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Single-Phase Converter With Shared Leg
and Generalizations

Jodo Paulo Ramos Agra Méllo

Abstract—In this paper, a single-phase shared leg converter is
proposed along with two generalizations. The basic configuration
has three two-level insulated gate bipolar transistor (IGBT) legs
and is cascaded on the main power system by means of two injec-
tion transformers, such that one of these legs is shared between
the transformers. The generalizations are expanded cases in which
the converter has IV, legs. The first generalization is the cascaded
shared leg (CSL), where the converter is cascaded by Ny, — 1
transformers, and one of the [N\ legs is shared between all trans-
formers. The second is the modular CSL, where N,,,,q4 modules,
each one similar to the basic configuration, are cascaded by 2N, o q
transformers. The conventional configurations considered for gen-
eral comparisons are the cascaded h-bridge (CHB) and the cas-
caded half-bridge (CHfB). In this paper, we show that proposed
configurations provide multilevel ac voltages with greater levels-
per-switch ratio compared to the CHB. We also show that proposed
CSL generalization has practically the same levels-per-switch than
conventional CHfB and saves one transformer. Simulations and
experimental results are shown to demonstrate proposed configu-
rations performance and feasibility.

Index Terms—Cascaded systems, dc—-ac power conversion, har-
monic distortion, insulated gate bipolar transistor (IGBT) switches,
level-shifted pulse width modulation, multilevel systems, trans-
formers.

I. INTRODUCTION

ULTILEVEL voltage source converters (VSC) have
been developed by researchers and engineers in order
to supply the industry demand for devices with better power
quality, lower operational costs, and greater power and voltage
capabilities [1], [2]. These converters are traditionally classified
in the literature in three main topology groups:
1) the neutral point clamped [3], [4];
2) the flying capacitor [5];
3) the cascaded multilevel [6], [7].
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DC-AC VSC have many applications, which can range from
uninterruptible power supplies (UPS) [8], photovoltaic power
conditioning [9], [10] and ac motor drivers [11], to dynamic
voltage restorers (DVR) [12] and active power filters in general
[13], [14].

Converter topologies with shared legs have been studied for
quite some time. Early topologies of three-legged single-phase
ac—dc—ac converters with one shared leg can be found in [15],
where an UPS with a diode leg on the rectifier side is proposed,
and in [16], where a voltage regulator composed only of con-
trolled switches was proposed. These configurations employ a
T-topology that has been utilized not only for ac—dc—ac conver-
sion, but also for dc—ac applications [17].

The conventional cascaded h-bridge (CHB) [10], [18]-[20]
provides a good cost effective solution between multilevel
voltage source inverters, but lacks flexibility when it comes to
increasing the number of levels generated at the output voltage.
Transformer-less CHB are relatively convenient because they
may save the cost, space, and weight of injection transformers,
but require multiple isolated dc-links, demanding greater
number of dc-link capacitors and sources. There are cases in
which this is a good solution because the isolated dc-sources
are naturally available, such as in photovoltaic systems [10].
Nevertheless, if the number of levels supplied in the output ac
voltage needs to be increased while keeping the same number
of devices, the converter has to use asymmetric h-bridges [21],
which is inconvenient for photovoltaic systems, for example,
since panels with different dc-voltage and power ratings would
have to be designed. Moreover, if the primary electrical power
source is a single ac-voltage source, such as the electrical grid,
multiple transformers must be employed to generate isolated
rectifiers in order to supply each h-bridge with a dc-link.

In these cases, it becomes more attractive to utilize a sin-
gle dc-source for all bridges and cascade them by means of
injection transformers [20]. Inverters cascaded by transform-
ers are solutions that have been observed quite frequently in
the literature [20], [22]-[25]. They provide enhanced system
reliability by saving dc-link sources and capacitors, which
are more susceptible to failure than transformers [26]. They
also demand a simpler control system for the dc-link volt-
age, when required [24], [25], and permit to improve the out-
put voltage by setting proper turns ratios for the transformers
[20], [25].

CHB can provide N, + 1 levels for the multilevel output
voltage in the symmetric case, or up to 3Ve/2 levels in the
asymmetric one, where Ny is the total number of legs of the

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.


https://orcid.org/0000-0002-5700-004X
https://orcid.org/0000-0003-1111-6087

MELLO AND JACOBINA: SINGLE-PHASE CONVERTER WITH SHARED LEG AND GENERALIZATIONS

H-Bridge 1 H-Bridge N Leg 1
V] jic a1
2 -[c
= w0 1l
wetl,
2 -[c .
I
DC source YTy
el
v +
ACload " ACload
(@) (®)
Fig. 1. Generalization of the conventional configurations applied as inverters.

(a) Single-phase CHB, where N = N, /2. (b) Single-phase CHfB, where N' =
Nigg.

CHB structure. For the option with injection transformers [see
Fig. 1(a)], Nieg /2 transformers are needed to connect the con-
verter to the load.

If performance is of great concern and more levels-per-switch
are required, another conventional option is the cascaded half-
bridge (CHfB) [27]. Its transformer-less version requires two
times the number of dc-links and capacitors compared to the
CHB. Its version with injection transformer, shown in Fig. 1(b),
can provide up to 2Ve= levels. Nevertheless, it requires Nieg
transformers on the load side (twice as the CHB) and access
to the dc-link midpoint, which makes it use two capacitors of
capacitance 2C' instead of one of capacitance C. This adds
complexity to the control system because these capacitors need
to be regulated so they have equal voltages.

In this paper, alternatives to the conventional CHB and CHfB
with injection transformers are presented. As it will be shown,
proposed configurations present greater performance in compar-
ison to the CHB, providing more levels-per-switch, and utilize
less transformers than the CHfB with equivalent performance.
They can be generalized for cases with N, legs, and have mod-
ular options that have the flexibility of producing more or less
levels-per-switch at the cost of greater number of transformers
for greater number of levels.

