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Abstract. Now-a-days, model predictive control (MPC) is very commonly used for three phase inverters. But conventional
MPC suffers computational complexities as well as unstable switching frequency issues. To address these issues related with
conventional MPC model, this paper aims to use the benefits of deep learning model for predictive switching contral. In this
paper, CNN-LSTM network based predictive control is proposed for three phase inverters. Along with predictive control LC
filter is cascaded to reduce the harmonics. The model is simulated using SIMULINK under fixed and dynamic load
condition. The result shows decreased THD under different load conditions. Finally, the result is validated with existing

models and achieves better performance.
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l. INTRODUCTION

The fast depletion of conventional sources of energy has
resulted from the ever-increasing demand for electrical
energy. Because of that, a lot of research has gone into
renewable energy-based power generation. wind, and solar
energy, in particular, are two ofthe most common altemative
energy sources that are gaining popularity among power
electronics producers. An inverter s a critical conponent of
a renewable energy power generation system since it
converts DC electricity to AC as needed by the grids [1].
However, the outputs of these inverters have a higher
harmonic content, necessitating the installation of expensive
and huge low pass passive filters before transferring the
power to the distribution network [2][3]. As a result, for
medium and highpower conversion systens, multilayer
inverters (MLIs) have emerged as the most suitable
substitute. In early 1975, MLI topology was initially
established, and it has subsequently been modified in several
ways [4][5]. Providing rural areas with access to electrical
electricity is a critical prerequisite for impact on the
implementation living conditions, and it is at the forefront of
many developing nations' agendas. The most essential study
areas in social structure are energy efficiency, electrical
supply, and durability [6]. Efficient, regenerative, expense,
trustworthy, and stable energy is a vital prerequisite for a
nation's economic, societal, and technological growth.
Renewable energy can be defined as life derived from an
infinite supply of natural resources [7][8]. Natural light,
water, wind, bioenergy, and geothermal energy are justa few
examples of natural renewable energy resources. In contrast
to other forms of enemy, such as fossil fuek, which are
limited and focused to certain geographic areas, the breadth

and prospects for renewable energy resources are broad [9].
The intended output voltage is generated from several
discrete DC source voltage levek in a cascade multilevel
inverter, which can transform from fixed DC voltage to
variable AC output voltage with static and dynamic
frequency[10]. Some technological advancements for power
quality enhancement and power stability enhancements are
such as FACT devices, STATCOM, etc. As these devices are
used with MLI for its voltage improvements. Along with
these devices proper control strategies generates higher level
of outputvoltage with limited switches uses [11][12].

Diode Clamped Multilevel Inverter (DCMLI), Flying
Capacitor Multilevel Inverter (FCMLI), and Multi Module
Cascaded Inverter (MMCI) are the three primary
architectures of multilevel inverters. Several other designs
for multilevel inverters with fewer thyristor elements and
gate triggering circuits have been presented recently
[13][14]. Various sorts of renewable energy sources may
now be included into the micro-grid thanks to advancements
in power electronic converters and elevated controllers
[14][15]. To incorporate renewable energy, such as wind and
solar power, in power grids, various converter topologies and
control techniques have been developed [16]. Multilevel
inverters (MLI) have subsequently been gamering and
expanding attention in variable speed WT and PV systens
because to the growing demands for medium and high-power
applications. Mulilevel converters allow the output voltage
to rise without raising the switching device's voltage rating,
allowing renewable energy systers to directly link to the
grid voltage [17].The primary goal of MLlIs is to synthesize
higher levek of output voltage, which necessitates the use of
additional switching semiconductors. Furthermore, it has a
numerous advantage over traditional 3-level PWM
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converters, including high voltage capability without a
stepping-up circuit, low harmonic content, low dv/dt stress
on the switches, and a small filter size to generate the
sinusoidal voltage in output. MLIs were divided into two
types: single-phase and three-phase inverters. Cascaded H-
bridge (CHBMLI), Neutral point clamped (NPC), and Flying
capacitors are the three main types for single- and three-
phases, respectively, depending on the strategic functions
[18]. PV plants are connected which increases total harmonic
distortion and introduces lower-level current harmonics
[18][19]. THD of voltage and current harmonics of solar and
wind power plants interconnecting to the public grid must be
less than 5%, according to IEEE and IEC requirements.
Multilevel converters enhance efficiency by lowering
switching losses at high frequencies and utilizing modest
output filters when compared to traditional two-level
converters. Many semiconductor vendors provide detailed
phase leg module data for a variety of multilevel converter
topologies [20]. When compared to traditional two-level
inverters, multilevel inverters offer numerous benefits. They
achieve minimal harmonic content at their outputs without
raising the inverter's switching frequency or lowering its
output power. Furthermore, they provide a lower common-
mode voltage, which reduces the load on the motor bearings
greatly. Multilevel inverters with additional switches and DC
voltage sources have a wider range of voltage levek at their
output signals, resulting in higher output power [21].

