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power supply systems. This system uses long short-term memory (LSTM) based artificial neural network
(ANN) controllers. The controller for battery has been explicitly designed to guarantee that electricity is
distributed equally between the load and the overall generation. Such methods can improve power quality in
different areas, such as variations on the supply side from renewable sources and demand-side timescales.
The performance analysis using the MATLAB/Simulink platform, and realistic results are generated by
implementing Hardware-in-the-Loop through OPAL-RT modules. The results are verified with various case
studies to justify the importance of adopted procedure in detail.
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1. Introduction

For standalone power supply systems, renewable energy
sources are growing in popularity as a way to cut pollu-
tion. The system may be more dependable by adding more
renewable energy sources. The most efficient method for
creating an environmentally friendly system is to use solar
and wind power to generate electricity. While wind turbines
use the force of the wind to generate mechanical power, pho-
tovoltaic (PV) modules convert solar power into electrical
energy. In medium power applications, mechanical force is
transformed into electrical power using permanent magnet
synchronous generators (PMSGs). As a result, standalone
power supply systems that combine wind energy and PV
have become well-known worldwide. To maintain power
equilibrium and give customers consistent power even in
the face of variations in solar irradiance, wind speed, and
load, standalone systems must incorporate an energy stor-
age system. When coupled, PMSG-based solar and wind
power systems can further improve system dependability.
Because batteries react quickly throughout the charging
and discharging process, they are the best energy storage
devices available. To increase system stability and depend-

ability under various operating circumstances, this study
recommends using a battery bank. Moreover, a DC-DC
bidirectional converter is integrated to efficiently control
the battery charging and discharging processes while taking
into account the differential power between the generator
and the load.

It is essential to use MPPT converters and suitable algo-
rithms to maximize the performance of wind turbines and
PV modules [1, 2]. The power generation standalone hy-
brid system integrates these converters as boost converters
so they can function as MPPT converters. To ensure sta-
bility between load and power generation, the DC-link is
controlled by the DC-DC converter. Power supply to the
AC loads is obtained with a suitable controlling mechanism
from the DC link. Furthermore, 1 — @ loads operated by
the distribution system could cause the three-phase termi-
nals’ voltages to be unbalanced [3, 4]. Batteries store any
extra power that is not needed, so to enable quick charging,
the DC-link voltage must be higher than the voltage of the
batteries. Similarly, in the event of a power shortage from
generation, to accommodate the additional load, the battery
bank needs to be depleted. Consequently, when the battery
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is being discharged, a boost operation is required.

The imbalance of power among the load & generation re-
sults in fluctuation of the DC-link voltage [4]. To maintain

the equilibrium of power, a DC-DC bidirectional converter

is employed, which utilizes the battery to compensate for

this difference. The voltage at the AC bus is controlled by

the inverter when the DC-link voltage is stable. However,
customers continuously demand higher power quality from

the source, making it crucial to effectively manage the in-
verter to ensure a reliable power supply for the load bus. At

the PCC, maintaining a stable alternating voltage is very

crucial, when faced with unstable loads, dynamic variations

in load, and unpredictable variations in irradiance and wind

velocity.

Usually, conventional PI controllers face difficulties deal-
ing with abrupt changes in the power system due to their
fixed gains. Hence, while developing control strategies for
converters utilized in standalone systems, it becomes imper-
ative to use controllers based on Artificial Neural Networks
(ANN). However, ANN systems based on long short-term
memory can respond to unpredictable signal interference
more quickly and with greater responsiveness. To manage
the voltages at the alternating bus and DC-link, this research
focuses on creating a deep-learning approach to construct
ANN LSTM controllers for various converters.

