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Abstract: Green energy sources are implemented for the generation of power due to their substantial
advantages. Wind generation is the best among renewable options for power generation. Generally,
the wind system is directly connected with the power network for supplying power. In direct
connection, there is an issue of managing power quality (PQ) concerns such as voltage sag, swells,
flickers, harmonics, etc. In order to enhance the PQ in a power network with a wind energy conversion
system (WECS), peripheral compensation is needed. In this paper, we highlight a novel control
technique to improve the PQ in WECS by adopting an Artificial Neural Network (ANN)-based
Distribution Static Compensator (DSTATCOM). In our proposed approach, an online learning-based
ANN Back Propagation (BP) model is used to generate the gate pulses of the DSTATCOM, which
mitigate the harmonics at the grid side. It is modelled using the MATLAB platform and the total
harmonic distortion (THD) of the system is compared with and without DSTATCOM. The harmonics
at the source side decreased to less than 5% and are within the IEEE limits. The results obtained
reveal that the proposed online learning-based ANN-BP is superior in nature.

Keywords: wind energy conversion system; ANN; back propagation algorithm; power quality; total
harmonic distortion

1. Introduction

In recent years, the power generated from wind has been utilized to operate ships,
mix grain, and pump water. There is proof that wind power drove small ships along the
Nile River around 5000 BC. Many centuries ago, small windmills were installed in China to
collect/store water [1].

One of the highlighted benefits of wind energy is its internal potential to help rural
people and enhance their economy. Additionally, contrasting all other sources of power,
wind does not require water to generate power. Therefore, the progress of wind power
in our country is exponential as energy safety and self-guarding are recognized as the
main factors [2]. The main benefit with wind power is that the fuel is cost independent;
additionally, wind generation does not release CO2. (Numerical Data Source: CEA, NIWE,
MNRE). With the generation of 39,248 MW (March 2021) of wind power, renewable power
presently accounts for 24.7% of India’s total available power of 382,151 MW. Wind power
accounts for the majority of RE production (94,434 MW), at 41.5%, and is treated as the
chief provider of eco-friendly energy [3].

The heating of the Earth by the sun will continually create wind as temperature
deviations drive air flow. The wind blows as the rate of the heating of the Earth varies;
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therefore, as the rate of the vaporization of air varies from one area to the another, a pressure
difference will be created as shown Figure 1, which causes the wind to flow from one area
to another [4].
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Figure 1. Wind energy at the coastal area.

Winds occur because of the irregular heating of the Earth’s layer by the Sun. Wind
power density is a helpful parameter in assessing the wind resource availability at a possible
site. The wind power density, calculated in watts per square meter, reflects the amount of
energy existing at the site for power generation by a wind turbine. Varieties of wind power
density for two reference wind dimension heights are shown in the Table 1. The wind
power density is related to the wind speed raised to the 3rd power. For power generation,
class 4 or above is generally considered [5–7].

Table 1. Classes of wind power density.

Classes of Wind Power Density at 10 m and 50 m

10 m (33 ft) 50 m (164 ft)

Wind Power
Class

Wind Power
Density (W/m2)

Speed m/s
(mph)

Wind Power
Density (W/m2)

Speed m/s
(mph)

1 <100 <4.4 (9.8) <200 <5.6 (12.5)

2 100–150 4.4(9.8)/
5.1(11.5) 200–300 5.6 (12.5)/

6.4 (14.3)

3 150–200 5.1 (11.5)/
5.6 (12.5) 300–400 6.4 (14.3)/

7.0 (15.7)

4 200–250 5.6 (12.5)/
6.0 (13.4) 400–500 7.0 (15.7)/

7.5 (16.8)

5 250–300 6.0 (13.4)/
6.4 (14.3) 500–600 7.5 (16.8)/

8.0 (17.9)

6 300–400 6.4 (14.3)/7.0
(15.7) 600–800 8.0 (17.9)/

8.8 (19.7)

7 >400 >7.0 (15.7) >800 >8.8 (19.7)

In addition, the increasing use of sensitive devices and different industrial loads
related with various power patterns that are integrated in the grid produces harmonic
effluence at the grid side of an ac supply. The harmonics and reactive currents created by
sensitive loads move the grid towards a low power factor, decreased energy efficiency, poor
power managing capacity and produce vulnerable disturbances in the devices linked at the
distribution side.

