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Abstract: In this article, the UXE-Type inverter is considered for eleven-level operation. This topology
exhibits a boosting capability along with reduced switches and one source. An algorithm that
utilizes the redundant states to control the voltage-balance of the auxiliary direct current (DC)-link is
presented. The proposed control algorithm is capable of maintaining the voltages of each capacitor
at Vdc/4 resulting in a successful multilevel operation for all values of load. The inverter is also
compared with 11-level inverters. The modulation of the inverter is performed by employing nearest
level control and ant colony optimization based selective harmonic elimination. The maximum
inverter efficiency is 98.1% and its performance is validated on an hardware-in-the-loop platform.

Keywords: UXE-type inverter; multilevel inverter; boosted operation; modified nearest level control;
ant colony optimization; selective harmonic elimination

1. Introduction

Multilevel inverter (MLI) and its types are becoming popular in the research and in-
dustrial communities for industry applications. They are being considered for integration of
renewable energy source [1] and drives [2] due to near to sine waveform generation, and ex-
hibition of lower switch stresses. The increase in the number of levels in the output voltage
leads to an increase in the number of capacitors in the conventional Flying Capacitor (FC)
inverters, a larger number of clamping diodes in the Neutral Point Clamped (NPC) inverters,
and an increment in the DC sources in the Cascaded H-Bridge (CHB) based structures [3–5].
Thus, new MLI structures with reduced component count are being considered [6].

Single-phase MLIs are divided into symmetrical (SMLI) and asymmetrical (AMLI)
categories on the basis values of the sources used. The former category uses the DC sources
of the same values and the latter of different value. The examples of symmetrical MLI
are the NPC, and FC [7,8]. As discussed earlier, these structures require a large number
of components. For example, a seven-level NPC requires 6 capacitors, 12 switches, and
10 diodes; a seven-level FC requires 6 capacitors and 12 switches; the CHB requires 3 DC
sources and 12 switches. The AMLIs employ sources of different magnitudes and leads to
the reduction of components. For example, the packed U-cell AMLI requires a 2 capacitors
and 6 switches to generate a 7-level output [9]. This further results in better efficiency of the
inversion process [6].

In MLIs with switched capacitor structures (SCMLI), the capacitor voltages and the
DC-sources are employed to obtain a particular voltage level and simultaneous charging and
discharging of the capacitors. SCMLI can be an SMLI or AMLI and require a fewer number
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of switches than the conventional MLIs. Besides, these topologies exhibit the features of
boosting, and small filter components [10,11]. In recent years, a myriad of SCMLIs have
been presented in the literature. Siddiqui et al. in [12] propose a 7-level SCMLI that employs
a single source, 10 IGBTs, four diodes and two capacitors. Roy in [13] presents an SCMLI
with a criss-cross switch structure. In [14], a SCMLI with a 9-level output is presented and
Siddiqui et al. in [15] presents an SCMLI with 11-level output and a cascaded operation [15].

New MLI topologies utilize the advantages of the FC MLI and the CHB MLI. The first
hybridization resulted in the five/seven-level Packed U-Cell (PUC) inverter [9]. A modified
PUC (MPUC) was presented by Vahedi et al. in [10], where a ratio of 2:1 between the DC
links produces 7-level output. Forty-nine and 25-level operation was discussed in [16,17]
respectively, by cascading the MPUC. The modified version of PUC was the Packed E-cell
(PEC) inverter [18] where the DC-link was divided into two voltage partitions forming
a 9-level inverter. Recently, a 13-level inverter was introduced by Kim et al. in [19] that
employed single source, three capacitors and 14 IGBTs. 11-level structures are few but are
discussed in the literature. Sotoodeh et al. in [20] utilized half-bridge units to develop an
11-level modular MLI for FACTS systems, and an 11-level cascaded H-bridge structure is
explored for induction-furnace application [21]. Authors in [22,23] apply an asymmetrical
hybrid CHB structure for 3-phase application. The latest 11-level topologies in literature are
compared and discussed later in the paper.

This work presents a new UXE-type inverter that can produce 11-levels in its output
voltage. It uses one DC-source, 12 IGBTs and two capacitors. Two of these switches form an
AC switch. Also, the converter requires only one voltage sensor to sense DC-link voltage
despite employing two capacitors. This inverter and voltage balance control has been filed
and published as provisional Patent in the Indian Patent Office with application number:
202011029808 A. The presented topology finds its basis in the topologies presented in [9,18],
as shown in Figure 1. It is also found that the cost factor of the presented structure is less
than the other 11-level inverters due to the use of a reduced number of gate drivers.

