Vo020 =7 V120 —7 V121 — V123 — V323
14 — V123 = Vi21 — V120 — V130 — V123 = V121 — V120 — V20
14b V130 =7 V131 — V121 — V101 — V103 21 V020 = V021 —7 V121 — V321 —7 V301
— Vip1 —7 Vi21 — V131 — V130 — V321 —7 V121 — V21 — V020
15 V130 =7 V131 — V111 — Vio1 —7 V103 22a Vo031 —> V131 —7 V121 — Vio1 — V301
— V101 — V111 — V131 — V130 22 — V101 —> V121 — V131 — Vo31
16 Vo031 =7 V131 — V111 — Vio1 —7 V301 29b Vo031 —> Vo021 —7 V121 — V321 — V301
Vio1 —7 Vi1l — V131 — V031 —> V321 — V121 —> V21 —7 V031
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< Simulation waveforms shown in Fig. 9 include voltage v,
0.0625 and its reference (a), voltage v; and its reference (b), harmonic
0 spectra of vy (c) and v; (d), dc-link voltage ve (e), grid voltage
0 and current (f), and currents 44, 7;, and 75 (g). The SV-PWM
wt [rad] strategy produces five-level output waveforms and, while the
actual switching frequency is 10 kHz, v, and v; present an
Fig. 7. Normalized peak-to-peak current ripple of the ac filters Alr,,. effective high-frequency spectrum of 20 kHz (twice the switch-
ing frequency). The dc-link voltage vc, grid-side signals eg
o grid and 74 and currents ¢4, 75, and 7; can be seen in Fig. 9(e)—(g),
& {F) respectively. As can be seen, all control requirements were estab-
j_q lished. The grid, load, and shared-leg currents are sinusoidal and
X J_ properly controlled [see Fig. 9(f) and (g)]. The dc-link voltage
UV, [ 991 > is maintained at its reference 200 V [see Fig. 9(e)] and the
= Qg2 § synchronization technique guarantees a shared-leg current with
B ds1 @) lower amplitude than i, and 7; [see Fig. 9(g)].
A g E Figure 10 shows the voltage vector locus and the reference
>' 0" g voltages (a), the pole voltages Ug0 (b), vso (c'), a'nd Uto (d) apd
. | E the currents through the coupled-inductors winding ¢4, and 74
. €+ v, a2 | © (e), is1 and 742 (f), and 7;; and 7;2 (g). It can be noted that when
E, G-e ’ R, — o the reference vector v* is located in quadrants I and III, the
Tel € =] phase leg s is clamped in —100 V (—v¢/2) and 100 V (vc/2),
respectively, while the legs ¢ and [ are switching. When v* is
Fig. 8. System control block diagram. tipped in quadrant II (sector 15) and I'V (sector 10), the phase leg
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TABLE IV
COMPARISON BETWEEN THE PROPOSED CONFIGURATION AND TOPOLOGIES 3L AND 3LNPC

Parameter Conv. 3L Conv. 3LNPC Proposed Topology
Number of Switches 6 12 6
Voltage Levels 3 5 5
Number of Diodes 0 6 6
Number of Drivers 6 12 6
Switches voltage rating Ve %vc Ve
; ) g : ) g ; ; Tovea
lgRms = g\p/ik LgRms g\p/ik Yg1Rms = 1g2Rms — 086%
. . Iipea - Iipea . . Iipea
Legs current ratings 1 Rms I: lf/ilk lemSI lf/?; U1Rms = U2Rms = 0}86%21’“
isRms — gpeak»\/i lpeak isRms = gpeak lpeak iisms — isQRms — 086 gpeak\/§ Ipeak
H U U U
Ac-Filters L, Ms—g.h st—glm WCAQ
Voltage Sensors 4 3
Current Sensors 1 1 1

Semiconductors Losses
3L [A] 3LNPC [B] 3LCI [C]

Coupled-Inductors

6ol B Conduction Losses | el ) AC-Filters Losses: L, [A] L; [B]
o [] Switching Losses 18.678 W 2.2 W 100k e ‘ ! ‘
= 3
g 40r Z80F
0 n
& Z 60 (B]
. n )
g 20t (A} ) g 40f ]
g 3 A
o [C] & 20
0 . . 3.3 W 0 .
g S l C3L C3LNPC CI3L
Converter Legs . g D s . l Converters
(a) (b)
Fig. 11. Power losses. (a) Losses breakdown of the converter legs. (b) Magnetic losses.

g is clamped in —100 and 100 V, respectively, while legs s and
[ are switching. Furthermore, the currents through the coupled
inductors are properly controlled and maintained at a positive
dc value [see Fig. 10(e)—(g)].

