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Abstract: In this article, various modulation strategies and hysteresis-band control of a recently
introduced dual-boost nine-level inverter (DB9LI) are implemented. DB9LI is a switched capacitor
based inverter capable of generating symmetrical nine output voltage levels by employing a single
DC source. The topology generates a boosted bipolar voltage at the output side without applying
end-side H-bridge (usually employed to generate negative levels), which contrasts with some of
the switched-capacitor topologies. The capacitors employed have an inherent self-balancing feature.
Additionally, due to lower individual and total standing voltages, switches of low voltage ratings are
required. As a result, the cost of switches and the inverter reduces considerably. Metaheuristic-based
selective harmonic elimination and mitigation (SHE and SHM) and various sine-triangular pulse
width modulation techniques are implemented and compared on various parameters. Finally, a
robust eight-band hysteresis control is designed and implemented, which helps to obtain sinusoidal
load current with a unity power factor. The modulation strategies and the hysteresis control are
validated on the MATLAB simulation environment and an experimental prototype.

Keywords: dual-boost inverter; multilevel inverter; inherent self-balancing; differential evolution;
selective harmonic mitigation; pulse width modulation; hysteresis control

1. Introduction

Multilevel Inverters (MLIs) in the last few decades have emerged as convincing power
converter technology in a multitude of industrial applications including renewable energy
resources integration, uninterrupted power supplies (UPS), electric vehicles and so forth,
and has seriously challenged the conventional two-level inverters; although, multilevel
voltage source inverters (MVSIs) consists of a comparatively large number of switches
and capacitors supplied by the DC sources [1,2]. MVSIs are not only capable of producing
a higher number of voltage levels, but also exhibit the ability to operate at high power
density as the switches have to withstand lower voltage and current stresses [3]. There are
three classical MVSI topologies, namely Cascaded H-bridge (CHB) inverters, neutral point
clamped (NPC) inverter and flying capacitor converter (FCC) [4]. For the high voltage
applications, the CHB inverter has the higher reliability due to isolated voltage sources
and is therefore free from the issues of voltage balancing [5,6]. However, in the CHB,
the number of components increases with the increase in levels. Whereas, in NPC and
FC inverters, with the increase in number of voltage levels, the required number of series
connected clamping diode and flying capacitors increases manyfold [7]. Researchers have
overcome the above issues by obtaining either the hybrid topologies from the standard
classical topologies [8–11] or by developing new switched capacitor topologies [12–15].
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Further, several switching theories were extended for MVSIs from the two-level
modulation schemes. Among several technologies, the CHB topology and its hybrid
attracts the researchers due to various advantages such as modular architecture, ability
to operate at higher voltage levels and having a degree of freedom for selecting different
voltage magnitude for input sources.

Depending on the magnitude of the source voltage selection, the CHB MLIs are further
classified into symmetric and asymmetric structures [16–18]. Symmetric structures are
those that employ sources of equal magnitude, and, asymmetric are those whose source
magnitudes are not equal. Both topologies have their associated merits and demerits.
In comparison with symmetric configuration, the asymmetric configuration has the advan-
tage of using less semiconductor device and passive element count for the same number of
levels. On the other hand, due to modularity, the symmetric structures can be augmented
to derive the required number of voltage levels [7].

Recently, researchers have introduced several new topologies which can be used as
an individual cell in both symmetric and asymmetric configurations. MVSIs are evolved
by making a trade-off between various factors like number of voltage levels, component
count, complexity of the structure, and reduction in the DC sources by using appropriate
number of capacitors.

Therefore, a single DC source multilevel inverters are being extensively researched
which are most suitable structure to be used in asymmetrical and symmetrical cascaded
connection, as each cell has only one DC source and are comparatively more efficient
and cost effective [19,20], but balancing of the voltages of auxiliary capacitors in these
inverters remains a challenge. The Packed U-cell converter (PUC) is among the single-
DC source compact MVSIs and is well known for its merits [21,22]. PUC is described in
References [23,24] as a hybrid configuration that possess the merits of both FC and CHB,
where the U-cells are arranged in a compact structure using six switches, one DC source
and one capacitor. Through this circuit, seven-level or five-level operation is possible
by the adjustment of auxiliary capacitor voltage to one-third or half of the input DC
voltage, respectively. The PUC has also been presented as a modified version of CHB in
Reference [25].