Inverters are modulated with high-frequency or low-frequency switching techniques,
depending on frequency of level shifts in a cycle of operation. Sine-PWM [24] and its
extensions [11,18], space vector PWM (SVPWM) [7] belong to the high-switching fre-
quency category. Selective harmonic elimination (SHE) [25], selective harmonic mitigation
(SHM) [26] and Nearest level control (NLC) [15,27] belong to a low-switching frequency
category. In SHE and SHM, the angles are decided either by analytical tools like Newton-
Rapson method [28] or by nature-inspired techniques like genetic algorithm (GA) [29],
grey wolf optimization [23], differential evolution (DE) [30], projectile target search algo-
rithm [31], or particle swarm optimization (PSO) [25], where the transcendental equations
are solved under constrained environment.

The operation of the presented inverter is considered under two low switching fre-
quency schemes: (a) A modified NLC (MNLC) scheme, where both the zero states of the
converter are utilized will be developed and implemented; and (b) Ant colony optimiza-
tion (ACO)-based SHE scheme to remove the low-order odd-harmonics from the voltage.
The NLC leads to a reduction of low-order harmonics, and this technique benefits closed-
loop operation [15]. On the other hand, the SHE leads to the selected low-order harmonics’
elimination due to the direct control on the harmonic spectrum [28]. The ACO algorithm
is utilized to generate the optimum angles of operation over a wide range of modulation
indexes by solving the transcendental equations. This technique utilizes the distinctive
feature of ant’s food searching through shortest route [32], and has been utilized to solve
the SHE equations for 3-level active neutral point clamped inverter in [33].

The paper is organized as follows. Firstly, the analysis of the circuit and switching
states of the UXE-11 are discussed. In Section 3, a comparison of the UXE-11 inverter
with eleven level inverters is presented. In Sections 4 and 5 the modified NLC and the
ACO-based SHE algorithms are discussed for the inverter’s modulation. In addition, these
sections also discuss the balancing of the capacitor bank employing redundant states in
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detail. In Section 6, power loss analysis is carried out in the PLECS environment. Finally,
the paper is concluded with the result validation in hardware in the loop environment.

Figure 1. The evolution of presented Inverter: (a) The 5-level PUC [9], (b) The 9-level PEC [18],
and (c) the presented UXE-11 topology.

2. The UXE-Type Inverter
2.1. UXE-Type Inverter Circuit

Figure 1 presents the evolution from [9,18], and the circuit schematic of the presented
UXE-type 11-level inverter topology. The arrangement consist of a DC source and two
capacitors C1 and C2, six switches with antiparallel diodes, four switches without antipar-
allel diodes, and two switches connected in antiseries forming an AC-switch. Instead of
capacitors in the auxiliary DC-link, batteries or PV source can be used. S1 and S

′
1 along

with the DC source forms U; S2, S
′
2, S3, S

′
3 and S4, S

′
4 form an X; and S5, the AC-switch S6

and S7 forms the alphabet E. Thus, the inverter is named UXE-type inverter.
This topology produces a 1.25 boosted output using a single source. A single voltage

sensor and across the auxiliary DC-link voltage a current sensor in the load path is sufficient
to balance the voltages across the capacitors C1 and C2.

2.2. Voltage Balancing of C1 and C2

Figure 2 exhibits the capacitors engaged in the formation of each level. The successful
11-level operation of the UXE inverter can be ascertained by maintaining the voltages of
the capacitors of the auxiliary DC-link at Vdc/4. For this, the redundant states available
at the level of Vdc/2 and −Vdc/2 are used (see Table 1 and Figure 3). Controlled charging
and discharging at levels Vdc/2, −Vdc/2 can be achieved with either direction of current
flowing through the capacitors.
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Figure 2. Eleven-level stepped waveform of the UXE-11 inverter with the capacitors engaged in level for-
mation.

Figure 3. All the states of the 11-level UXE-type Inverter.
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Table 1. The presented UXE-11 Inverter states.