The main disadvantages of multilayer inverters, as
comparison to typical two-level inverters, are that they use
more DC sources and have more intricate control algorithrms
[22]. Due to its high power, high voltage capacity, low
switching losses, and low electromagnetic problens,
multilevel power converters have been progressively
prevalent. Conventional inverter drives are most typically
utilised in industrial drives. They are made up of six power
switches that switch using puke width modulation (PWM).
The output voltage and current waveform quality has
worsened due to the use of such conventional converters
[23].

II. RELATED WORK

Bana et al. [1] discussed that MLI-based topologies have
emerged as a strong contender for a number of major
implementations in the power industry. Numerous MLI
topologies have been established via research using fewer
components as a result of the tremendous rise in power
semiconductor techniques. New RS MLI topologies are still
being developed for a variety of reasons, including lower
costs, ideal compact, lower volume, lower wastage, and high
efficiency. RS MLI topologies have recently been created for
a variety of applications, including motor drives, renewable
energy system integration, FACTs, power filtering, and so
on. The objective of this research article was on RS MLI
topologies that fall into three categories: symmetrical H-
bridge based RS MLI, asymmetrical H-bridge based RS
MLI, and modified RS MLI topologies.

Stonier et al. [9] used Proportional Integral (PI), Articial
Neural Network (ANN), and Fuzzy Logic (FL) oriented
controllers to explore the reduction level inverter. When the
outcomes are considered, it is discovered that FLC produces

better VR results when addressing fluctuations in the input
solar PV. The commercial use of MLI by delivering a
constant output voltage is explored, and the experimental
findings demonstrates that the suggested approach i good. S.
Boobalan and T.A. Ahmed et al. [11] presented a novel
threephaseMLI topology that uses a decreased number of
phases. A variety of elements, including switches, dc power
supply, and gate drivers. The suggested MLI can be used in a
modular manner and for a variety of applications. The
suggested MLI has the smallest average number of active
elements per pole level when compared to current
topologies. Moreover, because the number of working
switches per pole is minimized in the suggested topology, it
operates more efficiently. The expense of the dc supply is
reduced using this topology. The designed MLI's better
performance is confirmed by Matlab simulation and
experimental implementation. Kaliamoorthy et al. [17]
reported a unique single phase eleven inverter with
minimized switching devices and separated DC sources,
along with a sliding mode based MPPT algorithm.
Simulations are run in MATLAB/Simulink, and a concept
design for 2.4 KW has ako been built. The FPGA board is
used to construct the comprehensive control system. The
simulation and experiment outcomes are precisely in line
with each other. While comparing to a traditional cascaded H
bridge inverter, the presented CHBMLI system has a lower
number ofisolated DC sources and switching components.