Custom power devices (CPDs) play a key role in the mitigation of PQ concerns. Of the
available solutions to PQ concerns, the Distributed Static Compensator (DSTATCOM) is a
better option in reducing power factor and harmonics. It acts as a filter, voltage controller
at the distribution side and also as a load balancer.
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Artificial neural network (ANN)-based DSTATCOM controllers enhance the quality
of power in a much better way when compared to proportional-integral (PI) controllers.
A novel approach has been presented in this paper to control the DSTATCOM using an
ANN-BP algorithm.

2. Modelling of the Wind Energy Conversion System

The wind energy conversion system (WECS) is made up of the following parts: a wind
turbine, maximum power point tracking (MPPT) controller (speed controller), permanent
magnet synchronous generator (PMSG), alternating current to direct current (AC-DC)
converter, DC-DC system, and a DC-AC Grid connected converter. The block diagram is
divided into three modules, namely the aerodynamic, mechanical and electrical modules,
as shown in Figure 2.
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Figure 2. Major components of Wind system.

The electrical module of WECS can be partitioned into three major machineries, which
are PMSGs, power converters and the grid, as sown in Figure 3. Using MPPT methods
such as Tip-Speed Ratio, the maximum power can be extracted from the variable speed
wind and this is converted to AC power using PMSG, which itself is converted back to
DC-DC so that it can be stored in batteries; if connected to the grid, the DC needs to be
converted back to AC using an inverter [8–10].
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Figure 3. Electrical components of WECS.

The information of both wind velocities and its direction was obtained with an
anemometer(s) and stored on integrated chips of a mini computer, a data logger, which
operates for a long period of time using a battery. The logger should be checked regularly
to obtain the chips and new chips should be used for the next season’s data. Wind velocities
are generally obtained as 10 min averages to ensure the intervals are suitable for popular
basic software tools [11–13].

In general, the mechanical power output of a wind turbine, Pm, is given as:

Pm =

(
1
2

)
× ρ×

(
V3
)
× A× Cp (1)

Here, Cp is the aerodynamic power coefficient, which represents the turbine’s compe-
tence. The peak value of Cp is 16/27 = 0.593. This peak value of 16/27 was first obtained by
Betz and is usually recognized as the saturation point for wind turbine operation.

Usually, the generator does not start producing electricity until the existing power in
the wind reaches the power required to fulfil the losses related to the windage and friction
available in the considered system. As the wind turbine speed increases, the generator’s
output power increases until the generator produces its rated power output.
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Wind turbines were considered as similar to the classical induction motor, as shown in
Figure 4, which we modelled using the following equations [14,15]:

Tin = Pin/ωr = CpPw/ωr = 0.5ρπR5Cp

(
ω2

r /λ3
)
− Jr

.
ωr (2)

Pin = CpPw = 0.5CpρAV3 − Jrωr
.

ωr (3)

Cp(λ, β) = c1(c2/λ1 − c3β− c4)e(−c5/λi) + c6λ (4)

1/λi = 1/(λ + 0.08β)− 0.035/
(

β3 + 1
)

(5)

where Pin and Tin reflect the power and torque of the turbine at the supply, respectively;
Cp is the power coefficient of the turbine (=0.593 is max); Jr is the turbine’s moment of
inertia; ωr is the turbine’s speed; A is the area covered by the turbine’s rotor; λ represents
the tip speed ratio (TSR); and β reflects the pitch angle, which is anticipated to be a null
value as the turbine is developed at a lower wind speed. The signals at the input of the
system are the wind speed, inertia of rotor, and synchronous machine speed. The outcome
is the turbine’s torque. Wind turbines of variable speed are dominant due to their ability to
extract high voltages from the wind. This can be attained using MPPT methods such as
TSR with a PI regulator which also enhances efficacy.
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Figure 4. Wind turbine Emulator.