State S1 S
′
1 S2 S

′
2 S3 S

′
3 S4 S

′
4 S5 S6 S7 Vo Io C1 C2

1A. 1 0 0 1 0 0 0 0 0 1 0 1.25E + D -
1B. 1 0 0 1 0 0 0 0 0 1 0 1.25E − C -
2A. 1 0 0 1 0 0 0 0 0 0 1 E + - -
2B. 1 0 0 1 0 0 0 0 0 0 1 E − - -
3A. 1 0 0 0 1 0 0 0 0 1 0 0.75E + - C
3B. 1 0 0 0 0 0 1 0 0 1 0 0.75E − - D
4A. 1 0 0 0 1 0 0 0 0 0 1 0.5E + C C
4B. 0 1 0 1 0 0 0 0 1 0 0 0.5E + D D
4C. 0 1 0 1 0 0 0 0 1 0 0 0.5E − C C
4D. 1 0 0 0 0 0 1 0 0 0 1 0.5E − D D
5A. 0 1 0 1 0 0 0 0 0 1 0 0.25E + D -
5B. 0 1 0 1 0 0 0 0 0 1 0 0.25E − C -
6A. 1 0 1 0 0 0 0 0 1 0 0 0 − - -
6B. 0 1 0 1 0 0 0 0 0 0 1 0 − - -
7A. 1 0 1 0 0 0 0 0 0 1 0 −0.25E + - C
7B. 1 0 1 0 0 0 0 0 0 1 0 −0.25E − - D
8A. 1 0 1 0 0 0 0 0 0 0 1 −0.5E + C C
8B. 0 1 0 0 0 0 0 1 1 0 0 −0.5E + D D
8C. 0 1 0 0 0 1 0 0 1 0 0 −0.5E − C C
8D. 1 0 1 0 0 0 0 0 0 0 1 −0.5E − D D
9A. 0 1 0 0 0 1 0 0 0 1 0 −0.75E − C -
9B. 0 1 0 0 0 0 0 1 0 1 0 −0.75E + D -

10A. 0 1 1 0 0 0 0 0 1 0 0 −E + - -
10B. 0 1 1 0 0 0 0 0 1 0 0 −E − - -
11A. 0 1 1 0 0 0 0 0 0 1 0 −1.25E + - D
11B. 0 1 1 0 0 0 0 0 0 1 0 −1.25E − - C

E = Vdc, D = discharging, C = charging, and - = neither charging nor discharging.

Figure 4 shows the durations of charging and discharging of the capacitors C1 and C2
at various loads. It is apparent from the figure that the sufficient durations are available
to maintain the individual capacitors at Vdc/4 by using the redundant states (available
at Vdc/2 and −Vdc/2). This will result in a DC-link voltage of Vdc/2 with Vdc/4 across
each capacitor. Thus, only one voltage sensor is utilized to balance the voltage across the
auxiliary DC-link instead of two sensors. The algorithm exhibited in Figure 5 is used to
ensure a contained discharging and charging of the capacitors. The voltage ripple of C1 and
C2 are shown in Figure 6. At A (shown in Figure 6) it is visualized that with the auxiliary
DC-link voltage reaching Vdc/2, the algorithm ascertains the redundant state’s activation
according to Figure 5 and thus the capacitors discharge.



Sustainability 2021, 13, 9035 6 of 19

(a) (b) (c)

Figure 4. Capacitor C1 and C2 charging and discharging states with (a) resistive, (b) inductive and (c) capacitive loads.

Figure 5. Flowchart to exhibit the algorithm used to control the charging and discharging of C1 and C2.
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Figure 6. Capacitors C1 and C2 voltages with MNLC operation of the inverter.

Further, the capacitor’s voltage ripple and the load current’s magnitude are used to
find the value of the capacitors. The limit on the dip in the ripple is maintained at 5% of
Vdc/4. The change in the energy with a plunge of ∆Vc1 and ∆Vc2 in the capacitor voltages
can be given as:

∆Qci =
1
2

Ci∆Vci (1)

With a consideration of 5% ripple, the value of the capacitors can be defined as:

Ci =
80Qci

Vdc
(2)

The energy of the capacitors is dependent on the load can be determined by the method
utilized in [34]. The capacitors of 2500 µF are considered for this work.