Recently, a nine-level packed E-cell (PEC) inverter topology was introduced as a
possible successor of PUC, where two U cells were replaced by E-cell in a packed struc-
ture [26]. Due to the E-Cell and horizontal extension of capacitors, both the capacitors are
simultaneously discharged or charged to assure voltage regulation of capacitors with less
number of sensors and controllers. Another feature of nine-level PEC is its fault tolerant
capability in which it is able to operate as a five or seven level inverter during occurrence
of fault in the four-quadrant switch [27]. The drawback of this circuit is that it requires an
external control circuitry to manage the capacitor-bank voltage to Vin/2.

The MLI technology is evolving steadily but there are still considerable number of
drawbacks that are needed to be conquered. The investigated dual boost 9-level inverter
(DB9LI) topology for the single phase systems utilized in this paper possess distinguishing
features from their predecessors [28]. The switches employed in this inverter exhibit a low
peak inverse voltage (PIV). Aside, the number of the devices and switches and the driver
circuits required, further reduce; thereby effecting the implementation cost. In addition
to this, the most striking feature of this inverter is that the capacitor charge and discharge
inherently without a requirement of any sensor or control. As the name suggests, it has the
capability to boost the voltage at the input side to two times at the output. And thus, it
can be used for the purpose of connecting renewable energy resources to the grid or micro-
grids, electric vehicles or uninterrupted power supplies and other applications where a
low level input DC voltage is needed to be boosted up to permissible limits to synchronize
with the system.

The pulse width modulation (PWM) techniques and hysteresis control of this inverter
are discussed in this paper. Low frequency SHE and SHM are considered initially in
which the harmonics and THD are controlled by changing the switching angles [29].
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Transcendental equations are formed based on Fourier analysis, which can be either solved
by employing conventional techniques such as the Newton-Raphson method [30], or by
employing advanced optimization tools based on natural evolution processes, such as
genetic algorithm, particle swarm optimization, differential evolution [31–33]. In this
paper, differential evolution (DE) is employed to find the optimum angles of switching.
The method is discussed in more detail in Section 3.

High-frequency switching based PWM techniques are considered next where various
carriers are taken and compared with the sinusoidal reference wave to generate the required
levels. The carriers are triangle, quarter-sine, half-sine and sine; all in level-shifted fashion.
Level-shifted triangle carriers are conventionally employed [7]. A detailed formulation of
other carriers is discussed in Section 4.

Hysteresis control for multilevel inverters has been considered for medium and
high voltage applications [34]. Different hysteresis modulation techniques for multilevel
inverters like multiband multilevel hysteresis modulator scheme (MB-MHM), multi offset-
band multilevel hysteresis modulator scheme (MO-MHM) and time-based multilevel
hysteresis modulator scheme (TB-MHM) have been proposed [34]. Multicarrier based
hysteresis current control technique is developed for five-level CHB in Reference [35].
Six-band hysteresis control was introduced by creating six current-error bands for Packed
U-Cell (PUC) and Seven-level NPC and PUC inverters in References [24,36], respectively.
In this work eight-band hysteresis control of DB9LI is presented, where eight bands are
created in the error–output voltage plane. The desired levels of the inverter are produced
by the converter according to the band in which the error lies. A detailed discussion is
done in Section 5.

The paper is organized as follows—in Section 2, the operation and comparative
assessment of DB9LI with recent MLIs are presented. In Section 3, the selective harmonic
elimination (SHE) and mitigation (SHM) are applied where the angles are determined
by employing metaheuristic DE technique. Pulse width modulation (PWM) techniques
are applied on DB9LI and further analysis based on total harmonic distortion (THD) is
performed by employing different carrier waves in Section 4. In Section 5, eight-band
hysteresis control is performed on DB9LI. The analysis of this theory is presented in terms
of THD and its robustness by change in loading conditions. All the results are verified in
simulation and on hardware setup.

