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Abstract: Integrated Wind - Photovoltaic (PV) based standalone
electric power supply systems are widely used in many areas for
various applications. These systems require a battery storage system
to ensure a continuous power supply to loads, regardless of
fluctuations in loads, wind speed, and solar irradiance. To ensure a
reliable and stable power supply to consumers, several changes need
to be made in these hybrid systems. Power quality plays a crucial role
in standalone power systems, especially in hybrid energy sources
based standalone power supply systems. The battery needs to charge
when there is surplus power generation and discharge when there is a
demand from the loads. To achieve this, a bidirectional DC to DC
converter is used to connect the battery to the network, with a proper
controlling mechanism. Additionally, maximum power point tracking
devices with appropriate algorithms are incorporated for PV and
wind turbines to optimize their utilization in all weather conditions.
This paper considers multiple PV systems and wind turbines, each
with proper arrangements of series and parallel combinations of PV
modules, to determine the appropriate rating for the power supply
system. Long short term memory (LSTM) based artificial neural
network (ANN) controllers are implemented for various control units
in this hybrid standalone power system. These proposed control
techniques significantly improve power quality under various
situations. The performance of the proposed method is evaluated
using MATLAB/Simulink, and the results are presented in this paper.
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1. INTRODUCTION

Renewable energy sources are becoming increasingly popular for standalone power
supply systems in order to reduce pollution. By integrating more renewable sources, the
system can become more reliable. The most effective way to create an eco-friendly system
is by generating electricity from wind and solar energy. Solar energy is converted into
electricity using photovoltaic (PV) modules, while wind turbines produce mechanical
power from wind velocity. In medium power applications, permanent magnet synchronous
generators (PMSGs) are used to convert this mechanical force into electrical power. As a
result, locally placed hybrid PV-Wind energy based standalone power supply systems have
gained popularity worldwide. Integrating PMSG based wind and PV systems can further
enhance system reliability, but it is essential to incorporate an energy storage system in
standalone systems to maintain power balance and provide stable power to consumers
despite variations in wind speed, solar irradiance, and load. Among various energy storage
devices, batteries are considered the best due to their fast response during the discharging
and charging actions. Therefore, this paper proposes the use of a battery bank to enhance
the system reliability and stability under various operating conditions. Additionally, a DC
to DC bidirectional converter is employed to manage the charging and discharging process
of the battery based on the power difference between generation and load.

In order to optimize the performance of wind turbines and PV panels, it is necessary to
use maximum power point tracking (MPPT) converters and appropriate algorithms [5-7].
These converters are integrated into the hybrid standalone power generation system as
boost converters to serve as MPPT converters. The balance between power generation and
load is achieved by regulating the voltage at the dc-link through a bidirectional DC to DC
converter. To operate AC loads from the dc-link, an inverter with a proper controlling
mechanism is required. Additionally, the distribution system operates single phase loads,
which can result in unbalanced voltages at the three phase terminals [4, 7]. Any surplus
power available is stored in batteries, so the battery voltage must be kept lower than the
voltage at the dc-link to facilitate the fastest charging process. Similarly, when there is a
power deficiency from generation, the battery bank needs to be discharged to meet the
increased load. Therefore, a boost operation is necessary during battery discharge.

The power difference between generation and load can cause variations in voltage at
the dc-link [7]. To ensure power balance, the bidirectional DC to DC converter is designed
to compensate for this difference using the battery. Once the voltage at the dc-link is stable,
the inverter can regulate the voltage at the AC bus. However, consumers always require
high-quality power from the supply, so proper control of the inverter is necessary to
provide quality supply at the load bus. It is important to maintain a stable AC voltage at the
PCC even under unbalanced load, sudden changes in the load, and random changes in
irradiance and wind velocity.

Typically, traditional PI controllers struggle to handle sudden fluctuations in the power
system because they are designed with fixed gains. As a result, it is necessary to utilize
Artificial Neural Network (ANN) based controllers when designing control techniques for
converters used in standalone systems. However, the use of Long Short Term Memory
(LSTM) based ANN systems can offer improved responsiveness and faster adaptation to
unknown interference signals. Consequently, in this study, an LSTM based deep learning
algorithm is developed to design ANN controllers for various converters, aiming to
regulate both the voltages at the dc-link and the AC bus.