TSR-PI MPPT is an approach in which turbine and wind speeds are continuously
observed by instruments and are measured via real parameters [16]. This method means
the module can function continuously at the optimum reading of TSR at variable wind
velocities. When TSR is optimal, tracking of the peak value of power can be achieved.
Due to the state of attaining continuous MPP information, it result in better performance
and efficiency.

The prime speed ‘wr’ of the generator is attained using the TSR method and ‘wr*’
is the reference speed is presented in Figure 5. Furthermore, a PI controller is linked to
maintain the generator operation at the desired velocity. The outcome of a PI regulator is
subtracted from a switching wave when a converter’s duty ratio is obtained. Gate pulses
drive the control of the switching devices of the rectifier at a suitable firing angle via a
control network. Hence, maximum power is achieved by varying the value of D. The
simulation results of WECS are shown in Figure 6.



Energies 2022, 15, 6988 5 of 14Energies 2022, 15, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 5. TSR based MPPT. 

The AC-DC-AC flow process uses a common synchronous machine as presented in 
the modelling circuit of WECS. The operation of the turbines varies with changeable ve-
locities; thus, the changeable voltage and variable frequency are the outcomes of the gen-
erating machine. To ensure that they are stable, a rectifier can be implemented to vary AC-
DC; following this, the DC potential is changed to AC with a fixed frequency and ampli-
tude. This method is advantageous; the control action is efficient because there exists an 
electronical mechanism rather than hydraulic. By changing the output of the turbine, the 
rotor velocity is no longer a concern; therefore, an intricate control module is not required. 
Another advantage of changing the voltage at output is that the DC can be stored in a 
battery bank for later use when the wind load is not sufficient. The battery bank will be 
integrated into the DC bus. DC is converted back to AC using DSTATCOM to funnel 
power to the grid [17,18]. 

 
Figure 6. Simulation results of the WECS. 

3. Proposed ANN Controller for the VSI of the Grid Interactive Wind DG System 
ANNs are widely used in power system monitoring and control [19]. Back propaga-

tion is quick, responsive, easy to write code for and simple among the available neural 
network models. It competently performs tasks layer by layer, unlike a conventional com-
putation algorithm. It calculates the gradient, but it does not reflect how the gradient is 
applied. It simplifies the computation in the delta rule. It has no variables to tune other 
than the input data. It is adaptive in nature as it does not require prior information about 
the system. It is already well known that this technique is superior to other algorithms. In 
this paper, its advantages have been demonstrated in the form of results which clearly 
show its efficacy. Figure 6 presents the simulation results of WECS. 

The power generated from the wind system needs to be directed to the grid. To 
achieve this, a shunt-connected to the VSI is needed which will transfer the power to the 
grid at the PCC. The same shunt-connected VSI can be used for the mitigation of power 

Figure 5. TSR based MPPT.

Energies 2022, 15, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 5. TSR based MPPT. 

The AC-DC-AC flow process uses a common synchronous machine as presented in 
the modelling circuit of WECS. The operation of the turbines varies with changeable ve-
locities; thus, the changeable voltage and variable frequency are the outcomes of the gen-
erating machine. To ensure that they are stable, a rectifier can be implemented to vary AC-
DC; following this, the DC potential is changed to AC with a fixed frequency and ampli-
tude. This method is advantageous; the control action is efficient because there exists an 
electronical mechanism rather than hydraulic. By changing the output of the turbine, the 
rotor velocity is no longer a concern; therefore, an intricate control module is not required. 
Another advantage of changing the voltage at output is that the DC can be stored in a 
battery bank for later use when the wind load is not sufficient. The battery bank will be 
integrated into the DC bus. DC is converted back to AC using DSTATCOM to funnel 
power to the grid [17,18]. 