2. DB9LI Operation and Assessment

Dual-boost nine-level inverter (DB9LI) is a recently developed topology that exhibit
many advantages over other nine-level inverter inverters. The switches engaged in the
operation are stressed with low peak inverse voltages. Recent works in nine-level inverter
circuits require more number of devices and the implementation cost is higher than the
investigated inverter circuit. Furthermore, the automatic capacitor balancing property
raises the interest in circuit [37]. In Figure 1, the investigated dual boost nine-level topology
is presented. Figure 1a exhibits the schematic of the converter and Figure 1b presents the
laboratory prototype developed. The parameters of the simulation environment and the
experimental setup are given in Table 1.

The converter is capable of generating nine different voltage levels distributed equally.
The magnitude of voltage is available as +2Vin, +1.5Vin, +Vin, 0,−Vin,−1.5Vin,−2Vin where
Vin is the source DC voltage. Twelve IGBT switches T1, T2, T3, T4, T5, T6, T7, T8, T9, T10,
T11, T12, two DC link capacitors (C1, C2) have been used in the circuit. As only one DC
source is used, the circuit allows a regenerative capability. The output voltage is boosted
up to 2Vin when the DC source voltage and the voltage across the capacitors come in series.
The voltage stress across the switches is equal to Vin for switches T1, T2, T3, T4, T5, T6, T9,
T10 and T11, and Vin/2 for switches T7, T8 and T12 as shown in Figure 2. This property
gives an additional advantage of low switch ratings and an economical circuitry. Further,
as the bipolar voltage output is generated without using the end side H-Bridge circuit, this
feature benefits in the selection of a switch voltage of lower rating and cost.
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Figure 1. (a) Circuit schematic and (b) Experimental Setup of of DB9LI.

Table 1. Simulation and experimental parameters of DB9LI.

S. No. Parameters Simulation Value Experimental Value Quantity

1. DC Source Voltage 100 V 30 V 1
2. Capacitors 4700 µF 4700 µF, 50 V 2
3. Resistive Load 30 Ω, 60 Ω 30 Ω, 60 Ω 2
4. Inductive Load 20 mH 20 mH 1
5. Power frequency 50 Hz 50 Hz -
6. Switching frequency 7 kHz 7 kHz -
7. Controller MATLAB/Simulink TMS320F28379D 1

Figure 2. Voltage stress across various switches of DB9MLI (with respect to Vin).

2.1. Operation of DB9LI

The operating states of the investigated inverter are demonstrated in Table 2. The out-
put voltage is maintained at ±Vin state when the switches T3 and T4 on during 0 and
capacitors C1 and C2 are charged up to Vin/2. Furthermore, the capacitors are associated
parallel during ±Vin/2 and ± 3Vin/2 states. Hence, the voltage across the capacitors are
balanced. During discharging states ±Vin/2 and ±2Vin, capacitors are discharged through
the load. The investigated topology does not require external voltage balancing circuit.
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Table 2. Switching States of DB9LI.

Switches Switching Sequence

T1 1 1 1 1 0 0 0 0 0
T2 0 0 0 0 1 1 1 1 1
T3 0 0 1 1 1 0 1 1 1
T4 1 1 1 0 1 1 1 0 0
T5 1 1 1 1 1 0 1 0 0
T6 0 0 1 0 1 1 1 1 1
T7 0 1 0 1 0 1 0 1 0
T8 0 1 0 1 0 1 0 1 0
T9 0 0 0 0 0 1 1 1 1
T10 1 1 1 1 1 0 0 0 0
T11 1 1 0 0 0 0 0 1 1
T12 1 0 1 0 1 0 1 1 1