The paper is structured as follows: Section-2 illustrated a detailed description of the
system. In Section-3, the proposed control schemes utilizing LSTM based ANN controllers
are elaborated. Section-4 showcases the diverse results obtained, utilizing the MATLAB
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package. The conclusion is presented in Section-5, while the appendix contains compressed
system ratings.

2.  SYSTEM DESCRIPTION

Single wind and PV systems alone cannot generate the required power with a stable
voltage over a long period of time. To ensure sufficient voltage and power rating for the PV
system, the number of PV modules must be arranged in a combination of series and parallel
connections. Each wind turbine is equipped with a PMSG system to generate electricity.
The power generated from the PMSG is converted to DC power using a diode rectifier. A
boost converter with a proper controlling algorithm is then used to connect the wind system
to a common DC-link. The number of wind systems is determined based on the power
rating requirement. The parameters of a single wind system and PV module can be found in
the appendix. Each PV group has its own MPPT device to maximize energy generation.
Similarly, all wind systems are integrated with their own MPPT converters. The battery
bank is connected to the DC-link through a bidirectional circuit to maintain a stable
voltage. Since all MPPT converters are individually connected to the DC-link using their
respective control techniques, they work together to extract maximum energy regardless of
wind velocity and solar irradiance. This situation allows the bidirectional circuits to
regulate the voltage at the DC-link.

PMSG based Wind T, T PMSG based Wind
Power Generation Vur |MPPT-Z, " " MPPT-Zy Viy Power Generation
System with rectifier-1 System with rectifier-Y
Lot

ISJ 7! ‘§2 il [SB L t
I :j Lo :; I I :L; | :
Il A1 |1 If A1 [ Tarfrl | 2
| I I | Moy s 00! 0 ol X ol X ol A L
lgl lgl lgl 1 22 T
I [ } L L e Re Ly
} A2 | 1| A2 | A2 | V| &5 e
pure B e — QZ
o 1 01| V] BE RLC Filter |~

; ; ; 2 ° -
N [N | S ~C Vi V- V<
N I KA | 8
I o R o
1| A-N Lol A-N | M A-N | |
L_<|TA LTJ L_<|TA *

Group-1 MPPT-1
P {5%5 = * *
[ Lo \ [ | : :
Il A-1 |1 If A1 [ Matfr| o | K
T T T E |

- ba de

[ o P o 3 | 1]
| | } | | z2 ) £ =
| Az | | Az | Az [V 28 Vi Egﬁ £t
e T gE | 14 Y
N I 58 =g
[ T T B [N I | o =3
NN N g | x5l [ES
|| AN } | AN ‘*\1‘ AN } : : ‘l’“ i —
== ‘== ="
g s s il I v 3 &

Group-X MPPT-X Bidirectional DC to DC converter

Fig. 1: Wind-PV-Battery operated standalone power supply system.

The conversion of DC power to AC power for AC loads is achieved through an
inverter, with a filter placed between the inverter and the load bus. In this paper, a four-
wire system is utilized to accommodate different types of loads, particularly single and
three-phase loads with nonlinear characteristics. The model layout of a standalone hybrid
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PV-Wind-Battery power supply system is depicted in Figure 1. The modeling of the wind
turbine, PMSG, battery, PV module, and filters is based on previous works [7, 11-13].
Numerous researchers have conducted similar studies under various conditions, some of
which are listed in this section. For instance, the authors of [1] implemented a standalone
power supply system based on a hybrid combination of PV, wind, and battery. In [3], the
authors focused on determining the optimal location for an energy management system. A
novel MPPT technique for PV systems operating under partial shading conditions in a
hybrid standalone power supply system was developed by the authors of [4]. Although a
PV-based standalone power system was suggested by [12], it failed to take into account the
incorporation of a wind system. [8] introduced a TS-Fuzzy based controller for a PV-
Diesel-Battery hybrid system, but the inclusion of a diesel generator raised environmental
issues. In [13], the authors devised a double loop PI controller for the DC to DC converter
in a PV-based standalone system. A comparative study on nonlinear controllers in PV-
based standalone systems was presented in [14], although the authors did not consider the
integration of multiple power generation systems to establish a common DC-link or
implement LSTM-based ANN controllers. Typically, nonlinear loads connected to the PCC
can introduce harmonics to other loads. In order to reduce the impact of nonlinear loads, an
active power filter is essential [15], while a DSTATCOM is needed to offset the reactive
power required by the load [16]. Lastly, the authors of [17] implemented a smart grid that
incorporates various renewable energy sources.