The paper is organized in the following manner: section 2
offers an in-depth explanation of the system. Section 3
delves into the proposed control strategies that make use of
ANN LSTM controllers. The results obtained by simulation
and HIL are analyzed in section 4. Finally, section 5 con-
cludes the outcomes of the contained work followed by the
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Appendix has system parameters.
2. Description of system

A single PV array and wind system cannot provide a con-
sistent voltage for an extended time. PV modules must be

connected in parallel and series configurations to guarantee

enough power rating and voltage for the PV system. To

generate power, the wind turbine is installed with a PMSG,
and a diode rectifier is used to convert this DC power. The

wind system and a boost converter are coupled to a com-
mon DC link via a suitable controlling algorithm. The

required power rating determines how many wind systems

are needed. The appendix contains the specifications of a
PV array and a wind turbine parameter. Each photovoltaic

group is furnished with its individual maximum power point
tracking system to optimize energy production. To main-
tain a constant voltage level, the DC-link is connected with
the battery bank and a bidirectional converter. By connect-
ing each MPPT converter to the DC-link separately and
utilizing its control strategies to utilize most of the energy
possibly independent of solar irradiation and wind speed.
This collaborative effort allows the converter to maintain
DC-link voltage.

The paper emphasizes a four-wire system capable of han-
dling various loads, such as three and single-phase loads
with nonlinear characteristics, by utilizing an inverter to
transform direct power into alternating for alternating loads,
along with a filter positioned between the load bus and in-
verter. The design of a stand-alone Battery-Wind-PV based
system is shown in Fig. 1. Based on earlier research, the
filters, PV module, battery, PMSG, and wind turbine have
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Figure 1. Standalone hybrid power supply system.
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been modeled [5—7]. Similar studies have been carried out
by several researchers in a variety of settings a few of which
are mentioned in the literature. For instance, the authors
of [8] used a blend of PV, wind, and batteries to create a
stand-alone power supply system. The writers of [9] fo-
cused on figuring out where an energy management system
would be best placed. In [1] the authors have created a
unique MPPT technique for PV systems running in partial
shadow. However, [10] proposed a PV-based standalone
power system without considering the integration of a wind
system. In [5, 11] a TS-Fuzzy-based controller was pro-
posed by the authors for a hybrid Battery-Diesel-PV system.
However, including diesel generators in a hybrid structure
results in environmental apprehensions. A dual-loop pro-
portional controller specifically intended for the DC-DC
converter in a standalone photovoltaic system was proposed
in [12]. A comparative analysis of a standalone PV system
with nonlinear control is shown in [13], however, the work
doesn’t include different systems to create a single DC-link
or use ANN-LSTM controller. To reduce the harmonics an
active power filter is used and PCC for other nonlinear loads.
[14]. Moreover, a DSTATCOM is required to counteract
the load’s requirement for reactive power [15]. Last but
not least, a smart grid that combines a variety of renewable
energy sources was developed by the authors of [16, 17].

3. Dc-link and inverter voltage control

PV groups experience differences in irradiance, which
causes variations in voltage at the MPPT converters’ output
terminals. In the same way, wind turbines cannot run at the
same wind speeds. MPPT converters of boost type may be
utilized to make a shared DC-link to address this problem.
A P&O-based MPPT is designed for the PV system, while
Sliding Mode Control (SMC) based MPPT for wind sys-
tems is integrated in this study.

However, due to the fluctuating wind speed, it is not feasible
to directly link the output of all the PMSGs. Consequently,
the synchronous generator output is transformed to a direct
bus through a diode rectifier. Each diode rectifier’s output
is then linked to the corresponding boost converter, as de-
picted in Fig. 1. To serve as an MPPT converter for each
wind turbine, the boost converter is regulated by an SMC
system. Notably, the SMC controller does not require the
wind turbine’s speed to be sensed. The implemented SMC
system is outlined in Fig. 2, with the parameters utilized
in the SMC detailed in Table 1. All the boost converters
of the wind turbines in the wind farm are connected to a
shared DC link, enabling the power generated from all the
PMSGs to be injected into the microgrid by elevating the
DC link voltage, even during low wind speed conditions.
Concurrently, these boost converters can function as MPPT
converters for their respective wind turbines by being con-
trolled by the SMC system.