Levels 2Vin 1.5Vin Vin 0.5Vin 0 −0.5Vin −Vin −1.5Vin −2Vin

2.2. Assessment of DB9LI

Table 3 compares the DB9LI topology with other recent competitive 9-level topologies
in terms of the number of various components involved and number of levels generated.
The reduction in components count makes the circuit control easy and compact. The DB9LI
employs lower PIV switches which contributes to a low per unit total standing voltage
(TSVpu) of the circuit. Compared to the topologies in References [38–41], the investigated
topology has lower per unit TSV. Also, unlike some other compared topologies DB9LI has
the inherent capacitor voltage balancing capability. There are other disadvantages that
are linked with some other topologies. For example, In the switched capacitor modules
(SCM) in References [38,39], switches employed in the second stage of H-Bridge have to
withstand the voltages equal to twice of the input DC source voltage and series combination
of switches are required so that the PIV of all switches does not exceed the input voltage.
Compact Switched Capacitor Multilevel Inverter (CSCMLI) in Reference [42] minimize the
blocking voltage across the switches and the high switch count of SCM [39]. In the topology
in Reference [40], the number of capacitors required for the nine level generation are three
and with different ratings, while in the investigated topology two capacitors having same
ratings are required.

Table 3. Comparison of DB9LI with other topologies.

Parameters [43] [39] [40] [42] [41] Investigated

Levels 7 9 9 9 9 9
Switches 12 12 12 11 10 12

DC sources 1 1 1 1 1 1
Capacitors 2 2 3 2 2 2
Boosting 3 2 4 2 2 2

TSVpu 5.3 5.5 6 5 7.7 5.25

3. Metaheuristic-Based Modulation of DB9LI

Depending on the application, it is sometimes required to have a constant output volt-
age. For such operations it is required that the switching occurs at instances that produce
an output voltage with minimum harmonic content. Selective Harmonic Elimination (SHE)
is one such technique [29]. In order to produce the optimum angles in these constrained
environments optimization techniques are employed. Conventional techniques are based
on solving the transcendental equations by using techniques such as Newton-Raphson
method [30]. Nowadays, nature inspired techniques like genetic algorithm [31], particle
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swarm optimization [32], differential evolution [33] are being employed. In this work a
DE-based technique is employed. DE is a search based algorithm that offers the advan-
tages of a guaranteed convergence and simplicity. In comparison with other optimization
techniques such as GA, DE offers a faster selection process and fewer control parameters,
as discussed in detail in Reference [44].

3.1. Selective Harmonic Elimination and Mitigation

SHE and SHM are widely discussed in the literature where the energy of lower order
harmonics is controlled by maneuvering with the transition instances of the output voltages.
The multilevel waveforms must exhibit half-wave and quarter-wave symmetry. And thus
it is required to evaluate angles that are under the quarter wave area. Therefore, for a nine-
level operation four optimum angles must be deduced. The discussion on transcendental
equations is as follows.

The output of a 9-level inverter in terms of Fourier expansion is represented as:

Vo = ao +
∞

∑
n=1,2

[an cos(ωt) + bn sin(ωt)]. (1)

Due to symmetry, the DC component ao and the even harmonics are neglected.
The even harmonic coefficient is represented as:

bn =
2
To

∫
To

Vo(t) sin(nωot)dt ∀n = 1, 3, 5, · · · . (2)

This can be further solved into:

bn =
4E
nπ

4

∑
i=1

cos(nθi). (3)

Now, the objective functions for the SHE and SHM will be defined according to the
following conditions and constraints. For SHE:

7

∑
m=3,5,

4

∑
n=1,2,

cos(mθn) = 0. (4)

And for SHM: (
49

∑
m=3,5,

4

∑
n=1,2,

cos(mθn)

)
= min, (5)

where m is the harmonic number and n defines the angle number. The constraint on angles
is as follows:

0◦ < θ1 < θ2 < θ3 < θ4 < 90◦. (6)

3.2. Differential Evolution

DE is an efficient and simple metaheuristic optimization tool that is utilized to solve
the minimization problems that are difficult to solve with conventional optimization tools
such as Newton-Raphson method [45]. DE imitates the natural process of evolution and
the survival of the fittest. The process is briefly described in Figure 3a. A chromosome
consists of all the variables. For example, the problem here is to find four angles; so,
these angles will form a chromosome of 32 bits (8 bit for each variable). A random initial
population of such chromosomes is developed in the software environment and rearranged
according to its fitness towards the objective function. An objective function is a function
that is developed as a minimization problem for the situation under consideration. For the
analysis here, the objective function will differ according to (4) and (5) depending on the
SHE or SHM operation.
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Figure 3. (a) Flowchart of differential evolution (DE), (b) mutation, and (c) crossover.

