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A Self-Balancing Five-Level Boosting Inverter With Reduced Components

N. Sandeep *“, Jagabar Sathik Mohamed Ali

Abstract—Two-Stage boosting multilevel inverters (MLIs),
which are highly suitable for photovoltaic power plants, are known
to suffer because of the high voltage stress on the switches of second
stage. One of the ways to confront this issue is through eliminating
the front-end booster. However, this leads to increased structural
and control complexity of the resulting integrated boosting MLI.
This letter presents a single-stage boosting MLI requiring lesser
number of switches, diodes, and capacitors for renewable power
generation applications. It requires nine switches and only one ca-
pacitor for five-level voltage generation. The topology has inherent
self-balancing capability, thereby does not need additional balanc-
ing circuitry. The proposed topology has a uniform peak inverse
voltage stress on the switches of value equal to the input dc volt-
age. A less complicated logic-form-equations-based gating pulse
generation scheme is designed for enabling the proposed MLI to
maintain its capacitor voltage. Further, a comparative study with
state-of-the-art topologies is carried out to demonstrate the supe-
rior performance of the proposed topology. Finally, the feasibility
of the proposed topology is validated through experimental tests
and the corresponding results are elucidated.

Index Terms—Multilevel inverter (MLI), power quality, single
stage, step up.

I. INTRODUCTION

HE key drivers behind the increasing concern toward gen-
T erating green power from renewable sources such as pho-
tovoltaics and wind farms are the depleting fossil fuels and
increased environmental concern. Furthermore, it is imperative
to employ power electronic converters in order to efficiently har-
ness such green power. Among the many varieties of converters,
multilevel inverters (MLIs) are widespread due to their attrac-
tive features of reduced dv/dt, improved waveform quality, and
reduced power losses [1], [2]. A few of the classic topologies
that are majorly used are cascaded H-bridge (CHB), neutral
point clamped, and flying capacitor converters. However, as the
number of voltage level increases, these topologies suffer from
several drawbacks, such as dc-link capacitor voltage imbalance,
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complex control strategy, the requirement of more components,
to name a few. Nevertheless, CHB stands out of the list due to
its higher modularity at the cost of requiring several isolated dc
sources.

In order to negate the above-mentioned detriments, several
efforts in devising MLIs with reduced components are witnessed
[3]. One of the widely used methods for generating a higher
number of levels with lesser devices is through hybridization.
Switched capacitors (SCs) as an intermediate level generation
part along with traditional inverter structures have gained a lot
of attention [4], [5]. On this line, the recent topologies with self-
voltage balancing and reduced components proposed in [6] and
[7] are found attractive. Numerous topologies with an attempt to
separate the level and polarity generation part are developed as
a solution to increased SC count at the cost of a higher number
of dc sources [8], [9].

With the low-voltage input sources such as photovoltaic (PVs)
or batteries of electric vehicles (EVs), it is often required to em-
ploy an intermediate boosting stage. Such a system is referred
to as a two-stage power processing entity [10]. Unlike the pre-
viously mentioned topologies that are of type voltage reducers,
it is desired that the MLI exhibits an inherent boosting capa-
bility thereby eliminating the need of transformers or inductors
to step up the voltage. With this motivation, several high-gain
MLIs based on SCs are presented [11]-[19]. One of the common
features among these topologies is that they are self-balancing.
However, their component count stands high and also there ex-
ists limitation on selection of semiconductor switches since a
few of them has to block the total load voltage.

In this letter, an effort is made to devise an MLI with
self-voltage balancing and boosting capability for applications
such as variable-speed drives, EVs (V2G/G2V technologies),
and grid-connected renewable energy systems. Simple Boolean
equations are derived for the generation of gating pulses. Some
of the distinctive features of the proposed topology are as
follows:

1) the number of switches required is only nine and no addi-

tional diodes are necessary;

2) exhibits inherent polarity reversal capability, i.e., no back-

end H-bridge required;

3) the peak inverse voltage (PIV) of power switches in the

proposed structure is equal to input dc voltage;

4) only one SC is required and the topology exhibits an

inherent self-balancing without the need for any sensors
or additional control loop;
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Fig. 1. (a) Proposed 5L boosting MLI. (b) Proposed extension M1. (c) Proposed extension M2.
TABLE I

5) four out of nine switches operate at fundamental frequency
(50 Hz) and thereby leads to reduced switching losses.
The operation of the proposed topology is validated through
experiments and the results are presented. And its pertinent char-
acteristics are illustrated through a detailed component count
based comparative study and cost analysis.