3. Comparison with Recent Inverters

The presented UXE-11 inverter is compared with recent 11-level inverters in this section.
The analysis is performed according to the number of IGBTs (NT), number of sources (NS),
gate driver circuits (Ndr), passive elements (NC and NL), number of diodes (ND) and the cost
factor (CF). The CF is a function of these parameters and is given as:

CF =
(NC + NL + NT + Nd + Ndr)Ns

Nlevels
(3)

The comparison is presented in Figure 7 and Table 2. The topology introduced by Has-
san et al. in [35] exhibits highest CF of 12.27 as it employs 5 sources. Moreover, some
switches of higher PIV rating are required. The CHB by cascading 5 units will require
20 switches driven by 5 drivers and 5 same magnitude sources [7]. The larger amount of
switches tends to a higher CF. However, this structure is still attractive due to its key feature
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of modularity. An 11-level topology presented by Tjokro et al. in [36] require 3 sources
of different magnitudes, 8 switches and 3 diodes. Due to different sources, the boosting
capability cannot be described in these inverters. Siddiqui et al. in [25] presents an 11-level
topology driven by 3 sources and uses 8 switches and 7 gate drivers. A single-source topol-
ogy is discussed by Babu et al. in [37] and uses 15 switches, 2 capacitors and 2 inductors
as passive elements and 2 diodes, leading to a CF of 3.09. Karimi et al. [38] demonstrates a
single-source topology using 14 switches that are driven by 8 driver circuits and 4 capacitors.
Rooholahi et al. presents a single-source topology with nine switches driven by seven driver
circuits in [39]. The circuit also requires 5 capacitors for a successful 11-level output, which
leads to an additional cost of the inverter, and reduces reliability. A circuit using one source,
8 switches, 5 capacitors and 8 driver circuits is presented in [40]. This topology exhibits no
boosting. In comparison to these MLIs, the UXE-11 inverter uses a single DC-source, two
capacitors, 12 switches that are driven by 7 drivers, which results in a low CF of 1.91.

Figure 7. Graphical representation of the comparison of UXE-11 inverter with 11-level topologies.

Table 2. Comparison of UXE-11 with 11-level MLIs.

MLI Nlevel NS NT ND Ndr NC NL BC CF

[35] 11 5 12 4 11 0 0 ND 12.27
CHB [7] 11 5 20 0 5 0 0 No 11.36

[36] 11 3 8 3 6 0 0 ND 4.64
[25] 11 3 8 0 7 0 0 ND 4.09
[37] 11 1 15 2 13 2 2 Yes 3.09
[38] 11 1 14 0 8 4 0 Yes 2.36
[39] 11 1 9 0 7 5 0 No 1.91
[40] 11 1 8 0 8 5 0 No 1.91
[11] 9 1 11 0 9 2 0 Yes 2.44

UXE-11 12 1 11 0 7 2 0 Yes 1.91
NL = number of inductors, NC = number of capacitors, ND = not defined, BC = boosting capability.

4. Modulation of the UXE-11 Inverter

The inverters are generally controlled by Pulse Width Modulation (PWM) techniques.
The examples of high-switching frequency PWM techniques are sine-PWM and space-
vector modulation. These methods exhibit a reduced efficiency due to higher switching
losses, but are helpful in closed loop control of motor drive systems [7]. On the other
hand, the low switching frequency methods like Nearest level control (NLC) and selective
harmonic elimination (SHE) exhibit low switching losses and better low-order harmonic
control. This work uses a modified NLC (MNLC) and SHE to generate 11-level voltage
output of the inverter.

4.1. Nearest Level Control of UXE-11 Inverter

A modified NLC is applied to the converter by considering both zero states which.
NLC ensures a near to sinusoid performance of the inverter ensuring a low lower order
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harmonic content in the voltage across the output terminals. The concept is exhibited
pictorially in Figure 8. Firstly, the angles are yielded by comparison of the y-axis midpoints
between the levels and the reference voltage Vre f . Then the switching of the inverter is
ensured at these angles by applying the logical diagram shown in Figure 9. The definition
of angles for 11-level operation is expressed as:

αj = sin−1
[

2j− 1
10

]
(4)

where, j < N/2 and j is an index of the angle being calculated. The value of j will be lesser
than the levels in one-quarter of a fundamental frequency cycle.

Figure 8. Pulse generation in the modified nearest level control.