Sandhu et al. [20] developed and implemented a grid-
connected hybrid altemative power 13-level modified
CHBMLI topology model resources. It shows that the
enhanced CHBMLI is capable of operating at high switching
hz (frequencies). Harmonic distortion of the modified
CHBMLI fell under the IEEE 519 THD factor limit of 5%
due to the design’s decrease in size. Switching losses,
switches, and inverter costs may all be reduced thanks to the
13-level revised architecture. Switching losses, switches, and
inverter costs may all be reduced thanks to the 13-level
revised architecture. The system may be said to be
employing an intelligent method that improves harmonic
removal efficiency by combining the ANN technique with
CHBMLI. When a sinusoidal stepped output waveform and
greater inverter efficiency are sought in remote locations, it
is advantageovus.

Dhanasekaran [24] represented a discreet binary topology
for cascaded multilevel Inverter, which has minimized
number of thyristor switches. The recommended discreet
binary design needs finite switches for synthesized output
voltages. As a response, the suggested system's cost was
decreased, and t he waveform of the output voltage has a
very low total harmonic distortion profile and & more
proficient.

The modeling and analysis of a thirteen-level modified
Packed-U cell inverter were given by Fouda et al.[25]. The
recommended inverter enploys three DC and eight switches
sources to reduce harmonics, and the triangular-carrier
SPWM method at 2 kHz is used to efficiently regulate them.
The output voltage and current waveforms were examined,
revealing that the inverter is dependable and perforns
admirably. To reduce undesirable harmonics, an LCL low-
pass filter is designed in the inverter's output. The suggested
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inverter has a low harnmonic distortion, which results in great
power quality and a small filter size. With the growing
significance of renewable resources, DC-AC energy
conversion is becoming an important area in power
electronics. Conversion systems used in industry must
acquire straight, pure, and efficient sinusoidal energy from
these renewable energy resources. THD value is one of the
indicators for this motive. 3-level CHB MLI s executed in
by Cokk et al. [26] with switching SPWM methodology.
The main goal of this research s to find the simplest
technigue to generate signaks. MATLAB/Simulink is used to
create the DSP software. As a result, the developed and
executed algorithm and MATLAB/Simulink codes are
readily generated and downloaded to the processor. Only
Simulink blocks can be used to create inverter-switching
signals. Nguyen et al. [27] provided a model-based
architecture and virtual prototyping study of a customizable
multilevel inverter utilized to connect N dc voltage sources,
such as solar panek, to the grid in this research. Virtual
prototyping, loss modelling, and assessment may be
beneficial in scenarios using multilevel inverters as grid-ties
for different dc sources and in other architectures, in
complement to the modular multilevel inverter investigated
in this work. The findings show that individual and multiple
inverter modules can breakdown in unique situations while
keeping the grid-tie functional in terns of THD. Priyan and
Ramani [28] created for a seven level FCMLI in this
suggested technique. The newly created design will enhance
system productivity and ensure voltage stability, allowing for
more steady operation with fewer interruptions. The closed
loop system controller can ako be used to control a

capacitor-clamped DC-DC boost converter, resulting in a
constant output voltage of boost converter is acquired. Shimi
et al. [29] presented the theory of functioning of a three-
phase Maximum Power Point Tracking (MPPT) dependent
solar powered 11 level cascade multilevel inverter. PV cells
were modelled, and the dc supply for all of the H-bridges
was provided by the PV cellks. On the PV array that drives the
multilevel inverter, the famous Maximum Power Point
Tracking (MPPT) techniques Perturbation and Observation
and Adaptive Control were employed. This work presents a
predictive switching control of MLI for three phase
renewable energy grid system using CNN-LSTM that
reduces the THD by hybridizing it with LC filter to make the
entire system more efficient. The objective is to get
decreased THD and excellent performances for various
loads. The suggested controller passes through two major
stages: By proposing a neural network and using standard
supervised leaming, MPC can be used for offline training of
data generation. After proper training of CNN-LSTM result
in more accurate and successfully control. We conpare the
suggested CNN-LSTM-based technique to the traditional
MPC in terms of performance under various operational
situations.