VIII. COMPARATIVE ANALYSIS

This section compares the proposed converter (3LCI)
with the 3L [27] and the 3LNPC [7] converters. Table IV shows
the comparison of the aforementioned topologies in relation to
the number of components, and the voltage and current ratings
of the semiconductors. As can been seen, the proposed converter
uses the same number of controlled switches as the 3L topology.
In fact, this topology is able to generate the same five-level PWM
voltages as the 3LNPC with half the number of switches and gate
driver circuit components. This allows a reduction in the cost and
complexity of the system, making the 3LCI topology preferable
for ac—dc—ac applications. Furthermore, while 3L. and 3LNPC
topology have to use dead time to prevent short circuit of the dc
link, the 3LCI topology requires no dead time and consequently,
the generated currents have less harmonic content.

Regarding the switching device specifications, the voltage
rating of each semiconductor of 3LCI and 3L topologies are
the same and they are twice as those in the 3LNPC topology.
As a consequence, 3LNPC has a better performance in terms of

switching losses. On the other hand, the current ratings of the
devices given by the RMS (root mean square) currents 44, %5, and
1; are smaller for 3LCI than for the 3L topology. This happens
because the legs of 3LCI operate with grid (0.86%grms) and load
currents (0.8671rms ) 14% smaller than the 3L converter. The inner
device current ratings of 3LNPC are the same as that in the 3L
topology, as shown in [7], while the upper and lower device
current ratings are lower. However, due to a large number of
components in the current path, the conduction losses of 3LNPC
are higher than those in 3L and 3LCI converters.

In order to investigate the efficiency, the theoretical losses
breakdown of each converter leg is presented in Fig. 11(a).
The results were obtained by using the parameters presented in
Table II1. The power losses on the semiconductor are composed
of conduction and switching losses and were estimated by using
the software PSIM. The power loss breakdown of the proposed
converter reveals that leg s has a small contribution with switch-
ing losses, in counterpart to the conduction losses. This happens
because the shared leg is clamped in (—v¢ /2) and (v /2) when
the reference vector is located in the first and third quadrant,
respectively. This allows an improvement in the efficiency of
the rectifier, as well as the inverter side of the 3LCI topology.

The total power semiconductor loss is equal to 117.8, 127.8,
and 119.3 W for 3L, 3LNPC, and 3LCI topology, respectively.
Although 3L topology is more efficient than the 3LNPC and
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3LCI converters, these surpass 3L in terms of voltage wave-
form quality. This means that to generate waveforms with same
harmonic content as 3LNPC and 3LCI converters, 3L topology
needs a higher switching frequency, which leads to higher power
losses.

Regarding the losses introduced by the coupled inductors, it
should be noted that the coupled inductors allow a reduction
in the current ripple through the ac filters, reducing their size
and losses. From Table IV, the 3LCI converter reduces the
size of the ac filters by 75% and 50% compared to 3L and
3LNPC converters, respectively. Fig. 11(b) shows the theoretical
magnetic losses generated by the aforementioned topologies.
The ac filters were designed for the same output current and an
inductive load of 2 kVA, and a power factor equal to 0.94 lagging
was considered. The power losses on the magnetic elements are
composed of conduction and core losses and were estimated by
using the winding resistance and the Steinmetz equation [31].
Neglecting the skin and the proximity effects, the copper losses
are calculated by the following equations [32]:

R I 3 ;» for the ac filters
P., = ’ . (26)
R..(0.861 g,s,l)z, for the coupled inductors

