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Abstract - This paper deals with a single-phase nine-level
cascaded inverter featuring Sinusoidal Harmonic Elimination
Pulse Width Modulation (SHE PWM) along with battery
balancing discharge capabilities. To optimize battery pack
performance, an approach is implemented that prioritizes
activation of the H-bridge associated with the battery with the
maximum voltage, in descending order of battery voltage
levels. This strategic sequencing significantly improves the
battery pack's overall discharge efficiency. Thereby resulting
in an increase in inverter efficiency. In addition to that, the
optimized switching angle helps in the mitigation of harmonic
distortion. The proposed system is simulated by
MATLAB/Simulink. In the practical implementation of the
prototype, gate triggering pulses and the battery-balanced
discharge functionality are controlled by an 8-bit PIC
microcontroller, PIC16F87XA model.

Key Words: Nine-level inverter, H-bridge, Battery
balanced function, Harmonics, Lion optimization

1. INTRODUCTION

The rapid depletion of fossil fuels has increased interest in
renewable energy sources. However, renewables are
characterized by a high degree of intermittency. Utilizing a
battery-based energy storage system is effective for assuring a
constant and uninterrupted power supply [1]-[3].

When it comes to grid connection, various inverter topologies,
including central inverters, string inverters, and
microinverters, are commonly employed [4]. The cascaded
multilevel inverter is one of the superior topologies. Scalability
is a notable advantage of the cascaded multilevel H-bridge
inverter. By adding more H-bridge modules to the cascade, the
output voltage quality can be improved by adding more
voltage levels to the output waveform. This scalability makes
itideal for grid-connected renewable energy systems, motor
drives, and uninterruptible power supplies where high-
voltage, high-power, and low-harmonic distortion
requirements are essential [5]. The general block diagram is
shown in Figure 1.

Individually, each inverter makes the connection to
individual batteries in cascaded topology. A methodical the
strategy of sorting batteries by voltage and activating
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Fig -1: General Block Diagram

full bridges in descending voltage order significantly
increase the discharge duration and overall performance of
battery packs. The absence of such a balancing system
results in a rapid degradation of battery discharging
capacity. To improve battery storage, several battery
charging strategies are mentioned in the literature reviews
[6]-[8]. Adding a battery-balancing circuit will increase the
complexity and cost of the circuit at the same time reduces
its efficiency. As a solution, a single-phase multilevel inverter
with a battery-balanced discharging function is proposed
here. In addition, using a genetic algorithm, we optimize the
switching angles in order to minimize total harmonic
distortion in the AC output voltage.

2. CIRCUIT OPERATION

Figure 2 depicts the individual full bridge inverter and Table 1
gives its switching sequences. As shown in Figure 4, the
cascaded multilevel H-bridge inverter consists of multiple H-
bridge modules connected in series. Each H-bridge module
includes a separate battery and two pairs of switches. By
modulating the states of these switches, the inverter can
generate a staircase-like output voltage waveform with
multiple voltage levels, as depicted in Figure 3. These levels are
typically symmetric with respect to the zero-voltage reference
point, which helps achieve reduced total harmonic distortion
in the output waveform. The output voltage of the multilevel
inverter corresponds to the cumulative voltages of the full-
bridge inverters.

© 2023,IRJET | ImpactFactor value: 8.226

IS0 9001:2008 Certified Journal | Page 603



’l, International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

JET Volume: 10 Issue: 09 | Sep 2023

www.irjet.net

p-ISSN: 2395-0072

S}'(r.r)

Szrn)l H

VBai“( )
+

- vﬂ(n}

r,

Scf(n)l Hq}

Fig -2: Individual Full Bridge Inverter
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Table -1: Switching Sequence of Individual Full Bridge

Output Switching Sequence
voltage, Vo S1(n) Safn) Ss(n) Safn)
+Vdc 0 1 0 1
1 1 0 0
0 0 0 1 1
-Vdc 1 0 1 0