Ill.  SYSTEM DESCRIPTION

The conceptual explanation of the converter examined in
this article is presented in this part. The LC filter model is
also presented in depth, and the forecasting controller uses it
to forecast the voltage output for any specified input voltage
vector.

lo
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 —
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[=4 L |
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> |
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Fig. 1. Three Phase Inverter Control with LC filter for Renewable Energy Grid System

A. Clarke Transformation

The circuit design of proposed model is presented in Figure
1. In this system, the load condition & dynamic or
undetermined, but the designs of the conversion and
filtration are provided. Furthermore, in order to prevent
short-circuit circumstances, the dual switches on every legs
of the conversion work in a complimentary manner. The
binary switches used in this work is represented as Sa, Sg,

Sc. may be used to indicate the converter's switching states
(Figure 2):

(1, if s;is ON and s,is OFF

Sa= { 0, if s, is OFF and s,is ON

o= {1, if s,is ON and sgis OFF
B 0, if s, is OFF and sgis ON (i)

(1, if s3is ON and szis OFF

S¢ = { 0, if 55 is OFF and sgis ON
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The subsequent conversion can be used to describe these
switching modes in vector illustration notation (i.e., in
af reference frame):

simulation. The inverter's practicable output-voltage space
vectors may be derivedvia

2
Vz =_(VAn + aVBn + aZVCn)

> 2 (iv)
s = 3(satasp+ase) =sqatjsg (i)  Wherin, V,,, ,Vgn. Ve, and  are the inverters phase-to-
neutral, n voltages. V; the voltage vector is mathematically
—1 -1 represented as multiplication of V¢ and switching state S,
[ ] 2 2 (iii) which is shown in figure 2,:
S — "
#7300 V_/ v, V, =Vpes v)
In which a = e/™/3), The condition of on/off od switches
is ignored as perfect switches are considered in this
V4 V3 V2
A
S(010) S(110)
S(011) S(100) V1
V5
S(001) S(101)
4
V6 V7 v8

Fig. 2. Switching State Example

The diagram depicts the 8 switching modes and, as a result,
the 8 voltage vectors created by the inverter using egn (i)
and egn (iii), taking into account all conceivable pairings of
the switching signak s 4, Sg, and s¢. The output current (l,) is
mathematically representedas:

2 -

Ip= §(IFA+aIFB+a21FC)EIFa +J Irp (vi)
2 .
V. = §(VCA +aVep +a?Vpe) = Ve +J Vep (vii)
2
0= §(10A+a103+a2106)510a +Jlop (viii)

B. LC Filter

The LC Filter model may be represented by two formulae:
the first represents inductance movements, while the second
represents capacitor dynamics. As an ongoing state-space
system, this following equation may be represented as:

dx iX

0

d
dt Vc [
Where, I= mductance
c= capacitance.
According to eqn (iv), we can evaluate voltage vector(V;)
and according to egn (vii), we evaluate terminal voltage V..
Because of its dependency on an unpredictable load, the
output current io is regarded as a disruption, although the
value of V. is believed to be constant and predictable.
Mathematically, the V. equation s representedas:
Ve = [0 1]x ®
The discrete-time statespace vector is mathematically
represented as:
x(K +1) = Apx(K) + B,V (K) + Bpylo(K) ()
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Ip(K+1) — pAts I(K) (i)
Ve(K+1) Ve(K)

ts
+ f e BdtV,(K)
0

ts
+ f e Bzl (K)
0

The predictive controller (i.e., MPC) uses this model for
forecasting V. for all V;. Then, in order to forecast the
output voltage V¢ utilizing (vii).

C. Proposed Predictive Controller Strategy

We consider that the inverters create just a finite range of
potential switching modes and their related output-voltage
vectors in the suggested control method, allowing us to
address the prediction operators optimisation issue online
[1][25][30]. For every switching period, MPC uses the
inverters discrete-time model to predict future voltage
behavior and its control. Following that, the best switching

mode is selected based upon that minimizing of such a pre-
defined cost function and sent straight towards the
converter's switch at every sampling interval Ts, eliminating
anything like a modulation step. The cost function is
minimized as the error i minimized between predicted and
reference voltage level. The cost function J, which describes
the program's intended behaviour, is written in orthogonal
coordinates as:

(odii)

J= (Vca* —Vea(k + 1))2
+ (Vcb *—Vcb(k + 1))2

where v ;* = real part of v.* and v.,* = imaginary parts of
v* and Vg, = real part of Vg.1) and v, = imaginary parts of
Vek+1)- Figure 3 shows the MPC schematic diagram for a 3-
phase inverter with output LC filter, having just one-step
predictions horizon. The control function is declared, as Sp,
Sg and S¢ with input parameters as Vgy, Veg> With k
sampling period.