Moreover, the DC-DC converter is essential for controlling
the DC link voltage and managing the battery discharging
and charging processes. In scenarios where the system expe-
riences swift fluctuations, ANN-based controllers typically
exhibit superior performance compared to proportional-
integral controllers. Hence, this research paper introduces
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Figure 2. SMC based MPPT of wind turbine.

the aforementioned control scheme to effectively manage
voltage control at AC and DC buses. Moreover, the ANN
controller weights are updated continually by using a deep
learning algorithm. Fig. 3 presents the LSTM model, which
illustrates the details of the design; Fig. 4 presents the de-
tailed layout of the LSTM-based ANN controller [2, 10, 11].

ay = (Wax X Xy +Wap X ly_1 +b,)0 1)

fi= W x X +wp xhi_1 +by)o 2)

Or = Wox X Xy +Wop X hy—1 +b,)0 3)

G, = tanh(wey X X; +wWep, X by 1 +b;) 4)
st=a; xCr+ fi @5 )

hy = O, @ tanh(s,) 6)

Implementation steps for LSTM algorithm is discussed
given below.

Inputs: Data sheet of Energy generation, loads, BESS, and
Hydrogen system—Dpp

Output: Predicted Energy Signal

Initialization: considered ‘n’ number of generation
units<—G1,G2,KKGn, ‘I’ number of loads<L1,L2,KKLI,
etc.

Number of LSTM nodes:NLSTM

: Procedure LSTM_Prediction

: Identification for Features from Dpp

: form<-O0 ton; 1; etc

: Gm[m]<—inputl(); Lm[m]<«—input2(); etc

: end for

: form<-0 ton; 1; etc

: Normalize G, L and other inputs in range {0,1}

: end for

01N bk W

Table 1. SMC parameters.

S.No Parameter Value
1 a 298
2 B 0.026
3 1) 0.32
4 p 0.012
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9: form<—0 ton; 1; etc

10: If {Gm[m]; Lm[m]; etc}. NotValid then

11: inputs<—. Interpolate ()

12: Dpp<—duplicate_value

13: Dp<—processed (Dpp)

14: end if

15: end for

16: Repeat for all LSTM nodes;

17: Output: Predict best DPP_LSTM layer_value

18: end procedure

Nonlinear loads and 1 — @ utilization can introduce oscilla-
tions having a frequency of "2®’ into the dc-link voltage,
which is the main function of the alternating bus. At the con-
necting terminals of PV panels, these oscillations generate
heat and negatively influence the wind turbines by causing
shaking. To address the influence of oscillations on the volt-
age, a proposed solution is to implement a DC-link control
method [18, 19]. Using a battery and DC-DC converter, the
oscillations are circulated in this manner. Fig. 5 shows the
DC-DC converter’s control mechanism.

When there is a discrepancy between the power generated
and the power used, the DC link experiences differences.
To address this problem a DC-DC converter control strategy
has been designed. For the DC-link voltage, this control
approach uses a constant reference signal. The battery refer-
ence current in Fig. 4 is produced by the proposed controller
using the error signal obtained between the references and
DC-link voltage. An LPF is used to remove the oscilla-
tions, the proposed controller compares to zero, and the
oscillating component in the dc-link voltage (i.e., 2@’ os-
cillations) is eliminated. The necessary pulses are generated
by comparing the actual battery current with the reference
battery current using a hysteresis loop. The 2@’ compo-
nent is circulated more easily through the DC-DC converter
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thanks to this control technique. Additionally, the control
scheme design incorporates the state of charge (SOC) to
safeguard the battery against overcharging and discharging.
An inverter with the right control strategy is necessary for
converting DC to AC [16]. After stabilization of DC-link
voltage, the voltage output of the inverter may be obtained
using MI of the pulse width modulation. Fig. 6 shows the
proposed LSTM-ANN controller for the inverter. Maintain-
ing the frequency is essential in a solo system. Significant
changes in the active power imbalance may affect the AC
output frequency. The reference and frequency error signals
are used by the proposed controller to generate the direct
axis current’s reference component. Similarly, the reac-
tive component of the current is generated by comparing
the reference and RMS voltage. Fig. 6 illustrates how the
space vector pulse width modulation (SVPWM) approach
generates the appropriate signals for the switches.