Next, the mutation is performed on the data as shown for one variable of the chromo-
some in Figure 3b where three chromosomes including the target chromosome is chosen.
The choice of the chromosomes other than the target chromosome is purely random and
is decided by the software. The data is mutated by a factor which can be chosen in the
range of 0 to 2. Thus a new chromosome corresponding to the target chromosome is
generated and stored for a while. The a new chromosome is developed by randomly
selecting some bits from the old chromosome and the new mutated chromosome to form a
new chromosome. This step is known as crossover, and the chromosome is the final child or
offspring of the target chromosomes. Now, if the fitness of the chromosome is better than
the previous chromosome, it takes its place, otherwise it is discarded. The process repeats
until a predefined number of iterations are reached. The parameters of DE are shown in
Table 4.

Table 4. Parameters of DE Algorithm.

S. No. Parameter Value

1. No. of variables 4
2. Initial Population 50
3. Mutation factor 0.5
4. Iterations 100

The DE algorithm based on the above discussion and Figure 3a was developed in
MATLAB/Simulink. The optimal angles were obtained as the final solutions of optimiza-
tion problem. Using these angles, the simulation and experimental results of SHE and
SHM were produced and are presented in Figure 4. Figure 4a exhibit the simulation and
experimental results of SHE, where the complete elimination of the 5th and 7th harmonic is
visible. On the other hand the results of SHM (Figure 4b) exhibits the mitigation of overall
harmonics, and thus total harmonic distortion (THD) is lower than the waveform of SHE.
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Figure 4. Simulation result, output voltage total harmonic distortion (THD), and experimental result of (a) Selective
Harmonic Elimination (SHE) and (b) selective harmonic mitigation (SHM) pulse width modulation (PWM) schemes.

4. Pulse-Width Modulation of DB9LI

Level shifted carrier waveforms that form the half sine waves and quarter sine waves
have been obtained, as they exhibit superior performance in mitigation of voltage profile
harmonics under the conditions of low-frequency operation. By using (7), the level-shifted
quarter sine wave and half-sine carrier waves can be generated:

m3 × |m1Π( f1)− |m2 sin(2π f2t)||, (7)

where, m1, m2, m3 are arbitrary constants; f1 and f1 are the frequencies of the square wave
function Π and the sinusoidal function.

It is the ratio of the frequencies of square function and sinusoidal function( f1 : f2)
which decides the shape of the final carrier waveform. By varying this ratio, the nature of
the obtained carrier can be modified. For example, the condition f1 = f2 results in a half-
Sine waveform. The value of the factors m1, m2, and m3 are selected as 0.5, 0.5, and 0.5
respectively for the generation of half-sine carrier wave, and the value of frequencies f1 and
f2 are taken as 7000 Hz. Similarly, (7) is utilized to generate a quarter-sine wave by taking
the condition f1 = 2 f 2. With f1 = 7000 Hz and f2 = 3500 Hz and the value of factors m1,
m2 and m3 are being taken as 0.5, 0.5, and 0.5, respectively. By shifting the obtained half-
sine carrier waves or the quarter-sine carrier waves by a fixed magnitude in the positive
and negative directions, eight carrier signals of switching frequency are generated for
nine-level shifted-PWM that can be identified as M8, M7, M6, M5, M4, M3, M2 and M1 in
Figure 5. By the comparison of Vre f and the carrier waves, the pulses for corresponding
voltage levels are generated. The generation of zero level is achieved when the reference
voltage is between M5 and M4. Along with these waveforms, the conventional level-
shifted carrier and a sinusoidal carrier is also taken. The comparative assessment of each
modulation technique is discussed further in this paper.
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Figure 5. Generation of switching pulses for sine-PWM schemes.