CNN-LSTM

1 output
Inputy

voltagi
and .

current

Trained CNN LSTM

V3 V2

\]opl 1

V4 & Vi———>»

V5 V6

Deep Learning Controller

Fig. 3. MPC schematic diagram

The prediction of vy at time instance k+1, the prediction
algorithm predicts according to trained rules on several
parameters such as V; that is generated by inverters. For
each voltage vector, the cost function would be used to
calculate the error between Vs and Vg1 at time instance
k+1. Optimal value of cost function & evaluated as Joy to
obtain optimal voltage level. It's worth noting that Joy &5 Set
to a relatively high number by default. Lastly, the optimal
volage vectors switching modes, S,, S, and S, are
produced and providedat the next sampled time (Fig 3).

IV. RESULTS AND DISCUSSION

The proposed CNN-LSTM based control scheme and
performance were compared to those of the suggested MPC
by simulating the three-phase inverter system represented in

Figure 4 with linear (i.e., resistive) and non-linear loads.
The simulated system is configured with following
parameters: reference voltage (Vref) = 200v, Cfilter = 40e-
6F, Lfilter = 2.5e-3H, Vdc = 500v, and Load Resistance =
100. The steady-state behaviour of the CNN-LSTM -based
controller with a load resistance of 100. As shown in figure
5,for the CNN-LSTM-based strategy, which has a THD of
only 0.30 percent.

The result analysis shows that the output voltages (V)
results in minimum power loss. As in conventional MLI’s
the output current (l,) is proportional to V, due to presence
of linear load.

However, high-frequency harmonics are seen in the filtering
current lo at the converter’s output (figure 6), which are
minimized by the LC filter, The recommended CNN-
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LSTM-based management method’s has remarkable enables for a safe and simple transient response,
dynamic features ako the CNN-LSTM-based controller  demonstrating.
T - : - =
“‘. & ‘,“ /"\\‘ ) l"‘. v/_\\ /”‘\-\ ) \ (,: '—\l‘\ i / "‘\\ “/' 3 \. ~
“u "’ [ \ \ :" / y" \ / / \ "‘ [ \ \ [ / “I / /’ \
\ f \ \ / f—\ / / / [\ \ / /
' b | / \ \.\ ’~‘ / I"‘. \\‘ / ,,/ l'n‘ \‘\ ‘/" /’ \"\ / ‘/ \,"“ /"/ \- .'v’ v/
m 'i‘ J ‘-..‘ ‘\L\ ’/ \ /‘;]'\ ’,l \,. "\ f /&' / ")\ /l v*,\
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Fig. 4. Voltage Analysis under linear load
Fundamental (50Hz) = 200 , THD= 0.30%
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Fig. 5. Voltage THD under linear load
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Fig. 6. Current under linear load

And from the other hand, using the CNN-LSTM-based
controller, it is noted that reaching constant requires only
around 5 ms for any workload. Additionally, with a THD of
2.05 percent, the output voltage amplitude of the CNN-
LSTM-based method is considerably increased under non-
linear load (Figure 7, Figure 8 and Figure 9). As previously
stated, the suggested Network is trained off-line using a
database that solely reflects distinct resistive load levek
under different working circunstances including the
parameters such as L-filter= 4.0e-3H, C-filter = 45e-6pF,
Vdc = 520v, Vref = 250v; Load Resistance = 100; Load
Capacitance = 500e-6. Furthermore, to prove the efficiency
of the proposed model, the system is configured and

evaluated with linear and non-linear loads. In fact, it is not
unexpected that the presented CNN-LSTM-based controller
outperforms MLIin both transient and steady-state
responsiveness, even under previously  unknown
experimental parameters. This occurred due to two factors.
In very first step, the deep leaming (CNN-LSTM) model is
trained with conventional SPWM controller and saved as
trained model. Secondly, creating a sinusoidal waveform
may be thought of as a repeated activity, and neural
networks are very good at detecting and learning repetitive
sequencesofevents.
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Fig. 7. Voltage Analysis under Non-Linear Load
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Fig. 9. Current output (one phase) under Non-Linear Load