The midpoint signals L1 to L10 are shown in Figure 8. These signals in a general form
are defined as:

Lk = 1.35− 0.25k (5)

where, k = 1, 2, ..., 10. Further, in the Figure 8, The constant 0 generates a zeroth level L0. This
in all leads to a formation of 11 signals namely D0 to D10, exhibited in Figure 9. The signals are
shown in red in Figure 8. The logical operations shown in Figure 9 synthesize the 11 states
from state 0 to 10. Corresponding to conventionally employed NLC, here the operation
is performed by application of both the zero states shown in Table 1. The two zero states
are shown as 0I and 0I I in Figure 8 and 9. This ensures equal amount of switching of
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the complementary operating switches. Finally, the gate driver are selected to drive the
switches corresponding to these states.

Figure 9. Logical diagram to generate pulses modified nearest level control.

4.2. ACO-SHE Based Selective Harmonic Elimination

SHE is a low-switching frequency technique where the switching angles are selected
to eliminate the low order harmonics in the output voltage waveform. Generally, m − 1
harmonics are eliminated for m level operation. The angles can be derived by solving the
transcendental equations. The solution of these equations are either based on mathematical
analysis [28] or by using nature-inspired metaheuristic techniques [16]. In this work a swarm
based ant colony optimization (ACO) technique is employed. The waveform shown in Figure 2
can be expanded as a Fourier expression:

vo(θ) =
∞

∑
n=0

(An cos(θ) + Bn sin(θ)) + Ao (6)

where, θ = ωt; An,Bn and Ao are the coefficients of even harmonics, the odd harmonics and
the DC component, respectively. In the modulation strategy it is ensured that half-wave
symmetry and quarter-wave symmetry are preserved to eliminate the even harmonics and
the DC component. The expression can now be written as:

vo(θ) =
∞

∑
n=0

(Bn sin(θ)) (7)

where, Bn is:

Bn =
4Vdc
nπ

m

∑
j=1,3,5

cos
(
nαj
)

(8)

As five angles are the tunable parameters, the control over the selected four harmonic
voltages and the fundamental can be achieved. As the lower harmonics are to be eliminated,
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here 3rd, 5th, 7th and 9th harmonic voltages are chosen for elimination. The transcendental
expressions are derived from (8) as follows:

cos α1 + cos α2 + cos α3 + cos α4 + cos α5 =
Vmax

d π
4Vdc

cos 3α1 + cos 3α2 + cos 3α3 + cos 3α4 + cos 3α5 = 0
cos 5α1 + cos 5α2 + cos 5α3 + cos 5α4 + cos 5α5 = 0
cos 7α1 + cos 7α2 + cos 7α3 + cos 7α4 + cos 7α5 = 0
cos 9α1 + cos 9α2 + cos 9α3 + cos 9α4 + cos 9α5 = 0

(9)

where, Vmax
d is the desired fundamental voltage’s peak value. Further, for multiple modu-

lation index operation:

MI =
πVmax

d
2×

(
Nmax

levels − 1
)
×Vdc

(10)

where, Nmax
levels are the maximum levels achieved by an inverter, which is 11 here. The solu-

tion of the expressions is performed under constraints which are expressed as follows:

0 < α1 < α2 < α3 < α4 < α5 < π/2 (11)

Ant colony optimization (ACO) is a search based algorithm that is inspired by ant’s food
searching behavior. Ants choose the shortest path to reach their food, and this feature was
utilized as an optimization tool by Dorigo in [41]. The algorithm is depicted in Figure 10a.
The variables to be determined are arranged in layers as array of solutions to the objective
function, with each layer dedicated to a variable. Initially, each node of the array in the
layer can be a solution; and thus each node is given equal probability of being a solution
to the minimization problem. This probability is defined as pheromone in ACO, which is
named due to its resemblance with the natural pheromone deposited by natural ants while
searching their food. The optimization problem is a minimization function developed
from (9), whose behavior is constrained by (11).

In the initial step, the ants are allowed to randomly choose a node in all the layers as
shown in Figure 10b. While moving across the layers, the ants leave a trail by enhancement
of the pheromone quantity. All the paths (or solutions) are tested for their fitness towards
the objective function. The solution that produces minimum value gets the priority and
the pheromone of its paths are enhanced. Meanwhile, the other path’s pheromones are
degraded, which is also known as pheromone evaporation. The probability (or the pheromone
quantity) is not rendered zero as there is still a possibility of having solutions in those paths.
This single iteration is repeated multiple times till the ants follow the most optimized trail
as shown in Figure 10c.