3. CoNTROL OF DC AND AC VOLTAGES

PV groups receive non-uniform irradiances, resulting in different voltages at the output
terminals of MPPT converters. Similarly, wind turbines cannot operate at the same wind
speed. To address this, boost converter type MPPT converters can be used to create a
common dc-link by connecting all MPPTs. However, the voltage at the dc-link is
controlled by a DC to DC converter, which manages the charging and discharging process
of the batteries. In situations with rapid changes in the system, ANN-based controllers
generally outperform PI controllers. Therefore, this paper introduces LSTM-based ANN
controllers for controlling voltages at both the DC and AC bus. Additionally, a deep
learning algorithm is implemented to update the weights of the ANN controllers. The
LSTM designed model is illustrated in Figure 2, while the complete design of the LSTM-
based ANN controller is presented in Figure 3.

a; =0(by +hy_y XWap + X X Wgy) (1)
Ji=0br+h 1 xwg + X, xwg) 2)
O, = (by +hy_y x Wy + X, xWyy) 3)
C, =tanh(b, +h,_; xWap + X, X W) “4)
s, = f, ®s,_1+C, xa, &)
h, = tanh(s,) ® O, (6)

Single phase consumptions and nonlinear loads are the major loads operated at the AC bus.
These loads have the potential to create unbalance in the three phases and introduce 2w’
frequency oscillations into the voltage at the dc-link. These oscillations can have a
detrimental effect on wind turbines, causing shaking, and can also lead to heat generation at
the terminals across PV panels. To mitigate the impact of these oscillations on the dc-link,
a dc-link control method is proposed. This method aims to circulate the oscillations through
a DC to DC converter and battery. The control method for the DC to DC converter is
illustrated in Figure 4.
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Fig. 4: Proposed control scheme of bidirectional circuit.

Variations in the dc-link occur when there is a mismatch between the generation power
and load power. To address this, a control scheme for the DC to DC converter has been
developed. This control scheme considers a constant reference signal for the dc-link
voltage. In Figure 4, the error signal between the voltage at the dc-link and its references is
used by an LSTM-based ANN controller to generate the battery reference current. To
suppress the oscillating component (i.e., 2" oscillations) in the dc-link voltage, a low pass
filter (LPF) is used to obtain the oscillations, which are then compared with zero through
the proposed controller. The reference battery current is further compared with the actual
battery current to generate the required pulses using a hysteresis loop. This control method
helps circulate the 20’ component through the DC to DC converter. Additionally, the state
of charge (SOC) is included in the control scheme design to protect the battery from
overcharging and discharging. In order to convert DC to AC, an inverter with a proper
control scheme is required [17-18]. The output voltage of the inverter can be determined by
the modulation index of the PWM once the voltage at the dc-link is stabilized. The LSTM-
ANN controllers based on the proposed control scheme are shown in Figure 5. In a
standalone system, the frequency needs to be maintained. Significant variations in active
power mismatch can affect the frequency of the AC output. Therefore, the reference
component of the direct axis current is generated through the LSTM-ANN controller using
the error signal of the frequency and its reference. Similarly, the RMS voltage is compared
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to its reference to generate the reactive component of the current. The switches generate the
necessary signals through a process called space vector pulse width modulation (SVPWM),
as illustrated in Figure 6.
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Fig. 6: SVPWM Technique.