We can see that all of the control techniques suggested in
the research are model-based techniques in some form,
requiring different processing or approximatively processes
to implement its solutions in particular. MPC, the most
frequently used method for three-phase inverter, depends
upon resolving an optimization technique online, resulting
in a high number of online computations. In other terms, at
every time instant, the control signal of MPC is calculated
by minimising a cost function online. In terms of giving a
strong and rapid optimisation, convolutional neural
networks (CNN_LSTM) have subsequently been utilised in
conjunction with MPC. The use of neural network-based
functions probabilistic models, which may be leamed off-
line to approximate the optimal control rule, is an alternate
technique examined in this study.

Thus a method is recommended to prevent the
disadvantages of MPC-based control approaches, even
though it does not need a parametric representation to be
managed. Therefore, the aim of this analysis is to regulate
the three phase inverter with deep learning (CNN-LSTM)
based predictive inverter control with regulated output by
integrating LC filters. This hybrid approach results in lower
harmonic distortion as a novelty with highly accurate
inverter controlusing deep learning.

V. COMPARATIVE STATE OF ART

In this section, a state of art comparison s presented, table
1. Arikesh and Parvathy [7], presented a modular MLI that
gives 1.89% of voltage THD. Taiea et al. [11] also presented
modular MLI of THD 3.56% whereas Ali et al. [12]
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Mamatha et al. [6], Dhanamjayulu et al. [23] presented
cascaded transformer based MLI and achieved 3.08%,
358% and 4.12% of THD respectively. Similarly,
Abarzadeh et al. [13] presented predictive MLI and
achieved 4.38% of THD. As compared to these MLI
techniques, this paper presented the deep leaming based
predictive MLI with LC filter that reduced the voltage of
THD up to 0.30%. Below fig 10 represents the comparative
state-of-art.

TABLE I COMPARATIVE THD ANALYSIS
Ref MLI THD (in %)
Arikesh and [ Modular MLI 1.89
Parvathy [7]
Taieaetal. [11] | ModularMLI 3.56
Alietal. [12] Cascaded- 3.08
Transformers MLI
Mamatha et al. | Cascaded H- | 3.58
[6] bridge MLI
Dhanamjayulu Cascaded H- | 4.12
etal. [23] bridge MLI
Abarzadeh et al. | Predictive MLI 4.38
[13]
Proposed Deep-Learning 0.30
Predictive MLI
5
4.38
4.5 412
4 3.56 — =
35 3.08 =E =
3 = E =
5% 1s9 =| g g8
I 2 = = =
= B i =
LS = = E-
1 B = E E
05 = = B B o3
0 = = = = = =
71 [ [12] [23] [13] Ours

Fig. 10. THD Analysis of MLI Models

VI. CONCLUSION

In this paper, deep learning (CNN-LSTM) predictive control
for multi-level inverter for renewable energy grid system is
designed and implemented with LC filter for total harmonics
reduction. The result was evaluated on linear and non-linear
loads with proposed smart predictive control to generate
three phase current and voltage within operational and
controlled range. In terms of reduced THD, the proposed
CNN-LSTM-based controller outperforms MPC,
demonstrating the superior transient and steady-state
efficiency of the indicated CNN-LSTM-based control
method. THD s 0.30 percent for linear loads and 2.05
percent for nonlinear loads, according to the proposed
approach.

(1

[2

B3]

[4]

[l

6]

[7]

[8]

[

[10]

[11]

[12]

[13]

[14]

[15]
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