 
Figure 6. Simulation results of the WECS. 

3. Proposed ANN Controller for the VSI of the Grid Interactive Wind DG System 
ANNs are widely used in power system monitoring and control [19]. Back propaga-

tion is quick, responsive, easy to write code for and simple among the available neural 
network models. It competently performs tasks layer by layer, unlike a conventional com-
putation algorithm. It calculates the gradient, but it does not reflect how the gradient is 
applied. It simplifies the computation in the delta rule. It has no variables to tune other 
than the input data. It is adaptive in nature as it does not require prior information about 
the system. It is already well known that this technique is superior to other algorithms. In 
this paper, its advantages have been demonstrated in the form of results which clearly 
show its efficacy. Figure 6 presents the simulation results of WECS. 

The power generated from the wind system needs to be directed to the grid. To 
achieve this, a shunt-connected to the VSI is needed which will transfer the power to the 
grid at the PCC. The same shunt-connected VSI can be used for the mitigation of power 

Figure 6. Simulation results of the WECS.

The AC-DC-AC flow process uses a common synchronous machine as presented
in the modelling circuit of WECS. The operation of the turbines varies with changeable
velocities; thus, the changeable voltage and variable frequency are the outcomes of the
generating machine. To ensure that they are stable, a rectifier can be implemented to vary
AC-DC; following this, the DC potential is changed to AC with a fixed frequency and
amplitude. This method is advantageous; the control action is efficient because there exists
an electronical mechanism rather than hydraulic. By changing the output of the turbine, the
rotor velocity is no longer a concern; therefore, an intricate control module is not required.
Another advantage of changing the voltage at output is that the DC can be stored in a
battery bank for later use when the wind load is not sufficient. The battery bank will be
integrated into the DC bus. DC is converted back to AC using DSTATCOM to funnel power
to the grid [17,18].

3. Proposed ANN Controller for the VSI of the Grid Interactive Wind DG System

ANNs are widely used in power system monitoring and control [19]. Back propagation
is quick, responsive, easy to write code for and simple among the available neural network
models. It competently performs tasks layer by layer, unlike a conventional computation
algorithm. It calculates the gradient, but it does not reflect how the gradient is applied. It
simplifies the computation in the delta rule. It has no variables to tune other than the input
data. It is adaptive in nature as it does not require prior information about the system. It is
already well known that this technique is superior to other algorithms. In this paper, its
advantages have been demonstrated in the form of results which clearly show its efficacy.
Figure 6 presents the simulation results of WECS.

The power generated from the wind system needs to be directed to the grid. To achieve
this, a shunt-connected to the VSI is needed which will transfer the power to the grid at
the PCC. The same shunt-connected VSI can be used for the mitigation of power quality
issues of the non-linear loads available at the same grid. This paper discusses a scenario
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formulated to test the proposed controller, i.e., we investigate the performance of the ANN
controller for the voltage control of VSI and also in mitigating the harmonics generated
by the non-linear loads [20]. The harmonic reduction and power load for the solar PV
system [21] and the wind pressure systematic models [22–24] are highlighted by many
authors. The ANN neural model is shown in Figure 7. It contains three layers of input, the
hidden layer and the output.
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The back-propagation algorithm is used here to generate the reference components
of the currents which can be compared with the obtained load currents and can be used
to generate the switching pulses of the VSI. The proposed model shown in Figure 7 is
explained in detail using the equations below.

The mathematics behind the investigation of the backpropagation approach for ob-
taining the reference values of the active and reactive power are presented in detail.