The basic proposed configuration is the shared leg converter,
which is a three-leg single-phase converter with one shared leg
and two injection transformers, shown in Fig. 2(a). Its general-
izations are 1) the cascaded shared leg (CSL), shown in Fig. 2(b),
and 2) the modular CSL (MCSL), shown in Fig. 2(c). The first
one produces more levels-per-switch with more transformers,
whereas the last one produces less levels (but even so more than
conventional CHB) with less transformers.

The MCSL generalization shown in Fig. 2(c) is in fact one of
many possible cases. By utilizing the proposed law of formation,
modules with any quantity of insulated gate bipolar transistor
(IGBT) legs can be constructed, but for illustration and analysis
purposes the one considered has minimum number of legs per
module, which is 3. The proposed configuration and its gen-
eralizations are suited for both ac—dc and dc—ac conversion,
which yields applications such as rectifiers, inverters, DVR, and
series filters. However, in this paper, they are analyzed in the
dc—ac perspective, more specifically applied as inverters feeding
a generic ac load.
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In order to evaluate proposed inverters, proposed general-
izations with Ny, = 6 legs are compared by means of simu-
lations with the conventional CHB inverter composed of three
h-bridges, so that the better performance of proposed systems
can be demonstrated. Experimental results are also provided
with Nie, = 4 legs for the CSL generalization and conventional
CHB.

II. PROPOSED CONFIGURATION AND GENERALIZATIONS

An usual technique to increase the number of levels in the
output ac voltage of multilevel static converters based on cas-
caded cells is to operate with asymmetric cells [20], [21]. While
symmetric operation allows to distribute the power evenly be-
tween the cells, the asymmetric operation tends to concentrate
the power processed on some cells because the voltage con-
tribution of each cell is different, causing an increase in the
levels-per-switch ratio.

The CHB and the CHfB are conventional configurations of
cascaded multilevel converters whose versions with injection
transformers are shown in Fig. 1. Since all legs are connected to
the same dc-link, the symmetrical and asymmetrical operations
are defined by the transformers turns ratios, which apportion
the voltage contribution of each cell. In our paper, we focus
on the asymmetrical operation, such that the turns ratios of the
transformers are different and must be set in order to increase
the number of levels generated with relation to the symmetrical
cases.

Considering this, the motivation for proposing the generaliza-
tions of the shared leg topology introduced in this paper reside
in some problems found in these asymmetrical conventional
configurations, which are 1) for the CHB, the levels-per-switch
produced are not optimized because the cells are composed
by pairs of two level legs connected to a single transformer,
forcing that the legs within a pair have the same voltage con-
tribution to the load, and 2) for the CHfB, even though the
levels-per-switch is optimal because each leg is connected to
its own transformer, it requires access to the dc-link midpoint,
requiring a specific control loop to balance the voltages of the
two dc-link capacitors. In comparison, proposed configurations
provide many more levels-per-switch than the CHB, and do not
require the dc-link midpoint connection of the CHfB.

Henceforward, we consider that 7 denotes a transformer turns
ratio, which is the factor to which the voltage applied to the pri-
mary side is multiplied to generate the voltage on the secondary
side. Additionally, each turns ratio has an index that addresses
it to the correspondent transformer. Taking Figs. 1 and 2 for
reference, each transformer has its corresponding turns ration 7
shown near it. Hence, the transformers are named after the index
of their respective turns ratios. For example, if a transformer has
turns ratio denoted by 72 1, it is then labeled as transformer 75 ;.
Also, each converter leg is named after its midpoint node from
which it is connected to the corresponding transformer. For ex-
ample, leg 2,1 is the one whose midpoint is node 2,1, which in
turn is connected to transformer 75 ;.

In the proposed shared leg configuration [see Fig. 2(a)], legs
1 and 2 are connected to the primary positive terminals of
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Fig. 2.
where N = Nyg — 1. (c) MCSL generalization, where N = Ni, /3.

transformers 7 and 75, respectively. Leg s, which is the shared
leg, is connected to the primary negative terminal of both trans-
formers. The output voltage v; is produced by cascading the
secondaries of the injection transformers. Following this logic,
we introduce two generalizations.

Proposed CSL generalization [see Fig. 2(b)] consists of
adding new legs by replicating the configuration of these trans-
formers, such that every new leg is connected to the primary side
positive terminal of its respective transformer, and the shared leg
s is connected to negative terminal of all transformers primaries.

The second proposed generalization is the MCSL [see
Fig. 2(c)], that is produced by simply defining the proposed
shared leg converter as a modular unity. Then, it is replicated
such that Ny,,q modules are cascaded by means of 2Ny, .q
transformers to produce the multilevel voltage v;, composing a
resultant converter with Nieg = 3Npy04 legs. Other possibilities
of MCSL generalizations can be generated by adding new legs
to each module in the same way done to the CSL generaliza-
tion. In this paper, we address only the MCSL generalization
with three legs per module.

The conventional CHB [see Fig. 1(a)] is the main conven-
tional configuration considered for comparisons, where Ny, h-
bridges are cascaded by means of Ny, transformers, in which
case the resultant converter has N, = 2V, legs. The conven-
tional CHfB [see Fig. 1(b)] is shown as a conventional option
with optimal levels-per-switch output voltage, requiring Nieg
transformers, but is not effectively considered in simulation and
experimental comparisons because it needs access to the dc-link
midpoint, requiring double the number of capacitors, and a con-
trol system to balance the dc-link capacitors voltage, all this to
generate one more level than the proposed CSL generalization,
requiring also one additional transformer.

III. VOLTAGE EQUATIONS

In the next topics, important voltage equations for the sys-
tems understanding are shown for proposed CSL and MCSL
generalizations, and for conventional CHB.