The code for ACO algorithm was written in MATLAB. The required five angles were
obtained as solution of the algorithm. The angles were derived for a wide spectrum of MI
from 0 to 1. The optimum angles with respect to modulation index (MI) are developed as
Figure 11.
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Figure 10. (a) Flowchart of ACO, (b) initial stage of ants, and (c) final stage of ants.

Figure 11. Variation in switching angles produced by ACO with variation in modulation index.

5. Analysis of Power Loss

The analysis of power loss includes the losses occurring during conduction of the
diodes and switches, and, their switching losses. The analysis of these losses is presented
analytically and in the PLECS software.
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5.1. Switching Losses

Switching losses occur due the turn-on and turn-off of the switches and diodes. For a
singe switch, the turn-on loss is defined as:

eon
i =

∫ ton
0 v(t)i(t)dt

=
∫ ton

0

[
Vsi
ton

][
Ion
ton

(ton − t)
]

= 1
6 Vsit2

on Ion

. (12)

Similarly, during the turning-off condition:

eo f f
i =

∫ to f f
0 v(t)i(t)dt

=
∫ to f f

0

[
Vsi
to f f

][ Io f f
to f f

(
to f f − t

)]
= 1

6 Vsit2
o f f Io f f

(13)

where, Io f f and Ion define the currents before and after the turning-off and turning-on of the
switch, respectively. Vsi is the voltage across the switch during turning-off state. The total
switching loss is thus:

Psw =
1
T

Nswitch

∑
i=1

Non
i

∑
j=1

eon
ij +

No f f
i

∑
j=1

eo f f
ij


. (14)

5.2. Conduction Losses

Conduction losses are ohmic losses occurring during the conduction of the semicon-
ductor devices. It can be defined as:

ePci = [Rsiγ(t) + Vs]i(t) (15)

where, Vs is the on-state voltage drop, Rs is the switch’s resistance and, γ is a constant
described in the switch’s data sheet. This loss is now described as follows:

Pc =
1
T

∫ 2π

0

Nswitch

∑
i=1

Pci(t). (16)

The total losses of the converter are finally found as:

Ploss = Pc + Psw. (17)

The losses of the inverter are determined by using the PLECS software. The analysis is
performed by employing IKFW50N60DH3E-IGBT model. Figure 12a,b exhibit the turning-
on and turning-off losses relative to Vsi and Ion. Figure 12c presents the relationship of the
conduction loss with the on-state conduction current (Ion). Figure 12d exhibits the temperature
of the switches’ junction at 40 ◦C. Figure 12e exhibits the inverter’s efficiency curve, where the
maximum efficiency is found to be 98.1%.
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Figure 12. IGBT (a) Turning-on characteristics, (b) Turning-off characteristics, (c) Conduction losses, (d) Switch junction
temperatures at 40 ◦C, and (e) Inverter efficiency curve.

6. Hardware-in-the-Loop Validation

The investigation of the UXE-11 inverter is performed on various loading conditions
with NLC and ACO-SHE modulation. The SHE is performed at 0.85 modulation index.
Both the methods are validated on the HIL platform of Typhoon. For the SHE, the inverter
is switched after the determined of angles in offline mode, as discussed in Section 4.2.
The DC-source magnitude is taken as 100 V. During the operation of the inverter, the voltage
balance algorithm (Figure 5) must be capable of maintaining 50 V across the capacitor bank,
and 25 V each across both the capacitors. A voltage with 125 V peak with a boosting of
1.25 will be achieved. The DC-link capacitors of 2500 µF, 50 V and 0.001 Ω ESR is used.
The parameters are also shown in Table 3.

Table 3. Table of parameters.