The base voltage (VB) at PCC is determined as,

VB =
2
3
×
(

VphA
2 + VphB

2 + VphC
2
)

(6)

In-phase homogenous waveforms of supply side voltages are obtained with the help
of th following equation:

uAp =
VphA

VB
, uBp =

VphB

VB
, uCp =

VphC

VB
(7)

An ANN control scheme predicts the synaptic spikes of real constituent (WAp) and
the quadrature component (WAq) of the phase-A load current as explained in (4)–(15). The
nonlinear currents of three phase’s loads, i.e., ilA, ilB, ilC are recognized using measuring
devices, and the values obtained from all sampling periods are provided to the DSP
regulator (as inputs). The initial layer of the ANN-BP approach for determining the
reference components is based on Equations (4)–(6).

IlAp = Wm + ilAuAp + ilAuBp + ilAuCp (8)

where Wm is the starting weight. The reference components of currents IlAp of the phase-A
load are handled using a sigmoidal based activation-module shown in (7) to (9). Then, they
are further utilized to obtain the resultant feed-forward block.

ZAp = f
(

ilAp

)
= (

1

1 + e−ilAp
) (9)

The output ZAp of the initial leg is taken as intake for the next step in the ANN model.
The hidden layer produces the output signal, which is presented via Equations (10)–(12).

iApl = Wml + WApZAp + WBpZAp + WCpZAp (10)
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where Wm1, WAp is the starting spike of the hidden layer. The updated value of the spike of
phase A of real components is determined with the help of Equations (13)–(15).

WAp(k) = Wp(k) + η
{

Wp(k)−WApl(k)
}

f ′
(

iApl

)
ZAp(k) (11)

Here, Wp(k) is the middling spike of the real axis component of load currents, WAp(k) is
the updated spike of A leg at the k-th time instant. WAp1(k) and ZAp(k) are the amplitudes of
the basic spike of the real axis component of currents of the A leg load and result at the k-th
instant of the feed-forward module. f’(iAp1) is the differential of iAp1. The learning rate of
the developed control approach of the neural network is ‘η’. Similarly, the updated spikes
of real axis components of currents of phases B and C associated loads are determined as
per Equations (14) and (15).

The predicted values of iAp1, iBp1, iCp1 are found using the sigmoid module, which is
considered as an activation set of the ANN network used to determine the fundamental
components of real axis currents (WAp1, WBp1, WCp1) at the load as follows:

WAp1 = f
(
ilAp1

)
= (

1

1 + e−iAp1
) (12)

The average spike of fundamental real axis component (Wp) is attained as follows:

Wp =
WAp1 + WBp1 + WCp1

3
(13)

The result of this block is passed through a low pass filter (LPF) and the scaling
coefficient (ξ) is multiplied to obtain the final value of the spike of the active axis constituent
Wlpt. Similarly, the spikes of the quadrature axis constituents of the currents (Wq, WAq,
WBq, WCq) at v are obtained and passed through the LPF. Finally, the scaling constant ‘α’ is
multiplied to obtain the final value of the spike of the imaginary axis constituent (Wlqt).

4. Performance of the Wind Based DG System with Unbalanced Non-Linear Load

Wind energy will become the most in-demand renewable energy source in the next
few decades. The relevance of WECS will become increasingly apparent, and the prices are
decreasing due to the huge production push and innovations in advance converters.

Wind turbines are crucial in the clean renewable energy revolution occurring across
the world. The greatest benefit of the wind turbine is that it can be employed to direct
power to areas that are distant in the grid. Wind energy experiences periodic changes, in
that the optimal result is obtained in the period of winter and the worst in the period of
summer; hence, it has contrasting characteristics to solar energy.

The modelling block of a grid injected wind system is displayed in Figure 8. The wind
system is composed of the fan blades, mechanical turbine, PMSG, AC-DC converter, dc
link capacitor and VSI.

An ANN-BP controller is modelled to obtain the gate pulses of the wind-grid tied in-
verter. The VSI linked in parallel is considered as a DSTATCOM and so directs the required
reactive power to the grid-associated load and then reduces the harmonics produced at the
load terminals. The THD at the supply terminal is illustrated in Figure 8.