A. Proposed CSL Generalization

For proposed CSL, it is considered from now on that the
subscript k relates to the variables from the nonshared legs,
suchthatk = {1,2,..., K'}, where K = Nj¢; — 1. On the other
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Proposed single-phase converters and generalizations applied as inverters. (a) Proposed shared leg converter, with three legs. (b) CSL generalization,

hand, the subscript s relates to the variables from the shared leg.
Also, the turns ratio of the transformer linked to leg k is 7.
Then, if vy is the pole voltage produced by leg k, or vy for leg
s, the resultant voltage v; produced is given by

K
= m (M

k=1

where 7 is the virtual turns ratio that multiplies the pole voltage
vs0. Observe that, since the contribution of each pole voltage to
the multilevel voltage v; is apportioned by the turns ratios 7, it
is possible to calculate these turns ratios to maximize the number

of levels. This is valid for all configurations, and the calculation
method is going to be shown in the following section.

K
VL= D MkUko — NsUso
k=1

B. Proposed MCSL Generalization

For proposed MCSL, it is considered that the subscript £ re-
lates a variable to a specific nonshared leg within a module,
such that & = {1, 2}, and the subscript s relates the variable to
the shared leg. In turn, the subscript k,, relates a variable to
a specific module k,,, such that k,, = {1,2,..., K, }, where
K,, = Nmod. Then, the resultant subscript that addresses a vari-
able to a specific leg of a specific module is denoted by k, &,
for the nonshared legs, and s, k,,, for the shared legs. For ex-
ample, the current ¢, ; is the current flowing out of leg k& of
module k&, .

Then, the turns ratio of the transformer linked to leg &k of
converter ky, is 1y i, - If the pole voltage produced by the leg
k of converter k,,, is vy 1, 0, and vy 3, o for leg s, the resultant

m m

output voltage v; is given by

K,
§ ( E Mk ke Uk ke 0 Ms ke, Us ko, 0)

k=1

ko E M ko

where 1), 1, are virtual turns ratios that multiplies the pole
voltages vg 1. 0-

m

@3]

C. Conventional CHB Generalization

For conventional CHB, we consider that the subscript k relates
to the variables of each leg within an h-bridge, such that k =
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{1, 2}, and that the subscript k;, denotes the variables of the h-
bridge kj, asahole, suchthatk;, = {1,2,..., K} }, where K, =
Nhpp- Then, the resultant subscript that addresses a variable to
a specific leg of a specific h-bridge is denoted by k, kj,. For
example, the current i, 5, is the current flowing out of the leg &
of the h-bridge kj, .

Then, the turns ratio of the transformer linked to the h-bridge

kp is ng, . If the pole voltage produced by the leg k£ of the
h-bridge k;, is vy 1, 0, the resultant output voltage v; is given by
Ky,
2= My (V1 k0 = V2,8,0)- 3)
k],:l

IV. TURNS RATIO CALCULATION

The criterion chosen in order to calculate the transformers
turns ratios is the optimization of the output voltage v; wave-
form. This means that turns ratios are calculated to generate
the maximum equally spaced number of levels for v;. When
turns ratios are calculated with this purpose, we say that they
are optimal turns ratios.

Nevertheless, it is possible to establish other criteria. One of
them is generating less levels than the maximum, so that some
levels are produced by more than one possible switches states.
In this case, we say that these levels have redundancies, which
can be utilized to reduce the switching frequency. Turns ratios
calculated for this case are labeled nonoptimal.

Because optimal turns ratios calculations are unique for each
configuration (though variations are possible, they are basically
equivalent to the ones presented here), it is possible to cover
them all. But nonoptimal cases are very vast in possibilities,
such that their design must be done case by case. Hence, in this
section, we will show how to calculate optimal turns ratios, and
at the end an example of nonoptimal calculation is going to be
given.

A. Proposed CSL Generalization

Here, we define turns ratios 7 in terms of two components:
7, and 7. They are, respectively, the turns ratios of the pri-
mary and the secondary sides of transformer 7},.. By standard,
it is considered that 7, is the primary side turns ratio for all
transformers. Then, the value that differ from one transformer
to another is 75, such that n, is given by

M = Nks /Tlp- “4)

In order to maximize the number of levels Ny, generated for
vy, for a converter with N, legs, 15 and 7, are calculated by
(5). The number of levels [V}, generated is given by (6)

B
= s )
k=1

Ny = 2N — 1 (©6)

where K = Nigg — 1

If all that has been stated in order to calculate 7, is followed,
the maximum voltage level of v; produced by the converter,
labeled vpcyy , is given by (7) in function of the dc-link voltage

s = 2K

4885

vpc and turns ratios 7

K
= anvDC = vpc- @)

k=1

UDCm

Because 7, is common to all transformers, it does not in-
fluence the number of levels N}, generated. In fact, 7, is a
degree of freedom that has influence over vpcy,, along with
vpc. Observe that, if 7, is calculated accordingly to (5), we
have that Zi‘;l 1, = 1, which leads to vpcm = vpc, as stated
in (7). Then, even though 7, could assume any value from the
standpoint of levels maximization, we establish as standard that
it is calculated such that vpcy, = vpc, in this configuration and
in all others (even in nonoptimal cases). In this way, we grant
the same values of dc-link voltage vpc and maximum voltage
Upcm to each converter. This is important in order to normal-
ize the semiconductor losses comparison, which are going to
be analyzed further because if we establish the same vp ¢y, for
all configurations, we also want them to have the same dc-link
voltage vpc, so that we make fair switching losses compari-
son. Moreover, different values of 7, yields different current
ratings in each converter leg, affecting conduction losses. In
other words, because 7, has indirect influence over semicon-
ductor losses, it is calculated so that it does not benefit any
configuration.