The copper resistance is calculated as follows:

L

R.y, = pN—

PYAL

where p is the resistivity of the conductor, IV is the number of

turns of each winding, [,, is the mean length of a turn, and A,,

is the cross-sectional area of the copper wire. From Faraday’s
law, the number of turns IV can be calculated as follows [31]:

LI

L peak

B peak A e

27)

N = (28)
where B is the peak flux density of the magnetic material
core and A, is the cross-sectional area of the core. Then, the
copper losses are given by
leIx eak 2
BpeakAepAw Igvl7

lw Llw,peak
BpeakAe Aw

for the ac filters
P, =
(0.861,,5,)?, for the coupled inductors.

(29)

In [18], [33], and [34], a complete investigation of the impact
of the coupled inductors in the efficiency and design of these
magnetic components was presented. The main conclusion is
that the coupled inductor is not a drawback in terms of copper
and core losses. It was shown that the common-mode current
ripple (Alcmy) is a key parameter for optimizing the copper
losses of the coupled inductors. As lower Alcyy is, higher the
copper losses of the coupled inductors will be. A A Iy equal to
43% of Icyx gives a good performance in terms of both copper
and core losses, as shown in [33].

In this paper, the design of the coupled inductors was not
optimized in any sense and a A Icyy equal to 15.278% was used.
The total copper losses calculated are 15.7, 22.5, and 2.5 W for
legs g, [, and s, respectively. Since the converter is supplying
a 2-kVA load, this result represents a decrease of 2% in the
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TABLE V
HARMONIC DISTORTION PRODUCED BY THE COMPARED TOPOLOGIES

Parameter Conv. 3L | Conv. 3LNPC | Conv. 3LCI
v, | 0.16 % 0.14% 0.09%
WTHD — =20 % 0.16% 0.12%
i, | 0.93% 0.7% 057%
THD =4 65% 0.5% 0.34%

efficiency of the proposed converter, which is a small contri-
bution. Following the design guidelines of [18], [33], and [34],
these losses can be even lower. These results are enough to prove
that the resistance of the coupled inductors is not a disadvantage
in terms of efficiency.

Regarding a comparison with similar topologies, the proposed
topology has as advantages, the reduction of the ac-filter size
and losses. The losses of the ac filters of the proposed topology
are reduced by 43.28% and 67.85% in relation to 3LNPC and
3L converters, respectively. The total losses generated by the
magnetic elements (including the losses of the ac filters) are
102.47 W for the 3LCI, 95.8 W for 3LNPC, and 169 W for
the C3L topology. Therefore, one can say that compared with
similar topologies, the extra losses introduced by the resistance
of the coupled inductors are close to the ones of the larger filters
of the standard topologies.

Although it is not trivial to say which option is most cost
effective, indeed, topology C3L is the cheapest and topology
3LCI is cheaper than 3LNPC because it provides better power
quality with a reduced number of active switches and has
fewer isolated gate drivers than the 3LNPC converter, which
can drastically reduce the cost of the system. Furthermore,
Table IV shows the number of voltage and current sensors of
the compared topologies. 3LNPC has one additional voltage
sensor than converters 3L and 3LCI, which adds to the cost of
the system.

A comparison in terms of harmonic distortion is presented in
Table V. The comparison takes into account the weighted total
harmonic distortion (WTHD) of the grid and load voltage, v,
and vy, respectively, and the total harmonic distortion (THD) of
i4 and 47, and the results were obtained by using the parameters
given in Table III and the same ac-filter inductances were used.
Table V shows that the proposed configuration has a better
performance in terms of harmonic distortion than the topologies
3L and 3LNPC. These results are expected, because the voltages
vg and v; of the 3LCI topology operate with a frequency twice
higher than the switching frequency.