4.1. Control Strategy

Multicarrier PWM control is used for controlling each IGBT switch used in this
topology as shown in Figure 5. The carriers are level disposed vertically and each of same
amplitude, frequency and phase. The switching strategy being used is implemented in
such a manner that T11 is fired when Vre f > M1 or M2 < Vre f < M1 or M8 < Vre f < M7
or Vre f < M8 or in other words, T11 is fired when T1 and T4 are on and T3 is off (or T2 and
T3 is on and T4 is off), as exhibited in Figure 5. Likewise, T12 is fired when Vre f > M1 or
M3 < Vre f < M2 or M5 < Vre f < M4 or M7 < Vre f < M6 or Vre f < M8. Another way is
that T12 should be fired when T7 and T8 are off. By using this technique control circuitry
is designed. These carriers are compared with the sinusoidal reference wave of power
frequency and of a unit magnitude.

After comparing with the reference signal, the generated output is a pulse signal of
unit magnitude. In the next stage, these signals are separated to distinguish the positive
half cycle and a negative half cycle of output voltage nine-level wave. For this, the logic is
applied by using a two-way switch, which gives output according to the threshold value.
The four signals that pertain to positive half cycle are checked whether the signal is greater
than 0 or not, and depending upon the previously obtained signal, the output of this stage
for the positive half cycle is a pulse of magnitude 0 to 1 and for negative half-cycle pulses
of magnitude 0 to −1.

In the later stage these pulses are tested for shifting the pulses to different states −4,
−3, −2, −1, 0, +1, +2, +3, +4 levels. After getting output from this point, all pulses are
added to generate a nine-level output waveform that is, switching function is constructed as
depicted in Figure 5, which is going to be followed by output voltage waveform. MATLAB
functional block is used to create logic to fire the switches according to the switching
state table.

4.2. Results and Discussion

Simulations of DB9LI is performed to analyze the effect of different type of carrier
waves on total harmonic distortion (THD) in load voltage and currents. The comparative
analysis is done to check the suitability of a particular type of carrier according to the
required application. In Figure 6a–d, pulse generation employing all four types of carrier
waves discussed in previous subsection is shown. In addition, load voltage and current
are also exhibited for each condition in the figure with voltage THD profiles. Simulation
has been carried out in the MATLAB/Simulink environment. Parameters taken for the
simulation purpose are given in Table 1. The input DC source voltage is taken as 100 V
for all modulation techniques. Constant AC Load of resistance 20 Ω and inductor of
20 mH is applied and two capacitors C1 and C2 of 4700 µF have been used. The AC load
voltage has nine-level boosted output and its harmonic content reside on the multiples of
7000 Hz, that is switching frequency as shown in Figure 6. From Figure 6, it is also seen
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that the load voltage THD percentage is maximum in case of sine-sine PWM that is, 14.54%
and minimum in the case of half-sine PWM that is, 11.22%. Furthermore, the output
fundamental voltage is nearly around to 197.5 V which has a frequency of 50 Hz. Lastly,
the load current is sinusoidal and the capacitor voltage is maintained at 50 V and contains
4% ripple.

Figure 6. Simulation of PWM techniques applied to DB9LI: (a) Sine–Triangle PWM, (b) Sine–Quarter-sine PWM,
(c) Sine–Half-sine PWM and (d) Sine–Sine PWM.