B. Proposed MCSL Generalization

Like the CSL generalization, for the MCSL the turns ratios
Mk k,, are also given in terms of two components: 1), and 7 x,, -
Likewise, they are, respectively, the turns ratios of the primary
and the secondary sides of transformer 7}, ;. . Since ), is also
considered the same for all transformers, 7 1 is given by (8)
in function of 7, 1, and 7,

m

m

Mk = sk /Tl ®)

For N,,,,q modules, the turns ratios 7, 5, and 7, are calcu-
lated by (9) in order to maximize the number of levels generated
at the output voltage v;, such that Ny, is calculated by (10)

K, 2
T e Z Z Mhsk, (9
ko=1k=1

m

Npyp = 7ot (10)

where Krn = {Vmod-

Following the equations so far, voltage vpcp,, Which is the
maximum value of v;, can be calculated by (11) in function of
the dc-link voltage vpc and turns ratios ny, .,

Ky 2

E E Nk k,, YDC = UDC
km=1k=1

Y

UDCm =

C. Conventional CHB Generalization

Similarly to the proposed generalizations (CSL and MCSL),
in the CHB the turns ratio 7, is given in terms of two compo-
nents, 7, and 7y, 5, which are, respectively, the turns ratios of the
primary and the secondary sides of transformer 7}, . Since 7, is
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the same for all transformers, 7., is given by (12) in function
of 1y, s and n,,

Ny = Mk s /Mp- (12)

For Ny, h-bridges, the turns ratios 7, s and 7, are calculated
by (13) in order to maximize the number of levels Vi1, which
is given by (14)

Ky

Nk s = 3(Kh k) M = Z Nk, s
kp=1

13)

Ny = 3% (14)

where K;, = Nyp.

The voltage vpcy, Which is the maximum value of v, is
calculated by (15) in function of the dc-link voltage vpc and
turns ratios 7y,

Ky

UDCm = Z Mk, V'DC = UDC-
k‘hil

s)

D. Nonoptimal Turns Ratio for CSL Configuration

As mentioned, even though the optimal turns ratios calcula-
tion is our standard, nonoptimal cases are also possible. These
cases have less levels than the maximum calculated by (6), (10),
and (14), but are still evenly spaced. Also, by this method, some
levels have redundancies that can be utilized in the Level-Shifted
(LS)-PWM technique to reduce the switching frequency. Here,
we show one nonoptimal example for proposed CSL, which is
analyzed further in the simulation results. Some other cases not
covered here are also shown in the experimental results.

In our example case, ), is also given by (4), but the way in
which the 7 are calculated is different. The principle of this
designis that ny, = 1 and ny_15 = 2 (N = Njeg — 1), and all
other 7. are the sum of all 7., where k' > k. As in previous
cases, 1), is the sum of all 7. If we put this into equations,
for Nieg legs, the turns ratios 7, and 7, are calculated by (16)
to produce Njy levels given by (17). As in the optimal case,
voltage vp ¢y 1S calculated by (7)

3x 2B =270 i kb < Nigg — 2

MNks = M = 25:1 MNks
2K [if | > Nygg — 2
(16)
Ny =3 x 2We=2) 4 1 A7)

where K = Njg — 1.

V. LS-PWM TECHNIQUE

From now on, the superscript * is an indication of a reference
variable. For example, v; is the reference of voltage v;. Also,
when an example is needed, the configuration considered in
this section is the basic proposed shared leg converter, shown in
Fig. 2(a). Nevertheless, the method described here is general and
its principle can be extended for any configuration, proposed or
conventional.
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Given that voltage v is set accordingly to the load voltage
requirement, such that —vpcn, < v < vpow atany given time,
the LS-PWM is responsible for generating the switching states
for the IGBT legs in function of v}, so that the proper mul-
tilevel voltage v; is applied to the load. Then, assuming that
the topology can generate Ny, voltage levels equally spaced
ranging from —vpcy, tO Upew, v; must be compared with a
certain level-shifted triangular carrier va, chosen among a set
of Njy1 — 1 carriers, such that the maximum and the minimum
values of the carrier stand between the two levels closest to v},
within a carrier period Ta. This way, if the proper switches
states are associated to the true and false results of the compar-
ison, v; assumes only the values of the two levels closest to v;,
such that the voltage variation of v; is minimized, optimizing its
profile, and reducing harmonic distortion.

Hence, for N}, levels, there must be N}, — 1 level-shifted
carriers, such that the comparison of v; with these carriers
gives v; accordingly to (18), where each voltage level is de-
noted by Vivi »,,, such that n; = {1,2, ..., N1 }, where Viy 1 <
Viv2 < --+ < Wiy, n,.,, and each level-shifted carrier is denoted
by vag.u, such that d = {1,2,..., Ny — 1}, u=d + 1, and
Vind < vadu < Vi

‘/lvlﬁd S Ul* < ‘/lvlqu

(18)
u=d+1.

{ Wvl,ua if Ul* > VAd,u
v =
‘/lvl,da lfvl* < VAd,u

In this way, two levels V},; 4 and W, define a region d, u,
which contains both carrier vaq , and the current value of v;.
What has been described so far is illustrated in Fig. 3 for the
particular case where N1 = 7, which corresponds to the basic
proposed shared leg converter. In order to generate Vi) = 7, it
issetn =2/3andn, = 1/3.

In Fig. 3(a), it can be seen the complete set of level-shifted
carriers vaq,., the dc voltage levels V4, , and the reference
signal v;. It is also highlighted the carriers period T and the
voltage variation AV}, between the dc levels. Fig. 3(b) illus-
trates the comparison mechanism. Each voltage level Vi1 ,, can
be calculated in function of n; by (19), such that AV, is also
given in

2UpCm
Vivl,m = —UpCm T (nl - 1)AVivl; AVEVI = DC*. (19)
Ny —1
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TABLE I
SWITCHES STATES MAPPING FOR Ny = 7

Qi1
(1;0; 0)

Qw2
(1;0; 1)

Q1,3
(15 1; 0)

Qe

1515 1)
(0; 0 0)

Qw5
0;0; 1)

Qw16
(0;1; 0)

Q1,7
0; 1; 1)

The legs switching itself is realized by the comparison logic
described so far, considering that to each voltage level Vi p,
corresponds a proper set of switches states Q1y1,,, . For example,
for the CSL generalization this set is given by (20). For the basic
shared leg converter, where Ny, = 7 and Quin, = (455 q1542)s
this comparison logic is shown in Fig. 3(b) with correspondent
switches states

lel,m (20)

= (g3 Q13423+ 3AN ) N=Nye—1.