4. Results and analysis

MATLAB/Simulink platform is used for the simulation of
the proposed work. The HIL is established by utilizing
OPAL-RT devices to present diverse reactions under dis-
tinct case studies [2]. The OPAL-RT devices and other RTS
modules are used in laboratories to achieve HIL configu-
ration. To make the test rig for the proposed complicated
controllers in real time, two OPAL-RT 4500 real simula-
tors are used. The plant, which is located in OPAL-RT 1,
is made up of PMSG, a wind system, PV, converters, the
grid, etc. While all of the controllers are housed in OPAL-
RT 2. The plant’s analog signals are converted to digital
format using data cards and then input to the OPAL-RT 2.
Additionally, this section displays the results of 100 wind
systems. The Simulink library’s functional blocks contain
all the model’s required parts. The system is constructed in
discrete mode, with a sampling time of 20e-6. Connecting
different scopes yields the corresponding outcomes. The
model’s achieved findings are listed in the case studies that
follow. Fig. 7 illustrates the basic HIL arrangement with
two OPAL-RT devices.

4.1 Case-1: performance during changes in load and
generation

The unified power of PV is acquired by combining the
output power of all PV systems, whereas wind power is
the power output of all wind systems taken together. The
profile of variations in solar irradiance and wind velocity
is shown in Fig. 8. As seen in Fig. 8, the time scale factor
employed is 0 seconds, which corresponds to the time at 7 in
the morning, and 15 seconds, which corresponds to the time
at 10 in the evening. Consequently, the sun irradiance will
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peak at 1000 w/m? between the hours of 5 and 7 seconds
(12 and 2 o’clock).

Like the irradiance, it takes 11 seconds, or 6 PM, for the
irradiance to reach its nominal value. The dynamic power
production of wind and photovoltaic systems, as well as
the variations in power consumption at the alternating bus,
are depicted in Fig. 9 (a). The battery bank functions as a
stabilizer within the model to ensure equilibrium of n power,
making adjustments to compensate for any discrepancies
between overall generation and the load. When the battery
is discharging to offset the load, it represents positive power,
and when it is charging, it indicates negative power. The
battery-powered regulated DC-link voltage is depicted in
Fig. 9 (b). Even with variations in load power leading to
voltage fluctuations at the DC link, these are still negligible
when compared to the 720 V reference voltage. The 3-phase
system RMS voltages are shown in Fig. 9 (c), demonstrating
consistent responses that are attained by applying LSTM-
ANN control approaches. For a more practical evaluation
of the control methods’ effectiveness is verified Opal RT as
depicted in Fig. Fig. 9 (d), while, the 3-phase system load
currents are depicted in Fig. 10.

4.2 Case-2: smc-mppt of wind turbines

The system has integrated two mass wind turbine models
to improve the accuracy of MPPT results. The changes

Rear side of

o[ Plant ™

Dgital to
Analog

Figure 7. HIL configuration with two OPAL-RT.

in wind speed have been considered, starting at 12 m/s at
t = 1.5 sec, decreasing to 7 m/s, and then increasing again
to 10 m/s at t = 4 sec, as depicted in Fig. 11. The reaction
of the wind turbines mechanical torque and reference torque
is also shown. It is seen from the waveform that the torque
obtained from the wind turbine closely follows the reference
torque [8, 9, 20]. The two-mass model’s effect is responsible
for the torque’s steady decline at a rapid fall in wind speed.
The wind turbine is operating at its Maximum Power Point
(MPP) [9] This is due to the current management of the
boost converter, the torque of the PMSG-which is equal to
the wind turbine-aligns with the reference torque.