II. PROPOSED STEP-UP INVERTER TOPOLOGY

A. Circuit Description

The proposed single-phase five-level (5L) boosting inverter
is shown in Fig. 1(a). It consists of nine power switches, one
SC, and a single dc source of magnitude V.. The arrangement
of switches S5, S3, Sy, S5, and S; interconnecting the dc source
and SC is referred to as an intermediate switching cell (ISC).
The remaining four switches (S, S1, S, and S;) operate only
once in every half-cycle of the fundamental voltage and thus
are termed as line frequency switches (LFSs). It is evident that
only one dc supply is employed for the SL voltage generation.
A photovoltaic cell/array, EV battery, or fuel cell can act as such
dc supply. Besides, the proposed circuit arrangement exhibits
a uniform blocking voltage across all the switches and has a
voltage boosting factor (VBF) of two. Unlike many other struc-
tures wherein an H-bridge is used for the polarity generation,
the proposed architecture has an inherent voltage reversal capa-
bility. The voltage across the SC is balanced around a voltage
of magnitude Vg, without any need for sensors, and thus, makes
the proposed topology cost-effective.

Further, with the proposed SL basic unit, the number of volt-
age levels (V1) can be increased in two ways. First, by append-
ing additional ISCs and SCs referred to as Method-1 (M1) [refer
Fig. 1(b)]. Second, by cascading a number of 5L units referred
to as Method-2 (M2) [refer Fig. 1(c)], the resulting configura-
tion has a higher Ny and VBE. Such an arrangement is highly
suitable for the interconnection of multiple dc supplies (renew-
able sources). The relation between number of switches (Ngy),
number of SCs (N¢yp), Ni, VBFE, number of modules (Vyr), and
number of ISCs (Nigc) is given as

N. = 3+ 2Nige N =1+ 4Ny
Ngw =4+ 5N, Ngw = 9N,

Ml = } olisc M2 = ) 9N
Ncap = Nisc Ncap = Num
VBF = 1 + Nisc VBF =1+ Nj.

(D

SWITCHING STATES FOR THE PROPOSED 5L INVERTER

Vab St Sa S3 Sa Sk Se S7 Cq
2Vie 0 1 0 1 0 1 1 Discharging
Ve 0 1 1 0 1 1 1 Charging
0 0 0 1 0 0 1 0 No Effect
0 1 1 0 0 1 0 1 No Effect
—Vie 1 1 1 0 1 1 0 Charging
—2Vic 1 0 1 1 1 0 0 Discharging

Fig. 2.

Active switches for each of the output voltage levels.

B. Pulsewidth Modulation Strategy

The switching combination required for the generation of a
5L output voltage is listed in Table I. The entry “1” indicates that
a particular switch is ON and “0” indicates the OFF condition.
The table also indicates the effect of each of the voltage levels on
the SC voltage. The current path and the active switches for each
level are shown in Fig. 2. It is essential to produce appropriate
gating signals in order to synthesize the output voltage with the
desired steps. For this, two level-shifted high-frequency carriers
(ver1 and ver2) and a single fully rectified signal of the sinusoidal
reference (vief = Vi sin wt) are employed [refer Fig. 3]. For the
derivation of switching functions (SFs), suitable logic operations
are performed on the comparator outputs veompi and veompz. A
zero crossing detector (Z.) defined as Z, = 1 for vyr > 0 is
required for the construction of the SFs. The derived SFs are
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Fig. 3. Gating pulse generation process.

as follows:
S1 = Ucompl X Zc
Sy = VUcompl X Ze + ﬁcompZ X Zc
SS = 'Dcomp2 X Ze + Zc
Sy = Vcomp?2
S5 = 1_)comp2 X Ze + Vcompl X Zc
Se = Zc + Ucomp2 X Zc
S7 = Vcompl X Ze. (2)