S. No. Parameters Value

1. DC-Source Voltage 100 V
2. Capacitors 2500 µF, 50 V
3. Resistive Load 50 & 100 Ω
4. Inductive Load 100 mH
5. Power frequency 50 Hz

The inverter’s behavior with 50 Ω (R-load) is shown in Figure 13a. The initial behavior
suggests that with capacitors completely discharged, 100 V (or Vdc) will appear at the
output. With time, as the capacitor’s value attain 25 V, the DC-link voltage of 50 V is
achieved, as desired. The capacitor voltages are recoded with a 0.5 division offset for
better visibility. Figure 13b exhibits inverter performance with 50 Ω, 100 mH and at 0.94
modulation index. This forms a load of approximately 0.8 lagging power factor. Figure 13c
shows the output and capacitor behavior with a load changing from 50 Ω to 100 Ω, 100 mH.
As visible, the capacitor’s voltages have a higher ripple at the starting of the change, but
it comes down with steady state condition of the capacitors is reached. Moreover, the
ripple content is more prominent with the inductive load compared to purely resistive load,
suggesting that the ripple behavior depends on the type of load employed.
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(a)

(b)

(c)

Figure 13. Results exhibiting the output voltage, load current and voltages across C1 and C2 with
(a) R-load of 100 Ω, (b) RL load of 50 Ω, 100 mH, (c) loading change from 50 Ω, 100 mH to 100 Ω,
100 mH.

The results with the SHE operation of UXE-type inverter with R-load of 100 Ω are
shown in Figure 14a. Similarly, the operation of the inverter with RL-load of 50 Ω, 100 mH
is shown in Figure 14a. The fast Fourier transform (FFT) analysis of the voltage waveforms
with the MNLC and SHE are shown in Figure 15. Figure 15a,b shows the FFT of the voltgae
wavefrom with the MNLC and SHE. The harmonics are marked from the fundamental
to the 11th harmonic. With SHE, the 15th harmonic has the highest value. The values in
the oscilloscope are in dBV. The conversion of these values in volts (peak) are shown in
Table 4. The comparison of these harmonics with both techniques is shown in Figure 15c.
The figure suggests that the low-order harmonics, i.e., 3rd, 5th, 7th and 9th are lower



Sustainability 2021, 13, 9035 16 of 19

than 1% and also lower than the MNLC. These harmonics were controlled by employing
optimum angles obtained from ACO technique. Further, with the increment in harmonic
number, the magnitude of the harmonics in SHE is more than the MNLC. This suggests
that although the lower order harmonics are controlled by SHE, the energy is transferred to
higher order harmonics.

Table 4. Analysis of FFT of voltages with MNLC and SHE.

MI α1 α2 α3 α4 α5

0.86 8.461 18.941 35.822 54.195 86.228

FFT analysis with MNLC (MI = 0.94)

Unit 1st 3rd 5th 7th 9th

dBV 38.545 2.148 2.520 5.947 4.4727
Peak (V) 119.61 1.811 1.890 2.8046 2.367

FFT analysis with SHE (MI = 0.86)

dBV 37.734 −9.627 −14.336 −5.8008 −3.477
peak (V) 108.95 0.467 0.272 0.725 0.947

(a)

(b)

Figure 14. Results exhibiting the output voltage, load current and, voltages across C1 and C2 with
SHE with (a) R-load (100 Ω), and (b) RL-load (50 Ω, 100 mH), at modulation index of 0.86.
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(a)

(b)

(c)

Figure 15. Results showing FFT of the the output voltage (a) with MNLC, and (b) SHE, and; (c) comparison
of lower order harmonics with both techniques.

7. Conclusions

In this work, the UXE inverter was considered for 11-level operation. Its detailed
circuit analysis consisting of a single DC-source with 12 semiconductor switches was
presented. The UXE-11 inverter’s comparison with recent eleven level topologies showed
that the topology has a low cost factor. The algorithm using the redundant states was
defined to balance the voltage across the DC-link around Vdc/2 under permissible ripple.
The 11-level operation using this algorithm was successfully implemented on the inverter
in the Typhoon HIL environment using two switching methods. The first method was
the nearest level control in which both zero states of the converter were used. Moreover,
the other method was the selective harmonic elimination where the ant colony optimization
technique was utilized to find the instances of switching. The magnitudes of each lower
order harmonic in voltage and current were less than the permissible limit of 1% after their
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elimination. The inverter’s loss analysis was performed on the PLECS environment with
the inverter’s maximum efficiency achieved at 98.1%.

A low-switch count single-phase topology is investigated, which produces 11-level
operation. The topology and its modulation strategy result in better output AC waveforms
with low hardware investment compared to conventional large-device count topologies.
This topology can be effectively considered for low-voltage renewable energy integration
and electrical vehicle chargers.
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