4. RESULTS AND DISCUSSIONS

The results of the modeling and design of Fig. 1 are presented using the
MATLAB/Simulink package. MATLAB is commonly used for simulating power system
models, which can accurately replicate the performance of real-time systems. The PV
system is modeled by connecting a number of modules in series and parallel using basic
mathematical modeling techniques. Additionally, 100 wind systems are considered in this
section to showcase the results. The major components required for the model are obtained
from the Simulink library functional blocks. The system is designed in discrete mode with
a sample time of 20e-6. Various scopes are connected to obtain the corresponding results.
The designed model in MATLAB/Simulink is depicted in Fig. 7, and the results obtained
from the model are listed in the case studies below.

Case-1: performance under changes in generation and load

The cumulative power output of all photovoltaic (PV) systems is combined to
represent a unified PV power in order to present the results. Similarly, the combined power
output of all wind systems is represented as wind power. The variations in the power
outputs of PV and wind systems are depicted in Figure 8(a), along with the changes in
power demand from loads at the AC bus.
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The battery bank serves as a compensator in the system to maintain power balance,
adjusting for any mismatch between the load and total generation. When the battery is
charging, it represents negative power, while positive power indicates discharging to
counterbalance the load. Figure 8(b) shows the regulated voltage across the dc-terminals
(dc-link) controlled by the battery. Although there are fluctuations in voltage at the dc-link
due to variations in load power, these are minimal compared to the reference voltage of
720V. Figure 8(c) illustrates the corresponding RMS voltages of the 3-phase system, which
exhibit stable responses through the proposed control methods using LSTM-ANN.
However, for a more realistic assessment of the control methods' performance, Figure 9
provides the instantaneous load currents of the 3-phase system.
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Fig. 9: Instantaneous load bus currents.

Case-2: performance under operation of unbalanced load.

The majority of loads connected to the distribution system in homes are single phase,
resulting in an unbalanced load operation in a three-phase power supply system. This
imbalance leads to unbalanced voltages at the AC bus. In this particular case, the load
profile of a three-phase unbalanced load is illustrated in Figure 10(a). To evaluate the
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performance of the proposed inverter controller, the worst-case scenario of the load profile
is considered. The objective of the inverter control is to maintain constant three-phase
voltages at the load bus in order to enhance power quality. The corresponding RMS
voltages of each phase at the AC bus are depicted in Figure 10(b). When sudden changes
occur at the load bus, there are slight fluctuations in the load current, which eventually
stabilize at the reference voltage of 231V.

: NN N
) AT RPN APSN AT AY
2 hoaasan AN Y I Y N
SURRARRAXKANAANAANAANAANN
E RO VY YUY YV Y VYV VY
<! MM IM IM

; YRRV VASRY

) ¥ v v V v
-224 @

§§§ . AN )

s VA Vo> :
2 0 M7 o

5229 Ml ’

¢ A

226 ’

225 \f

224 75 5 Tir(‘xg; © 1.55 1.6

Fig. 10: (a) current in unbalanced, (b) balanced RMS-phase voltages.

5. CONCLUSION

LSTM-based artificial neural network (ANN) controllers have been developed for the
control methods of DC to DC converters and inverters in hybrid renewable energy sources
powered standalone power supply systems. The battery controller is specifically designed
to ensure a balanced power distribution between total generation and load. A novel control
scheme for the inverter has been devised to maintain a constant voltage at the AC bus, even
in the face of varying conditions such as load fluctuations, solar irradiance, and wind speed.
The wind system, PV (photovoltaic) panels, and battery are seamlessly integrated to
provide a reliable and stable power supply at the load bus. In order to validate the
effectiveness of the proposed control methods, Hardware-in-the-Loop (HIL) simulations
are conducted using OPAL-RT modules. The proposed inverter control allows for the
maintenance of balanced three-phase voltages at the load bus, even when operating with
unbalanced loads. Furthermore, the power quality is significantly enhanced by the proposed
control schemes for the inverter and DC to DC converter, regardless of the prevailing
operating conditions.

Appendix:
Parameters of 0.5SMW PV system are listed in Table-1.
215.0W module
S.No | Parameter(s) Rating
1 Current when short-circuit. 8.01A
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2 Open-circuit terminal voltage. 36.9V

3 Voltage at MPP (V). 30.3V

4 Current at V. 7.10A
Combinations for Series and parallel of 0.5SMW

5 ‘N’ in String. 21

6 ‘M’ in Group. 7

7 ‘X’ in PV System. 16

Parameters of Single wind-PMSG system are listed in Table-2 [19-20].
Values of a Two Mass Drive Train:

H, 4.0s.