IX. EXPERIMENTAL RESULTS

Experimental results are presented in order to validate the
operation of the proposed converter, as well as the developed SV-
PWM strategy. The experimental setup can be seen in Fig. 12.
The switches are IGBTs, from SEMIKRON, with dedicated
drivers (SKH123). The gating signals were generated by dig-
ital signal processor TMS320F28335, which uses appropriated
plug-in boards and sensors to measure the control variables.
The experimental parameters used are the same ones used for
the simulations and can be seen in Table III.
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Figures 13 and 14 show the voltages v, and v;, respectively,
of the proposed converter. As expected, voltages v, and v; are
five-level voltages without any overlap of the voltage levels.
Fig. 15 shows the grid voltage e, and the currents g, i, and ;.
The grid power factor is close to unity and, as a consequence,
only active power is provided by the grid side of the proposed
converter. Furthermore, the shared-leg current i, is lower than
ig and 7;.

The pole and the dc-link voltages can be seen in Fig. 16.
As expected, the developed SV-PWM strategy guarantees that
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one phase leg is always clamped while the other two legs are
switching. In quadrants I and III, phase leg s is clamped in
—ve /2 and v /2, respectively, and in quadrants IT and IV, phase
leg g is clamped in v /2 and —ve /2, respectively. Additionally,
the dc-link voltage is properly controlled and maintained in
200 V. The experimental waveforms of the pole voltages shown
in Fig. 16 are in quite good agreement with the expectations.
The results obtained are very similar with simulation results,
indicating that the SV-PWM is operating correctly.

The experimental results presented in Figs. 17 and 18 show
the behavior of the grid voltage and current, dc-link voltage, load
current, and voltages v, and v; when the output load changes
from (R =29.6Q, L = 12mH) to (R = 14.8 Q, L = 12 mH).
It can be seen that the dc-link voltage returns to the reference
value after a load step and it is properly controlled. The input
current is sinusoidal and properly controlled. Even with the load
step change, it was possible to obtain output voltages (v, and v;)
with five levels, validating the SV-PWM strategy.

The input power factor can be seen in Fig. 19. As can be seen,
the phase displacement between e, and ¢, equals 3.4°. Hence,
the grid current presents a sinusoidal shape with an input factor
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close to unity, indicating the correct operation of the control
strategy.

In conclusion, all of the waveforms obtained in the laboratory
are in good agreement with the simulations, which validates the
theoretical analysis of the proposed converter.

X. CONCLUSION

A single-phase-to-single-phase ac—dc—ac three-level 3L con-
verter was proposed in this paper. The topology is composed
of three coupled inductors and uses only six active switches.
In order to improve the performance of the configuration,
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a space-vector PWM technique was developed. The technique
ensured five-level voltage waveforms at the input and output
converter sides with an effective switching frequency equal
to twice the sampling frequency. Additionally, the SV-PWM
strategy guaranteed that one phase leg is always clamped while
the other two legs are switching. By doing this, the switching
losses were reduced and the overall efficiency of the proposed
converter was increased.

In order to prove the concept, the proposed topology was
experimentally tested. All the results obtained were in good
agreement with the theoretical analysis, validating the SV-PWM
technique and the control strategy. With the developed control
strategy, it was possible to obtain a sinusoidal input current and
to regulate the dc-link voltage without the need of complex
algorithms, which is a major drawback of the 3LNPC converter.

A comparison of the proposed topology with the 3L and
3LNPC converters was performed. Compared to these solutions,
the proposed topology has natural protection against dc-link
short circuit, which improves the robustness and the reliability
of the system, and eliminates the need for dead time, improving
the quality of the modulated signals. The proposed converter
can produce five-level output voltage and uses only six active
switches. The reduced number of switches also brought the
advantage of fewer isolated gate drivers, which decreased the
cost and complexity of the system. Regarding the increase in
the number of magnetic elements, it has been proved that the
coupled inductors reduce the size of the ac filters by 75% and
50% when compared to 3L and 3LNPC converters, respectively.
Therefore, the extra losses introduced by the coupled inductors
can be traded for the losses associated with the large ac filters
of 3LNPC and 3L topologies. In summary, 3LNPC and 3L
converters have interesting features for ac—dc—ac applications,
but, at the same time, do not have multilevel features, robustness,
fewer active switches, and a simplified control scheme. In this
scenario, the coupled-inductor 3L topology has proved to be an
attractive alternative for applications such as universal power
filters and UPS.
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