Switches states ()y1,,, must be mapped to the correspondent
voltage levels Vi, ,, by means of tables, and the PMW system
sets appropriate values for 1, such that (18) is true. For
our example case, the corresponding mapping table is Table I.
When redundancies occur, as in Q}y1,4, the PWM designer must
use them to favor the topology in some predefined aspect. For
example, if a criterion of switching frequency minimization is
chosen, then Q14 = (1;1;1) if it switches with Q1 3, and
Qw14 = (0;0;0) if it switches with Q1 5.

VI. SIMULATION RESULTS

Simulation results were obtained for both proposed CSL
and MCSL generalizations, and conventional CHB, consid-
ering N, =6 and vpcw = 170V. For the MCSL, this
means Ny,,q = 2 modules, and for CHB configuration, it means
Nh, = 3 h-bridges. In each case, the results were taken for turns
ratios calculated to produce maximum number of levels. For
the CSL, additional results were acquired for nonoptimal turns
ratio, calculated accordingly to (16).

Then, the specific configurations of simulated cases are la-
beled as follows: 1) CSLg;: CSL configuration with Nie, = 6
legs and optimal turns ratios, 2) CSLg;”: CSL configuration
with Nj; = 6 legs and nonoptimal turns ratios, 3) MCSL,,), :
MCSL configuration with Ny,,q = 2 modules, 4) CHB3;,: con-
ventional CHB with Ny, = 3 h-bridges. For each configuration,
the following turns ratios were calculated:

3) MCSLoy: (m1,13m2,15m1,251m2,2) = (55 55 &5

4) CHB3y: (nism2ims) = (55 21 )

In every case, it was considered fao = 10 kHz as the standard
level-shifted carriers frequency, V; = 110V as the nominal rms
load voltage, and a resistive—inductive load of resistance ; =
20 2 and inductance L; = 7 mH, implying in a load power of
P, = 600 W approximately with power factor p.f. = 0.99.

In the following sections, different aspects of simulated pro-
posed configurations CSLg;, CSLg;” and MCSLy,,,, and con-
ventional CHBg,,, are going to be analyzed.

2) CSLg;™s (s masmsima; ) = (515 205 573 503 2105
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A. Load Voltage Harmonic Spectrum and THD Analysis

Fig. 4 depicts the output load voltage v; and the load current
1) for every case considered (the current is amplified by a gain of
ten times for better visualization). It was observed that proposed
configuration CSLg; produced the greatest amount of levels for
vy, followed by CSLg" and MCSLy,,. Conventional CHB3,
produced the lowest quantity. The levels are more clearly distin-
guishable by observing the zoomed views given in each graphic.
This was expected because, for the turns ratios established, we
had Ny,; = 63 levels for configuration CSLg;, Ny = 49 lev-
els for CSLg,", Ny = 49 levels for MCSLy,,,, and Ny = 27
levels for CHBj;,. Configuration CSLg;” produced the same
amount of levels than MCSLy,,, . From these graphics, it is pos-
sible to conclude that proposed configurations provided better
voltage profiles, since more levels were produced with relation
to conventional CHBg;,. Also, by comparing Fig. 4(a) and (b),
it becomes clear that the nonoptimal turns ratios reduced the
amount of levels provided.

The consequence of the different number of levels produced
by each configuration in seen in Fig. 5, which shows their
harmonic spectrum from 5 to 55kHz. The magnitudes are
normalized with relation to the magnitude of their respective
fundamental components at 60 Hz. It can be seen that all config-
urations have a main harmonic component in 10 kHz, since the
level-shifted carrier frequency is fao = 10kHz. They also have
other minor components around every frequency multiple of
10kHz. Some values are highlighted in the graphics, and it can
be seen that proposed configuration CSLg; presented the har-
monic components with lowest amplitudes, followed by config-
urations CSLg;” and MCSL,,,,, which had very close spectrum
profiles. The configuration with greatest harmonic content was
conventional CHBj3y,.

Table II shows the total harmonic distortion (THD) values
for fo = 10 kHz, calculated for the output voltage v; in order
to support what has been stated by observing graphical results.
The THD obtained confirm the spectrum profiles, it can be
seen that proposed configurations provided voltages with lower
THD (lower harmonic content). The lowest THD was that of
configuration CSLg;, followed by CSLg;", which had the same
THD as configuration MCSL,,,, . Conventional CHB3;, had the
highest THD.

B. Semiconductors Losses Analysis

Since proposed configurations provided considerably lower
voltage THD for fa = 10kHz, it was possible to lower their
LS-PWM carriers frequency fa in order to rise their THD to
make semiconductor losses comparison. By lowering fa, we
expected to lower their switching losses to the point that they
provided lower total semiconductor losses than conventional
configuration, but kept lower THD. Then, the losses were cal-
culated by lowering proposed configurations fa to match their
THD at 3.2%. Conventional CHB3;, was maintained with THD
= 5% at fo = 10kHz. The losses results are shown inTable III.