In a single-phase nine-level cascaded inverter configuration,
each H-bridge module is connected to a separate battery
source and generates -Vdc, 0, and +Vdc voltage levels. The
voltages of these individual battery cells have fluctuated over
time. Battery having the highest voltage will take a longer
discharge duration, whereas the battery having the lowest
voltage will experience the opposite effect [10].
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Fig -3: Output Voltage of Nine Level Inverter

In the cascaded H bridge inverter, the output voltage denoted
as 17 is determined by the cumulative sum of the individual

voltages of each full-bridge inverter.
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Fig -4: Nine Level Inverter with Controller

where Vgg;,, is the battery voltage of n*h battery.

The battery voltage of each full bridge can be assessed and
listed as

VBat = {VBatt'lerBatt'Zj’ ey VBatt}'\'j} (2)
Due to manufacturing tolerances, identical battery types
exhibit cell-to-cell variation. Therefore, measure the battery
voltages and arrange them in descending order as shown
Vaarisorsy = {VBar(1) * Vaar) * - Vaar(vy *} (3)
where Vg1 * = Highest battery voltage

Vgar(1) * = Second highest battery voltage

Veary * = Lowest battery voltage

The battery having a higher voltage has the potential
to deliver power for alonger duration than the battery having

vy = Vaazim a lower voltage. If the battery voltages are organized in the
n=1 ’ (1) decreasing value of battery voltages,
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Vaarisorsy = (VBar(1) * 2VBar) * = -+ Var( *} (4)

then the discharging capacity of the batteries are related like
this

QBat('sart] = {QBatt'lj * —}‘QBaI('Zj r2.., QBatt'Nj *} (5)

Itis a well-established fact that batteries with higher voltages
consistently exhibit superior discharging capacities
compared to the battery with lower voltages. Therefore, by
initially activating the battery with the highest voltage, a
longer duration of operation can be obtained. Consequently, a
balanced battery discharged function can be implemented.

The full-bridge converter corresponding to the highest
battery voltage, Vg (q) * will initiate operation at first instant

in a switching period, Ts, at a switching angle, 6;. Therefore, it
will operate for an extended period of time. Likewise, the full-
bridge converter for the second-highest battery voltage,
Vpar(2) * Will initiate operation at a switching angle of 6.

Consequently, the H bridges are activated in decreasing
battery voltage values.

The output voltage of the multilevel inverter with distinct DC
sources can be expressed as

Vo = Vear() * + Vear(y * + -+ Ve * (6)

The output waveform of cascaded H bridge will be in the form
of staircase or stepped in nature as shown in Figure 4. The
Fourier Series of staircase or stepped output waveform is
given by

Vot rms = m (VBatilj * C0S (ﬂel)"i_ VBati'Zj *COos @192) + o

+ Vgaeqwy * €OS (nBy))sin (nwt) (7)

where n is the order of harmonics

N denotes the number of DC sources

3. OPTIMIZATION TECHNIQUE USED

The selection of switching angles for the inverter is
undertaken with the objective of minimizing the total
harmonic distortion (THD) value [11]-[14]. To attain this
objective, it is necessary to examine the following harmonic
equations.

V) pms = o (Vear(1) * €08 (81) + Vgar(z) * cos (8;)

+ Vear(z) * €08 (O3) + + Vgar(q) * COs (By) (8)

4
V3 rms = To—— (Var(1) * €05 (301) + Vgge(z) * €05 (36;)

N2 3w
+ Vaaez) * €08 (383) + + Vpgery) * COs (36,) (9)
4
Vs rms = To—— (Var(1) * €05 (501) + Vgge(z) * €05 (56;)
V2 51
+ Vpar(z) * €08 (583) + + Vpar(ay * €0s (56,) (10)
4
V7 pms = T (VBar(1) * €05 (784) + Vpge(z) * €0s (76;)
V2 T
+ Vpar(z) * €08 (783) + + Vpar(ay * €0S (76,) (11)

where 0 <0:<0;<03< 64<g

According to selective harmonic elimination [9], choose
1 +ms IS €quivalent to the fundamental component, while
simultaneously reducing the presence of harmonic
components such as the third, fifth, and seventh harmonics
to minimum.