In Figure 7, the experimental results of load voltage, load current, capacitor voltage
and capacitor current under various conditions are exhibited by application the triangular
level-shifted PWM technique on the DB9LI. In the whole experimental analysis, the 30 V DC
source voltage is being used. In Figure 7a, the nine levels no-load voltage is demonstrated
when the modulation index ma = 1. Figure 7a clearly shows that the voltage at output
terminals is 60 V which supports the statement that the DB9LI is capable of boosting voltage
to twice of applied DC voltage. In Figure 7b, the output voltage and current waveform
are being shown under the loaded condition, when the load resistance is R = 30 Ω and
L = 20 mH. In Figure 7c, the voltage and current waveforms are being presented under
the variable load condition in which load impedance is being varied from R = 60 Ω &
L = 20 mH to R = 30 Ω & 20 mH and exhibits the robust nature of DB9LI, as with the
variation in load, output voltage magnitude, the number of levels and the waveshape
remains almost unaffected. Figure 7d shows the capacitor current waveform under the
same condition as in Figure 7b (i.e., when Z = 30 Ω + 20 mH). The current and voltage
of one capacitor is shown during the charging and discharging periods in Figure 7d,e.
In Figure 7f, the output voltage waveform under the variable load condition is being
shown, when the load impedance is being varied from R = 60 Ω & L = 20 mH to R = 30 Ω
& L = 20 mH when the amplitude modulation index is being taken as ma = 0.7.
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Figure 7. Experimental results of sine–triangle PWM applied to DB9LI: (a) No load voltage, (b) output voltage and load
current at 60 Ω, 20 mH, (c) step load change at ma = 1, (d) capacitor current, (e) capacitor voltage, and (f) step load change
at ma = 0.7.

Figure 8a presents the variation in output THD percentage of Voltage with the varia-
tion in modulation index when triangular, half-sine and quarter-sine and sine waves are
being used as carrier waves by varying the modulation index from 0.4 to 1.0 at the same
frequency as mentioned in the control strategy of DB9LI. The inverter circuit is connected
to R-L load having values of 30 Ω and 20 mH for the three cases. Figure 8a also gives a clear
insight into the benefit of using quarter-sine wave from the voltage THD perspective over
the half-sine, triangular carrier or sine carrier, and shows that the THD percentage is low
in it. From Figure 8a, it can also be observed that the variation of THD with modulation
index is more in case of the sine carrier as compared to the triangle, quarter and half-sine
wave PWM. Figure 8b shows the variation of percentage THD in current with the variation
in modulation index corresponding to half-sine wave, quarter-sine, sine and triangular
carriers, when the amplitude modulation index is being varied from 0.4 to 1. From these
two figures (Figure 8a,b), it can be observed that with increase in the modulation index,
both the percentage voltage and current THD are following a drooping pattern.

Figure 8. Comparison of (a) Voltage THD and (b) Current THD with PWM schemes.
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5. Hysteresis Control of DB9LI

Hysteresis current control technique is a control technique widely applied for con-
verters and drives. There are various advantages of this technique like a good dynamic
response, unconditional stability and wide bandwidth of command. However, this control
is sensitive to noise as slight disturbance in the error will lead an undesired voltage level,
which can lead to undesirable consequences, especially in applications like electric vehicles.
Hysteresis is closed-loop control in which continuously load current is monitored. In DB9LI
there is inheriting capacitors voltage balancing. But if in case balancing is required, then by
proper PI control, it can be achieved. The load current error is compared with hysteresis
bands to generate the firing signals for the inverter. This technique has been applied to
two-level converter control and has shown its robustness and simplicity. Hysteresis in
multilevel inverters is also becoming popular because of its undeniable advantages over
other technologies.

The objective of multilevel current control is to trigger the switching signal by keeping
the load current follow the reference under the specified hysteresis band. The multi-band
hysteresis control technique uses symmetrical hysteresis bands called as upper and lower
bands to control the firing of switches to the adjacent level. when the error current signal
passes the inner border at level one and the output is increased or decreased by one level if
the limit is crossed. The advancement in the voltage would cause the current error (∆i) to
change the direction opposite to the previous to keep it in band limit. The error may reach
to the next boundary if the error has not changed the direction. When the next boundary
level reaches the inverter would switch the next voltage level. This path is followed until
the error current reverses its direction. The voltage applied at the positive and negative
ends should be able to force the current to come back to the required limit. As it is seen
in Figure 9, actual rated current (i) is sinusoidal, rated ,reference current (ire f ) and the
difference between load current and reference current is (∆i) or current error. Eight bands
(0→ −h), (−h→ −2 h), (−2 h→ −3 h), (−3 h→ −4 h), (0→ h), (h→ 2 h), (2 h→ 3 h)
and (3 h→ 4 h) of bandwidth about 2% to 5% rated load current is taken. For achieving
nine-level voltage generation at the output, It is the necessary condition to maintain the
capacitor voltage set point equal to Vin/2. Thus, the nine-level voltages are therefore
obtained as given in Table 2. Figure 9 depicts that the current error (∆i), is quantified into
eight equal bands which results into the ten zones in the abscissa axis. The vertical axis is
quantified into nine distinct values corresponding to the nine voltage levels at the output.
The subsequent variation in the transition condition depends on the behavior of the current
error. For instance, if the initial state is −V1/2, the further reduction of the current error ∆i,
below the value h causes a transition to state zero (0). Contrary to that, if the current error
∆i,increases above the h value, then, an instantaneous transition to the state −V1 takes
place. When the actual load current is lower than its reference, then the application of a
positive voltage across the load results in rapprochement. Thus, the positive voltages are
applied when the current error ∆i, which is the difference between actual load current and
its reference, is negative. In contrast to that, the negative voltages are applied when the
current error is positive. The nine states and their transition conditions are depicted in
Figure 9.