H, 0.10H,,

K 0.30pu./el.rad.

Dy 0.65pus/el.rad.

PMSG-Parameters:

Number of poles 10.
Operating speed. 153rad/s.
Armature resistance (R;). 0.425Q.
Magnetic flux linkage. 0.433Wb.
Stator inductance (Ly). 8.4mH.
Maximum torque. 40.0Nm.
Generated power. 6.42kW.

Ratings of batteries:

The ratings of batteries are determined by carefully considering the appropriate voltage
and power. In this section, a simple example is provided with numerical calculations to
illustrate this concept. The primary factor in determining the battery rating is the duration
of time it can discharge. In this paper, a battery bank with a rating of 480.0V is designed to
provide backup for 72.0 hours, with an average load of 0.5SMW at the point of common
coupling (PCC). The current rating (Ah) of the batteries is estimated using the expression
provided below, assuming a state of charge (SoC) of 0.6.

5,00,000 x 72
o= S 105k 4
480x% 0.6
125kAh-400V rating of battery system.

S.No | Parameter Rating
1 Single battery voltage. 48V

2 Single battery current rating. 125A
3 INumber of batteries per string (series). 10.0

4 Required parallel strings. 1000

References

[1]. Malla, Siva Ganesh, Malla, Jagan Mohana Rao, Malla, Priyanka, Ramasamy, Sreekanth,
Doniparthi, Satish Kumar, Sahu, Manoj Kumar, Subudhi, Pravat Kumar and Awad, Hilmy.
"Coordinated power management and control of renewable energy sources based smart grid"

10



E3S Web of Conferences 540, 01010 (2024) https://doi.org/10.1051/e3sconf/202454001010
ICPES 2023

International Journal of Emerging Electric Power Systems, vol. 23, no. 2, 2022, pp. 261-276.
https://doi.org/10.1515/ijeeps-2021-0113.

[2]. A. Dash, et al., “DC-Offset Compensation for Three-Phase Grid-Tied SPV-DSTATCOM Under
Partial Shading Condition With Improved PR Controller,” IEEE Access, vol. 9, 2021, doi:
10.1109/ACCESS.2021.3115122.

[3]. H. U. R. Habib et al., “Optimal Planning and EMS Design of PV Based Standalone Rural
Microgrids”, IEEE Access, vol. 9, 2021, doi: 10.1109/ACCESS.2021.3060031.

[4]. C. Pradhan, et. al., “Coordinated Power Management and Control of Standalone PV-Hybrid
System With Modified IWO-Based MPPT”, IEEE Systems Journal, vol. 15, no. 3, pp. 3585-96,
Sept. 2021, doi: 10.1109/JSYST.2020.3020275.

[5]. D. Bhule, S. Jain and S. Ghosh, “Control Strategy for Photovoltaic-Battery Based Standalone
System”, IEEE First International Conference on Smart Technologies for Power, Energy and
Control (STPEC), 2020, pp. 1-6, doi: 10.1109/STPEC49749.2020.9297685.

[6]. S. G. Malla, C. N. Bhende and S. Mishra, “Photovoltaic based water pumping system”,
International Conference on Energy, Automation and Signal, 2011, pp. 1-4, doi:
10.1109/ICEAS.2011.6147148.

[7]. S.G. Malla, C.N. Bhende, “Voltage control of stand-alone wind and solar energy system”,
International Journal of Electrical Power & Energy Systems, Volume 56, 2014, Pages 361-373,
https://doi.org/10.1016/j.ijepes.2013.11.030.

[8]. S.G. Malla, C.N. Bhende, “Enhanced operation of stand-alone ‘“Photovoltaic-Diesel Generator-
Battery” system”, Electric Power Systems Research, Volume 107, Pages 250-257, 2014,
https://doi.org/10.1016/j.epsr.2013.10.009.