As seen, conduction losses were the same for all configura-
tions, since they all had the same number of semiconductors,
but both THD and switching losses of proposed configurations
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TABLE I
VOLTAGE v; THD WITH FIXED CARRIERS FREQUENCY fan = 10KHZ FOR ALL
CONFIGURATIONS

CSLg;  CSLg®  MCSLy,,  CHBg,

v; THD (%) 2.31 2.90 291 5.05

TABLE IIT
SEMICONDUCTORS LOSSES WITH VOLTAGE v; THD = 3.2% FOR PROPOSED
CONFIGURATIONS AND 5% FOR CONVENTIONAL CHB

CSLg; CSLg® MCSLy,,  CHBy,

fa (kHz) 45 55 5.5 10.0
v, THD (%) 32 32 32 5.0
Cd. losses (%) 2.23 2.23 2.23 223
Sw. losses (%) 0.52 0.44 0.53 0.89
Total (%) 275 2.67 276 3.12

Losses are normalized with relation to load power P; = 600 W.

were considerably lower than that of the conventional CHB,
which shows their better performance. Proposed configurations
CSLg; and MCSLs,,, showed practically the same losses, but
CSLg," had them slightly lower because of its lower switching
losses. This shows that nonoptimal turns ratios can be used to
provide good results by reducing switching losses, even though
they cannot give as much levels as the optimal case.

The switching losses results can be further justified by observ-
ing Table IV, which shows the switching frequency calculated
for the legs of each configuration. In Table IV, it was estab-
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TABLE IV

SWITCHING FREQUENCY FOR THE SWITCHES OF EACH LEG OF EACH
CONFIGURATION WITH VOLTAGE v; THD = 3.2% FOR PROPOSED
CONFIGURATIONS AND 5% FOR CONVENTIONAL CHB

Switch. Freq. CSLg;  CSLg” MCSLy,  CHBgyy,
fa (kHz) 45 5.5 55 10.0
v; THD (%) 32 32 32 5.0
Legs/s,1/1,1 (Hz) 120 120 120 120
Leg1/1,1/2,1 (Hz) 600 360 720 1440
Leg2/2,1/1,2(Hz) 1800 840 2040 3120
Leg3/s2/22(Hz) 4440 1800 2760 5400
Leg4/12/13(Hz) 7800 6240 6640 16 520
Leg5/22/23(Hz) 10640 13520 13 840 13200
Mean value (Hz) 4233 3813 4353 6633
TABLE V

CURRENT RATING | IT, | FOR THE SWITCHERS OF EACH LEG, NORMALIZED
WITH RESPECT TO THE LOAD CURRENT i;

Current rating CSLg;  CSLg/” MCSLy, CHBy,
Legs/s,1/1,1 100% 100% 87.5% 69.2%
Leg1/1,1/2,1 51.6% 50.0% 58.3% 69.2%
Leg2/2,1/12 258% 25.0% 29.2% 23.1%
Leg3/s,2/22 12.9% 12.5% 12.5% 23.1%
Leg4/12/13 6.5% 8.3% 8.3% 7.7%

Leg5/22/23 3.2% 4.2% 4.2% 7.7%

lished THD = 3.2% for proposed configurations and 5% for
conventional CHBj,, as in Table III. The switching frequencies
of proposed configurations were considerably lower compared
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TABLE VI
MEAN ABSOLUTE POWER TRANSFERED BY EACH TRANSFORMER,
NORMALIZED WITH RELATION TO LOAD POWER P; = 600 W

Abs.Power  CSLg;  CSLg" MCSLy,,  CHBg,
Ty or Ty 4 4.1%  42.8% 56.4% 80.7%
Ty or Ty 1 258%  25.0% 38.0% 35.8%
Ty orTy » 149%  14.8% 12.4% 15.2%
Ty orTy 9.3% 10.2% 8.1% -

Ts 5.9% 7.2% - -

Total 100.0%  100.0%  1149%  131.7%

to CHB3,. The fact that configuration CSLg;” had lower mean
switching frequency shows why it also had lower switching
losses. This is also an example of how nonoptimal turns ratio
can be used to reduce the number of levels and increase the
number of switches states redundancies, decreasing the switch-
ing stress. Moreover, the fact that proposed configurations could
provide lower THD with lower losses yields not only better per-
formance, but potentially cheaper devices with lower frequency
rating.

C. Switches Current and Transformers Power Rating Analysis

In order to compare the IGBT switches and injection trans-
formers from one configuration to the other, along with Table IV
that gives the switching frequencies, the current rating for the
IGBTs from each leg and the power rating for each transformer
are shown in Tables V and VI, respectively.

By observing Table V, it can be seen that, except for the legs
in the first line (Legs s / s,1 / 1,1), in general the legs from
proposed configurations had lower current rating compared to
the conventional CHB3,, with some legs having slightly higher
rating. Configurations CSL¢; and CSLg,” had the lowest ratings,
except for leg s. Moreover, by relating Table V to Table IV, it
can be noticed that the legs with higher current ratings also
had the lowest switching frequencies, and that the ones with
highest switching frequencies had lower current ratings. In this
matter, proposed configurations had advantage because most of
their switches had not only lower current rating, but for THD
= 3.2% they also had lower switching frequency, making the
total cost of the switches potentially lower.

Table VI shows the mean absolute power rating for each
transformer of each configuration. The absolute power trans-
fer accounts positively for negative power transfer, which is the
amount of power that flows back to the dc power source. It can be
noticed that even though the proposed configurations had more
transformers than the conventional CHB3,,, the power rating of
each transformer was in general lower. Conventional CHB3,
naturally concentrated most power transfer in transformer 77,
while in the proposed configurations the contribution of other
transformers was more significant. This means that, even though
proposed configurations require more transformers, these addi-
tional transformers are of much lower power rating and, thus,
can be lighter and smaller. Moreover, the transformers with
greatest absolute power rating in proposed configurations was
almost half the rating of that of conventional CHB3;, .
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By observing the total power transferred by all transformers
in each case, it can be noticed that in configurations CSLg; and
CSLg" the total absolute power rating was 100%, i.e., there
was no negative power transfer. On the other hand, in configu-
ration MCSLy,,, this power exceeded the load power in about
15%, and in the conventional CHBjg;, the excess power was over
30% of load power. These negative power ends up rising the
power rating of individual transformers, reducing the efficiency
of transformers and associated IGBT legs.