Figure 8a–c project the graphs of the load currents and the associated THD bars.
Figure 9a–c demonstrate that the simulation performance and the THD at the source
terminal were lower than 3%. So, the developed model adheres to the IEEE 519 protocol. A
19% THD is obtained at an A-ph load, 32% THD is observed at the B-phase and 6% THD is
observed at the C-phase. In contrast, the THDs of the three legs at the supply terminals are
nearly 2%, enhancing the source side PQ with varied loads with an ANN controller.

The evaluation of the currents before the control action and after employing the
controller are presented in Table 2. It projects the PQ enhancement with the application
of compensation.
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Table 2. THD Comparison before and after compensation.

Phase THD (%) Load Currents
(No Compensation)

THD (%) Source Currents
(Compensation Included)

A 19.73 2.54
B 32.38 2.64
C 6.40 2.45

5. Hardware Implementation: Balanced Non-Linear Load

The established scheme was formulated using a dSPACE setup for a balanced loading
scenario, as reflected in Figure 10. The FPGA controller generates the required gate com-
mands for all six IGBT switches of the grid inverter to accomplish the desired performance,
with a sampling time of 10 microseconds which is required to execute the developed con-
trol algorithm. This unit includes the hardware outputs of the Adaptive Learning Back
Propagation-Based Control Algorithm for a three-phase three-wire system addressing a
non-linear balanced load. The specifications of the experimental setup are presented in
Table 3.
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Table 3. Hardware Components and their details.

Component Name Specification Details

Shunt Active Filter (DSTATCOM) 10 KVA, 1000V DC Link Voltage, 1800 Micro Farads (Cdc)

Controller EP4CE6 FPGA Board with Programmer Altera Cyclone IV,
programmed using schematic editor of Quartus software

Coupling Inductance 0–20 Mh, 10 A with tapings

The prototype setup used for validating the ANN-BP controller consists of the follow-
ing four major components: DSTATCOM, FPGA board, dSPACE board and two computers.
Quartus software was used to model the controller for execution on the FPGA board.
The model setup designed in MATLAB/SIMULINK was copied to the dSPACE board via
interface. The testing dataset was transferred between the dSPACE and FPGA through a
serial link and the results are monitored using DSO (Digital Storage Oscilloscope).

From Figure 11, it can be seen that when DSTATCOM was activated, it started sending
the compensation current; hence, the source current became sinusoidal. Before using
DSTATCOM, the non-sinusoidal current can be observed at the source side, which is similar
to the currents drawn by the non-linear load. The variation in the quality of the source
current reflects the enhancement of THD at the supply side.
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The load currents of the three phases are shown in Figure 12, which are non-sinusoidal
as the load is non-linear. The three supply currents are shown in Figure 13, which are
perfectly sinusoidal. The simulation results were authenticated using the hardware setup
and the values are presented in Table 4 for comparison. The DSTATCOM using the ANN-BP
based controller was implemented using the hardware setup and the results are satisfactory.
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Table 4. THD of simulated and experimented models.

Parameters Performance Using
Simulation

Performance Using
Hardware Setup

THD of ISryb (%) 2.5 4.1
THD of ILryb (%) 26.4 25.9

6. Conclusions

In this paper, a wind energy conversion system was modelled and simulated using
MATLAB. The proposed ANN-based controller was modelled and tested within the wind
system. The performance was analyzed by improving the power quality of the system for
non-linear unbalanced loading conditions. The THD obtained after applying the ANN-
based VSI adhered to the IEEE-519 standard.
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Abbreviations

PQ Power Quality
WECS Wind Energy Conversion System
DSTATCOM Distribution Static Compensator
THD Total Harmonic Distortion
ANN Artificial Neural Network
BP Back Propagation
MPPT Maximum Power Point Tracking
PMSG Permanent Magnet Synchronous Generator
CPD Custom Power Devices
PV Photo Voltaic
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