C. Capacitor Voltage Balancing

As evident from Fig. 2, during levels =V}, the dc source and
the SC are connected in parallel. Considering the parasitics of
the switches involved in the charging path to be low, the SC
can be assumed to instantaneously charge up to the value of the
input dc source, whereas for levels 2V, the SC is connected
in series with the dc source across the load. Therefore, the
energy supplied by the SC during these intervals results in the
discharge of the SC. The minimum value of the capacitance
required to permit an acceptable voltage ripple (AV') for a given
load resistance ([?y) and fundamental output voltage frequency
(wg) is as follows:

2Vac

C(min = T b A1s
WQRQAV *

(65 —01). 3)

III. COMPARATIVE ASSESSMENT OF THE PROPOSED
5L BOOSTING INVERTER

In order to comprehensively attest the illustrious features
of the proposed topology, it has been compared against vari-
ous other classic benchmarked circuits and recent state-of-the-
art topologies. The comparison is performed in terms of Ngy,
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TABLE II
COMPONENT COUNT COMPARISON OF THE PROPOSED MLI WITH
OTHER BOOSTING TOPOLOGIES

MLI TBV  PIV .
No o Naw  Naiver  Naiode  Nsource  Neap Efficiency

type (pu) (p.u.)
[12] 5 12 12 12 1 2 20 1 96.7
[13] 7 16 14 16 1 2 16 2 93.1
[14] 5 6 6 8 1 2 8 1 97.01
[15] 5 7 7 10 1 2 9 1 96.8
[16] 5 9 8 10 1 1 9 1 97.4
[17] 5 6 6 8 1 1 12 2 95.8
[18] 5 6 6 7 1 1 11 2 98.1
[19] 5 8 8 8 2 12 2 97

Proposed 5 9 9 9 1 1 9 1 97.91

number of gate drivers (Ngriver), number of diodes (Ngiode ), NUM-
ber of dc sources (Nyource ), nUmber of capacitors (Ncqp), and total
blocking voltage (TBV) in per unit (p.u.)

As can be seen from Table II, topology in [19] requires two
isolated dc sources to generate a SL output voltage, whereas the
proposed circuit requires only one dc source. It can be observed
that the proposed topology requires only one capacitor, which
is the least among all, and thus, resulting in higher reliability
and lower stored energy as well. The TBV of the proposed
topology, thatin [15] and [16], is the second least in comparison
with others. Overall, the proposed topology requires a lesser
number of switches and zero diodes, whereas a majority of rest
of the topologies employ additional diodes.

It is worth mentioning that, except for the proposed topology
and that in [16], the rest of the boosting topologies in Table II
exhibit non-uniform blocking voltages. In other words, the PIV
of few of the switches in these circuits is equal to voltage gain
times the input dc voltage. Therefore, in order to employ iden-
tical voltage rated switches, two or more such devices are to
be connected in series due to their structural constraints un-
like the proposed topology and that in [16], wherein the PIV
of all the switches is only V.. However, the usage of a bipolar
switching device in [16] limits its regenerative capability. Using
the method described in [20], the theoretical efficiency of the
topologies is evaluated. Owing to the lesser component count
and voltage stresses, the proposed topology’s efficiency value is
comparable with other recent topologies.