Though it is not trivial to say which option is most cost effec-
tive in terms of transformers, one can say that proposed config-
urations should not be that much expensive. More transformers,
indeed, may translate into higher weigh and more space, but in
terms of costs there might not be a great difference. Because
proposed configurations may also provide better power qual-
ity with potentially cheaper switches and lower semiconductor
losses, they are an interesting option.

VII. EXPERIMENTAL RESULTS

The experimental setup is shown in Fig. 6. The inverters
where assembled in a workbench composed of 16 IGBT legs and
associated drive boards, with independent dc-link capacitors for
each leg, which can be connected in parallel to form a common
dc-link. Fig. 6(a) shows the front view of the workbench, and
only the elements utilized in our setup have been highlighted.
The dc source was a single-phase rectifier composed by a diode
bridge, and the inverters have been assembled utilizing the four
IGBT legs from one module. The injection transformers are
shown at the bottom along with the RL load. Also, a DSP board
with an F28335 device is connected to the workbench at its
back, as shown in Fig. 6(b). The workbench protection system
is also located at its back. Other elements not highlight are
signal conditioning boards for the sensors-DSP interfacing and
ICs with logic gates that generate the complementary signals
for the IGBT legs.

Experimental results are shown in Fig. 7 for proposed con-
figuration CSL with Ny = 4 legs, and for the conventional
CHB with Ny, = 2 h-bridges. Two situations were also con-
sidered, the first where optimal turns ratios were calculated
such that the maximum number of levels where produced for
vy, and the second where nonoptimal turns ratios where estab-
lished in order to produce intermediate number of levels. For
each graphic, the top curve is the output load voltage v; and
the bottom curve is the load current 7;. The converters were ap-
plied as inverters and, similarly to the simulations results, it was
established vpc = vpem = 170 V. An RL load of resistance
R; = 25 Q and inductance L; = 7 mH was fed with a voltage
equal to V; = 110 V rms. This way, a nominal load power of
approximately P, = 500 W with power factor p.f. = 0.99 was
established.

Since experiments were made for four different configura-
tions, they are labeled henceforward as follows: 1) CSLy;: CSL
configuration with N, = 4 legs and quasi-optimal turns ra-
tios, 2) CHBy;,: conventional CHB with Ny, = 2 h-bridges
and optimal turns ratios. Each configuration described also had
correspondent nonoptimal turns ratios cases, labeled the same
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(b)

Workbench utilized for the experimental setup. (a) Front view showing the dc-link source, the inverter, the load, and injection transformers. (b) Back

Fig. 7.

way as the optimal ones, but with the superscript"P. For exam-
ple, CSL} " is configuration CSLy; with nonoptimal turns ratio.
Then, for each configuration the turns ratios calculated were as
follows.

1) For CSLy; (Niy1 = 13): (n15m2:m3) = (

2) For CSL}” (Niyi = 9): (m15m25m3) = (3

3) For CHBy;, (Niv1 = 9): (m5m2) = (33 1).

4) For CHBY;” (Niyi = 7): (misme) = (3: %)

Notice that the turns ratios set for configuration CSL,; was not
exactly the optimal one. In fact, the optimal number of levels for
CSL4; would be N}, = 15, but it was required to approximate
the ideal turns ratio by a nonoptimal relation in order to perform
the experiment with the transformers available in laboratory.
This relation is referred henceforward as quasi-optimal.

The experimental results were obtained in order to demon-
strate the feasibility and performance of proposed configuration
CSL, and to show the influence in the choice of the transformers
turns ratios. Then, while Fig. 7(a) and (c) shows results with
optimal turns ratios for configurations CSL,; and CHBy;,, re-
spectively, Fig. 7(b) and (d) shows results for nonoptimal turns
ratios, i.e., configurations CSL};* and CHB,", respectively.

Experimental results with optimal and nonoptimal turns ratio. Load voltage v; is the top curve, and current 4; is the bottom curve. (a) Proposed CSLy;
(N1y1 = 13). (b) Proposed CSL} ¥ (N1 = 9). () Conventional CHBy, (Njy) =

9). (d) Conventional CHB,? (Niy) = 7).

As seen, for optimal/quasi-optimal turns ratios cases, volt-
age v; presented N}, = 13 for CSLy; and Ny, = 9 for CHByy,.
Configuration CSLy; provided four more levels than CHBy;,,
with the same number of legs. Nonoptimal turns ratios cases
produced less levels than their correspondent optimal cases, as
expected, but kept an even distribution of levels, showing cor-
rectness in the turns ratio design. For configuration CSL} ", it
could be observed Nj,; = 9 levels, four less levels compared to
CSLy;, which was already nonoptimal. Finally, for the conven-
tional conf. CHB,,", it could be observed Ny = 7 levels, two
less levels compared to CHBy, .

As analyzed in the simulation results, the number of levels
produced by the converter in the output voltage v; reflects in its
harmonic spectrum, as seen in Fig. 8, which shows the spec-
tra from 5 to 55 kHz, for voltages of all experimental cases.
The magnitudes are normalized with respect to the fundamental
components, in 60 Hz. It can be seen that, similarly to the sim-
ulation cases, all configurations had a main harmonic compo-
nent at 10 kHz, which is the level-shifted carrier frequency, and
minor components around frequencies multiple of 10 kHz. Pro-
posed configuration CSL,4; had the lowest harmonic magnitudes,
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conventional CHB,,".

TABLE VII
VOLTAGE v; THD OBTAINED IN WITH EXPERIMENTAL DATA, WITH FIXED
CARRIERS FREQUENCY fa = 10 KHZ

CSLy;  CSLyP CHB3?

CHByj, 2h

v; THD (%) 9.80 14.42 16.20 21.76

followed by CSL};” and conventional CHB,,, which had sim-
ilar spectrum profiles. The greatest magnitudes were observed
in conventional CHB5;”. Table VII shows the THD calculated
for each case, and confirm numerically what has been observed
graphically in Fig. 8.