Vi pms = Uy (12)
Vg rms = Vsyms = Virms = 0 (13)

In order to optimize the THD value, the Genetic Algorithm is
employed here. In GA, a few random switching angles are
selected as generation and population indices are computed.
The objective function is computed within the constraints to
find out the best values after iterations. Equations (8) to (13)
provide the values of switching angles. Determine the
minimized fitness function (THD) based on this information.

4. SIMULATION RESULTS

Figure 5 shows the simulation model of nine level inverter at
instant t;.

Attime t =ty, the battery voltages are Vgai1 = 8.2V, Vgaz = 7.6V,
Veas = 7.5V, and Vgau = 7.9V. Batteries are sorted in
descending order of their voltages by comparing their
voltages,

VBat1 > VBata > Vparz > Vpars
The sorted battery sequence is therefore denoted as

VBat sort = WBatl; VBat4; VBatZ; VBat3}

Itis essential to remember that batteries with higher voltages
have a greater discharge capacity. Consequently, the full
bridge is switched beginning with the battery having the
highest voltage, then the battery having the second-highest
voltage, and so on. The sequential switching angles are as
01 < 04 <062 < 03, resulting in a balanced battery discharge
function.
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Figure 6 illustrates the FFT analysis and Figure 7 gives the B . — e SE—, -
output voltage of a nine-level inverter. ’

Figure 8 illustrates the simulation model of a nine-level
inverter with a battery balanced discharging function, while
Figure 9 depicts the FFT analysis and Figure 10 shows the
output voltage at that time t = t,.
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Fig -10: Output step waveform at t;

5. HARDWARE IMPLEMENTATION AND RESULTS

Fig -12: Control Circuit

Figure 11 shows the hardware prototype of a nine-level
inverter. The input from each inverter is directly connected to
a battery. Four batteries having 8V and 0.5Ah are used.
IRFPZ44N MOSFET is used as the switches in the full bridge
and the MCT2E optocoupler is also used in the gate triggering
circuit. 8-bit PIC microcontroller PIC16F87XA is used here for
gate triggering pulses and battery-balanced discharging
function. Figure 12 depicts the control circuit.

Fig -13: Hardware setup

Fig -14: Output step waveform

The frequency of the output is assumed to be 50 Hz. GA is
used to find out the inverter’s switching angles. These
switching angles are fed into alook-up table and loaded into a
microcontroller. As per the sorting order of batteries, the
inverter’s switching angles are given by the microcontroller.
One 8V battery is replaced with a 4V battery to check the
battery balancing. According to the battery balanced
discharging function, batteries are sorted as per the
decreasing values of battery voltages and first turn on the full
bridge having the highest battery voltage and so on. Also, one
or two batteries can be replaced with a variable DC source.
Then by varying the DC source, we can check the battery
balanced discharging function. The hardware implementation
circuitis shown in Figure 13. Figure 14 represents the result
as shown in the oscilloscope.

6. CONCLUSIONS

The Nine-Level Cascaded Inverter having individual DC
sources is designed for checking battery balanced discharge
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function. Optimization by Genetic Algorithm helps to achieve
the lowest possible THD by selective harmonic elimination
technique. It provides the switching angles corresponding to
minimum THD. The batteries are arranged in descending
order of their voltages, and the full bridges are switched on
accordingly. Thus, the algorithm for balanced battery
discharge is obtained. This optimized approach extends the
battery backup duration, thereby enhancing the overall
efficiency of the inverter. The feasibility of the proposed
system has been experimentally validated. The primary
benefit of the system is the utilization of a simple PIC
microcontroller for its controller, and it is a cost-effective
solution.
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