[9]. Jorge Cervantes, et al, “Takagi-Sugeno Dynamic Neuro-Fuzzy Controller of Uncertain
Nonlinear Systems, IEEE Transactions on Fuzzy Systems”, Vol. 11, No. 4, Dec 2012, doi
10.1109/TFUZZ.2016.2612697,

[10].Mariana Landina, R.C. Roweb, P. Yorkb, “Advantages of Neurofuzzy Logic Against
Conventional Experimental Design and Statistical Analysis in Studying and Developing Direct
Compression Formulations”, European Journal of Pharmaceutical Sciences, Vol. 38, pp. 325—
331, 2009, doi:10.1016/j.ejps.2009.08.004

[11].U. R. Muduli, et al., “Cell Balancing of Li-ion Battery Pack with Adaptive Generalised
Extended State Observers for Electric Vehicle Applications”, [EEE Energy Conversion
Congress and Exposition (ECCE), 2021, pp. 143-147, doi: 10.1109/ECCE47101.2021.9595601.

[12].Malla, Priyanka, Malla, Siva Ganesh and Calay, Rajnish Kaur. "Voltage control of standalone
photovoltaic — electrolyzer- fuel cell-battery energy system" International Journal of Emerging
Electric Power Systems, 2022. https://doi.org/10.1515/ijeeps-2022-0047

[12].U. R. Muduli, et al., “Predictive Battery SoC Control for Dual Propulsion Differential Four
Wheel Drive Electric Vehicle”, IEEE Energy Conversion Congress and Exposition (ECCE),
2021, pp. 1490-95, doi: 10.1109/ECCE47101.2021.9595587.

[13].R. D. Bhagiya and R. M. Patel, “PWM based Double loop PI Control of a Bidirectional DC-DC
Converter in a Standalone PV/Battery DC Power System”, IEEE 16" India Council
International Conference (INDICON), 2019, pp. 1-4, doi:
10.1109/INDICON47234.2019.9028974.

[14].Manisha, M. M. Masoom and N. Kumar, “Comparative Study of Nonlinear Controllers for
Standalone PV System”, Second International Conference on Electronics and Sustainable
Communication Systems (ICESC), 2021, pp. 25-31, doi: 10.1109/ICESC51422.2021.9532701.

[15].U. R. Muduli and K. Ragavan, "Dynamic modeling and control of shunt active power filter,"
2014 Eighteenth National Power Systems Conference (NPSC), 2014, pp. 1-6, doi:
10.1109/NPSC.2014.7103893.

[16].A. Dash, et.al, “Performance Evaluation of Three-Phase Grid-tied SPV-DSTATCOM with DC-
offset Compensation Under Dynamic Load Condition”, [EEE  Access, doi:
10.1109/ACCESS.2021.3132549.

[17].V. Narayanan, S. Kewat and B. Singh, “Solar PV-BES Based Microgrid System With
Multifunctional VSC”, IEEE Transactions on Industry Applications, Vol. 56, no. 3, pp. 2957-
2967, May-June 2020, doi: 10.1109/TTA.2020.2979151.

11


https://doi.org/10.1515/ijeeps-2021-0113
https://doi.org/10.1515/ijeeps-2022-0047

E3S Web of Conferences 540, 01010 (2024) https://doi.org/10.1051/e3sconf/202454001010
ICPES 2023

[18].X. Song, Y. Zhao, J. Zhou and Z. Weng, “Reliability Varying Characteristics of PV-ESS-Based
Standalone  Microgrid”, [EEE Access, Vol. 7, pp. 120872-120883, 2019, doi:
10.1109/ACCESS.2019.2937623.

[19].Koilada Rajesh, “Novel Control of Boost Converter for MPPT of Wind Turbine”, International
Journal of New Technologies in Science and Engineering (IINTSE), Vol. 8, Issue. 6, pp. 1-6,
June. 2022.

[20].0 N Chandrasekhar, “Modified Sliding Mode Control for MPPT of PMSG based Wind Power
Generation System”, International Journal of New Technologies in Science and Engineering
(IINTSE), Vol. 8, Issue. 8, pp. 8-13, Aug. 2022.

12