Even though the nonoptimal calculation of the turns ratio
produced less levels, it is a useful resource that allows us to
adapt the topologies to be utilized when transformers with ideal
turns ratios are not available, as was the case shown in Fig. 7(a).
Moreover, they allow the design of an LS-PWM with redun-
dant states. As shown in the simulation results, these states can
be properly used to reduce the switching frequency of the con-
verter, especially in legs with higher current rating. This enables
the reduction of switching losses and stress, keeping good per-
formance with a number of voltage levels still greater than the
conventional configuration.

VIII. GENERAL ANALYSIS

By analyzing simulation results, it could be verified that for
the same number of legs (Vg = 6), proposed configurations
provided more levels in the output voltage than the conventional
CHB, such that their harmonic spectrum had lower magnitudes
(see Fig. 5), granting them lower voltage THD. As seen in
Table II, proposed configuration CSLg; provided the greatest
number of levels (V;,; = 63) and the lowest THD, followed
by proposed configuration MCSLy,,, (N}y1 = 49). Conventional
CHBg;, provided the minor number of levels (V1,1 = 27) and
the highest THD.

It could also be verified from the data in Table III that pro-
posed configurations could provide both lower semiconductor
losses and voltage THD (THD = 3.2%) than the conventional
CHBj3;, (THD = 5%), showing that proposed configurations
could provide better voltage quality without prejudice to the
power losses. Particularly, for configuration CSLg;”, it has been
observed an intermediate number of levels (Vi = 49), lower
than the optimal case (CSLg). Nevertheless, CSLg;” had the
lowest semiconductor losses among all configurations, showing
that nonoptimal turns ratio can be used to decrease not only
the number of levels, but also the switching frequency by prop-
erly utilizing the switches states redundancies in the LS-PWM.
Moreover, in general proposed configurations had lower current
rating in higher switching frequency IGBTs, and lower switch-
ing frequency on high current rating ones, as verified by com-
paring the data on Tables IV and V, yielding possibly cheaper
devices.

By the data provided in Table VI, it has been shown that even
though proposed configurations required additional transform-
ers, they are of lower power rating compared to the ones of con-
ventional configuration. Particularly, CSL generalization had the
transformers with lowest power ratings. Hence, even though the
utilization of more transformers means greater weight and more
space, in terms of cost they would not be that much expensive in
proposed configurations because they are of lower power rating.
Then, the tradeoff of more but individually cheaper transform-
ers for better voltage quality with less semiconductors losses is
attractive.

In the experimental results, it could be verified the feasibil-
ity and the better performance of proposed CSL configuration,
already indicated by the simulation results. Cases with optimal
and nonoptimal turns ratios have been analyzed, and what was
stated based on simulations was confirmed in the experiments.

Moreover, Table VIII shows some general data on proposed
(CSL and MCSL) and conventional (CHB and CHfB) config-
urations. In the table, % is the number of switches employed,
n is any integer such that n > 1, N}y is the number of levels
produced, and Ny the number of transformers utilized. It can
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TABLE VIII
GENERAL DATA ON PROPOSED AND CONVENTIONAL CONFIGURATIONS, WHERE
k 1S THE NUMBER OF SWITCHES, n IS ANY INTEGER SUCH THAT n. > 1, Niy
THE NUMBER OF LEVELS PRODUCED, AND Npzr THE NUMBER OF

TRANSFORMERS
Proposed Conventional
CSL MCSL CHB CHfB
k k>4+2n k>6n k>4n k>2n
Ny 9k/2 _q 7kt/(j 3k/4 ok /2
Nut k/2 -1 k/3 k/4 k/2
k=8  Nu/k 1.875 - 1.125 2
Nyt 3 - 2 4
k=12 Ny /k 5.250 4.083 2.250 5.333
Nus 5 4 3 6

be verified that for k£ = 8 switches, which is the case of experi-
mental configurations, proposed CSL generalization has almost
twice the levels-per-switch (NN}, / k) than the conventional CHB,
and is very close to the CHfB. For k = 12 switches, which is
the case of simulated configurations, the levels-per-switch of
proposed CSL is over twice than that of the conventional CHB,
and even closer to that of CHfB. Proposed MCSL generalization
also present high levels-per-switch ratio, almost twice than the
conventional CHB.

Considering that proposed CSL generalization provides al-
most the same levels-per-switch ratio than conventional CHfB
for increasing values of k, and that it utilizes one less trans-
former and does not need dc-link midpoint connection, it be-
comes a very good alternative. However, proposed CSL utilizes
considerably more transformers than conventional CHB (almost
twice for k = 12). Hence, if an economy in the number of trans-
formers is desired, proposed MCSL generalization rises as an
interesting choice. It still utilizes more transformers than con-
ventional CHB, but has considerably higher levels-per-switch
ratio and uses less transformers than proposed CSL and con-
ventional CHfB. As a general rule, the cost for higher levels-
per-switch is more transformers, and the designer must reason
about this implication. Nevertheless, one must remind that more
transformers do not mean necessarily a more expensive device,
since transformers are of different current and power ratings in
each case.

IX. CONCLUSION

In this paper, we have proposed a new single-phase shared-
leg multilevel converter utilizing two injection transformers
connected to three two-level IGBT legs, along with two general-
izations for devices with Nje, legs. This converter and its gener-
alizations have been proposed as alternatives to the conventional
CHB and the CHfB, providing higher levels-per-switch ratio. It
has been shown that proposed configurations can provide prac-
tically equivalent levels-per-switch than the CHfB, with less
transformers and without requiring connection to the dc-link
midpoint. Moreover, simulation and experimental results have
been provided to show that proposed configurations have bet-
ter performance than the conventional CHB, with considerably
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more levels-per-switch and lower semiconductor losses, at the
cost of requiring more transformers. Nevertheless, we have ver-
ified that the additional transformers of proposed configurations
are of lower current and power rating than those of conventional
CHB, which implies that they are not necessarily more expen-
sive, making proposed configurations a viable alternative with
improved voltage waveform quality.
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