In the Figure 10 the graphs shows the total harmonic distortion (THD) for the output
voltage and current waveform. The variation of fundamental load current as well as
the variation in percentage THD for different values of hysteresis band (h) is shown in
Figure 10a. It can be observed that as the hysteresis bandwidth increases, magnitude of
the fundamental load current decreases. Also, with the increase in the hysteresis band,
the percentage THD in the load current increases in approximate proportion.The anomalous
behavior of the load voltage THD variation with change in hysteresis band is being shown
in the Figure 10b where, with the increase in hysteresis bandwidth, the load voltage THD
first decreases, reaches a minimum value, experiences a slight increment and then with
further increase in h decreases sharply. On the other hand, the value of fundamental
load voltage exhibits a simple linearly decreasing pattern with the increase in hysteresis
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bandwidth. It can be readily observed that within the range of h from 0 to 0.6, the minimum
percentage THD occurs when h is 0.2. So, from the % THD consideration, the best operating
point is corresponding to h = 0.6.To understand the behavior of current and voltage THD
for the wide range of hysteresis band. In the Figure 10c. clear insight is given to the
variation of these parameters. In the fixed hysteresis band control switching frequency
varies as the hysteresis band changes also the switching frequencies of all the switches
is also different and varies with the bandwidth. The variation of THD percentage with
voltage and current is taken by keeping the load value of 20 Ω & 20 mH. As we can see
in the graph, the voltage THD% is maximum when the bandwidth is small that is 0.1 and
minimum at h = 0.2 also it can be seen that the change in THD % is not much varying but
the current THD % values are changing with little bit more slope. It has been changed from
0.5% at h = 0.1 to 2.23% at h = 0.6.

Figure 9. (a) Schematic of eight-band hysteresis control, (b) concept describing the generation of output voltage levels
corresponding to the current error; and experimental results (c) at constant load and (d) with change in load.

Figure 10. Variation in (a) fundamental voltage and its THD, (b) fundamental current and its THD, and (c) voltage and
current THD.
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6. Conclusions

In this paper, a dual boost nine-level inverter (DB9LI) has been analyzed and imple-
mented using different modulation strategies and hysteresis eight-band current control.
For the modulation, low switching frequency (SHE and SHM) and high switching fre-
quency (PWM) schemes were implemented. The DE based metaheuristic approach was
employed to determine the angles of switching between the voltage levels for the SHE
and SHM techniques. The angles produced were found to reduce the selected lower order
harmonics and significantly reduce the overall harmonics. Further, the analysis and imple-
mentation of PWM techniques on the basis of different carrier waves was performed using
triangular, quarter-sine, half-sine and sine carriers, and it was concluded that from the
voltage THD point of view, the half-sine carrier exhibited superior performance and the
sine carrier wave was found to be the least fit candidate. Lastly, the eight-band hysteresis
control was applied on DB9LI, and through analysis it was concluded that the percentage
voltage THD was found to be minimum when the hysteresis bandwidth (h) was equal to 0.3.
The analysis and verification of these techniques on DB9LI was done in MATLAB/Simulink
environment and validated on an experimental prototype.
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