Needless to say that the distinctive merits of an MLI topol-
ogy cannot be assessed adequately only through the part count
comparison. This is due to the overlooking of various cost influ-
encing factors, which profoundly dictates the overall cost of the
inverter. Therefore, it is essential to evaluate and thereby attest
the merits of the MLI through a comprehensive cost analysis. In
order to demonstrate the lucrative merits of the proposed topol-
ogy, a case study example of a 2 kW, with 200 V input voltage
is considered. The generic rating of the switches, capacitors,
and diodes is chosen in accordance with the structure of the
various boosting topologies under consideration. The resulting
cost for each of the topologies is enlisted in Table III. It is to
be noted here that the above-mentioned cost evaluation assigns
an equal importance to number of components, TBV and PIV
while considering no voltage rating margins. Although the cost
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TABLE III
PRICE COMPARISON OF THE PROPOSED MLI WITH OTHER RECENT SINGLE DC SOURCE BASED BOOSTING TOPOLOGIES
Part Part number Ratings Unit price*(3$) [12] [13] [14] [15] [16] [17] [18] Proposed
MOSFETs IRFP240PBF 200 V, 20 A 2.1 10 14 4 5 9 2 2 9
IRFP350PBF 400 V, 20 A 2.97 2 2 2 2 - 4 4 -
Diodes STPS20M200ST 200 V, 20 A 3.9 - - 2 4 1 2 1 -
Capacitor LLG2D222MELCMO 200 V, 2.2 mF 6 2 2 2 2 1 1 1 1
Gate driver IR2110 - 1.8 12 14 6 7 9 6 6 9
Total cost ($) 60.54  72.54 44.9 56.6 45 40.68  36.78 41.1
Courtesy: www.digikey.in, www.galco.com: * The prices may vary based on market growth.
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Experimental results. (a) Output voltage and current waveforms for step change in pure resistive load from 50 to 30 €2. (b) Output with resistive inductive

load of 50 €2 and 70 mH. (c) Output for dynamic change in load PF. (d) Output for step change in load.

of the proposed topology is lower than most of the other circuits,
it is slightly higher than the topologies in [17] and [18] for 5L
operation. On the other side, for higher voltage levels, the PIV
of circuit in [17] limits the selection of an appropriate power
switches due to the usage of an H-bridge, and hence is not well-
suited for high-voltage applications. Further, the asymmetric dc
source based circuit in [18] has inherent bipolar voltage level
generation capability and is recommended for higher number of
levels. Nevertheless, it still needs two switches (interconnecting
the left and right SC units) to be rated for total load voltage. As
aresult, it has a higher TBV than the proposed topology. For ex-
ample, the TBV of circuitin [18] and the proposed topology [see
Fig. 1(c)] is 44 and 36, respectively, for 17L operation. There-
fore, for higher level operation and/or for high input voltage, the
proposed topology has an upper hand over its counterparts and
surpasses the competent topologies in [17] and [18].

Owing to the floating nature of the dc source in the proposed
topology, a solid connection between the PV module and the
grid is not possible (the same is equally applicable for motor
drives). This may generate variable common mode voltage and
in turn leading to leakage current in the system, which needs
to be confronted through a suitable modulation technique or
special consideration (additional switching devices or switching
sequence).

IV. EXPERIMENTAL RESULTS

A laboratory prototype was fabricated in order to ver-
ify the operability of the proposed topology. The Semikron
insulated gate bipolar transistors SKM75GB063D switches with
SKYPER-32-PRO-R gate drivers were used. The dc input volt-
age was set to 100 V. A 3300 uF capacitor was used as C.
The dSPACE 1104 generated the gating pulses with a switching
frequency of 2.5 kHz. A suitable dead band of 2 us is provided

between the complimentary switches. The experimental wave-
forms are shown in Fig. 4(a)—(d). It is evident from Fig. 4(a)
that the output voltage is composed of five levels with a peak
value of 200 V, confirming the boosting ability. The inductive-
loading ability is validated in Fig. 4(b). Fig. 4(c) corresponds to
the dynamic change in load power factor (PF). A step change
in load is applied at time ¢; and corresponding waveforms are
shown in Fig. 4(d). From all the above cases, it is confirmed
that the proposed topology is able to maintain its SC voltage
irrespective of PF and has the ability to operate satisfactorily
during the dynamic conditions as well.

V. CONCLUSION

This letter proposed a 5L MLI with the features of volt-
age boosting, self-voltage balancing, reduced components,
inductive-loading ability, and uniform blocking voltage across
the switches. The detailed component-based and cost-based
comparison has fortified the superiority of the proposed topol-
ogy against other recent boosting topologies for different con-
ditions. Finally, the presented experimental results validated the
operation and confirmed the feasibility of the developed topol-
ogy and its control scheme.
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