4.3 Case-3: performance during the operation of non-
linear and unbalanced load

The PCC is linked to an unbalanced load that draws un-
even current, resulting in uneven voltages at the PCC. Other
loads connected to the PCC may experience issues as a
result of these unequal voltages. Furthermore, the uneven
currents drawn by wind farms and solar plant inverters can
create 2nd harmonic oscillations, which may potentially
harm wind turbine shafts and generate heat on PV arrays.
Therefore, it is crucial to maintain balanced voltages at the
PCC, even when dealing with unbalanced loads. To pro-

Irradiance

Time (5)

®)

Figure 8. Variations of (a) solar irradiance, (b) wind speed.
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duce uneven currents and maintain balanced PCC voltage,
the controller allows oscillations that result from uneven
current detection to pass through the electrolyzer-FC in-
verter. Fig. 12 (a) shows the unbalanced load is supplied
att = 1.0 s, and Fig. 12 (b) shows the balanced currents
of wind farm-2. The DC-link voltage oscillations of the
wind farm are shown in Fig. 12 (c), which also illustrates
the inverter’s conventional controller and the suggested con-
troller. The proposed controller successfully eliminates the
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Figure 10. Instantaneous load bus currents.
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Figure 11. Wind turbine MPPT operation.

2nd harmonic oscillations, as demonstrated in Fig. 12 (d).

4.4 Results under partial shading and uniform irradi-
ance for single module

The findings for power and current at MPP, respectively,
displayed at Fig. 13 and Fig. 14 demonstrate how well-
correlated and consistent the simulated values are with the
measured data.

On the other hand, the agreement between the voltage at
MPP and the observed values is worse, and the gradient is
often higher than the simulated one as shown in Fig. 15.
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5. Conclusion

In the presented work LSTM-based ANN controllers is
modeled to regulate the inverter and DC-DC converters in a
standalone power supply system powered by hybrid renew-
able energy sources. An appropriate distribution of power
between the overall generation and the load is guaranteed
by the specially developed battery controller. The inverter
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has a new control strategy to keep the voltage at the AC bus
constant even when different factors like wind speed, solar
irradiation, and load fluctuations occur. A consistent and
reliable power supply is provided at the load bus by seam-
lessly integrating the battery, PV panels, and wind system.
A range of realistic findings are used in the development
of Hardware-in-the-Loop using OPAL-RT modules to eval-
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Figure 15. Comparison of simulated and measured voltage under (a) uniform irradiance (b) partial shading.
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uate the efficacy of the suggested technique. In the event
of unbalanced loads, the suggested inverter management
enables the maintenance of balanced 3-phase voltages at
the load bus. Moreover, regardless of the current operating
conditions, the proposed control techniques greatly improve
the power quality.
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Parameters of the proposed module

S.No | Quantities(s) Rating
1 Current at Vyypp. 7.10 A
2 Voltage at MPP (V,;;p). 303V
3 Open-circuit terminal voltage. | 36.9 V
4 short-circuit current when 8.01 A
0.5 MW parallel and series combinations
5 ‘X’ in PV System. 16
6 ‘M’ in Group. 7
7 ‘N’ in String. 21
Two Mass Drive Train
Dy 0.70 p.u.s/el.rads.
K, 0.30 p.u./el.rads.
H, 0.1H;.
H,; 4s
PMSG
Number of poles. 10.0
Rated speed. 153.0 rad/s.
Magnetic flux linkage. 0.433 Wb.
Rated power. 6.4 kW.
Armature resistance (Ry). 0.425 Q.
Rated torque. 40.0 Nm.
Stator inductance (Ly). 8.4 mH.

Battery Ratings
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The proper voltage and power are taken into consideration while determining the battery ratings. This section provides an example using numerical
calculations to help make this idea clear. The discharge time is the main factor used to determine the battery rating. In this study, a 480.0 V battery bank
is intended to provide backup power for 72.0 hours, enabling a 0.5 MW average load PCC. The given expression is used to approximate the batteries’

current rating (Ah), assuming a SoC of 0.6.
72 x 5,00,000

Currentoanery = 5 €~ 480

= 125kamp.hr.

Battery parameters of 125 kAh — 400 V system

S.No | Quantities(s)

1 Strings required in parallel
2 Batteries per string (series).
3 Current (Single battery)

4 Voltage (Single battery)

Rating
1000
10.0
125 A
48V
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