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Abstract: In this work, an Artificial Neural Network (ANN) based technique is suggested for classifying the faults which occur in hybrid power distribution systems. Power, which is generated by the solar and wind energy-based hybrid system, is given to the grid at the Point of Common Coupling (PCC). A boost converter along with perturb and observe (P&O) algorithm is utilized in this system to obtain a constant link voltage. In contrast, the link voltage of the wind energy conversion system (WECS) is retained with the assistance of a Proportional Integral (PI) controller. The grid synchronization is tainted with the assistance of the d-q theory. For the analysis of faults like islanding, line-ground, and line-line fault, the ANN is utilized. The voltage signal is observed at the PCC, and the Discrete Wavelet Transform (DWT) is employed to obtain different features. Based on the collected features, the ANN classifies the faults in an efficient manner. The simulation is done in MATLAB and the results are also validated through the hardware implementation. Detailed fault analysis is carried out and the results are compared with the existing techniques. Finally, the Total harmonic distortion (THD) is lessened by 4.3% by using the proposed methodology.
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1  Introduction

Renewable Energy Sources (RES) are regarded as significant sources of energy generation because of having multiple advantages, including environmental protection, global warming reduction, and fossil fuels-free operation. The RES has gained more interest as these sources satisfy the domestic need of the customers with zero pollution by having the features like eco-friendliness and zero emission [1]. Though there are several advantages, it is less reliable for grid-connected cases because the RES integration has specific challenges like intermittent nature and the need for separate control. Due to the fluctuating nature of the RES, there are Power Qualities (PQ) issues [2]. The PQ is a major concern in the power system’s utility and end-user sides. The proper functioning of the power system is ensured only when there are no PQ disturbances, and the worst PQ results in distortions, faults, and load non-linearity. The three major electrical power system components are generation, transmission, and distribution. When a fault occurs in any of these components, the whole system’s performance gets affected, leading to losses on the customer side. Hence, solving the PQ Disturbances (PQD) is necessary, which is still a challenging task [3–5]. In general, the PQ issues fall under two categories: transient and steady state, among which the former includes interruptions, voltage sag/swell, and sudden transient fall, which affects both the customers and the grid with severe impacts [6–8]. To resolve the PQ issues, Custom Power Devices (CPD) are utilized, which mitigate the occurrence of abnormalities in the system but fail to improve the response time [9]. There are numerous techniques used for mitigating the PQD, which are discussed as follows:

The analysis of PQD comprises feature extraction and classification. The Fourier Transform (FT) is utilized for feature extraction, which includes the following types Fast FT (FFT), discrete FT (DFT), and short-time FT (STFT) [10]. In FFT, the signal is assumed as periodic, resulting in inaccurate evaluation because of the spectral leakage during disturbances. As the PQD is assessed in the frequency domain, it fails to provide the time information in relation to the signal appearance. Moreover, the FFT fails to sense the transients of the signal [11,12]. The DFT has a fixed window size, so it is only suitable for non-stationary signals, whereas the STFT, an extended version of DFT, is only applicable to stationary signals [13]. Hence, the Wavelet Transform (WT) is used, which is suitable for variable window sizes with high and low frequencies. In addition, it is also applicable to non-stationary signals. The Discrete WT (DWT) is an extended version of WT, which provides improved frequency and time resolution [14,15].

To classify the PQD an appropriate classifier is essential. So the Classifiers like Fuzzy Logic (FL), Decision Tree (DT), and Support Vector Machine (SVM) are utilized for classifying the PQD. Both the FL and DT are based on rules, and hence there is no need for training. In complex systems, the FL minimizes the modeling complexity, whereas the DT has a simple construction and excellent scalability. However, both FL and DT function based on the data samples correlation, which affects the performance in a broader range. The SVM is a learning process, and it performs well only if the training data set is small [16–21].

The PQD in a PV-wind-based hybrid power distribution system is analyzed in this work. Solar-energy systems are one of the promising RES, which is accessible throughout the year with minimum maintenance cost. As the outcome of the Photovoltaic (PV) module is insufficient, a suitable converter is mandatory for maximizing the PV voltage and so a boost converter is employed for this purpose. The intermittent atmospheric conditions generally affect the PV output and so it is crucial to trace the maximum power from the PV module [22–26]. Wind energy is another RES, which is integrated with PV systems to deliver a continuous power output. The general structure of Wind Energy Conversion Systems (WECS) [27–30] comprises a wind turbine coupled with an electrical generator for obtaining electrical energy. Induction generators (IG) are the commonly used generators for WECS but in this work, a Double Fed IG (DFIG) based wind turbine is utilized [31,32]. While giving the generated energy from the hybrid system to the grid, disruptions are occurred due to load variations. Hence, it is highly essential to perform grid synchronization [33–35].

Generally, a hybrid power distribution system gets affected by the faults like islanding, line-line, line-ground and switching faults. The islanding leads to equipment damage, hazards to workers and even damages to the distribution system, causing PQD. In this work, a PV-wind-based hybrid system is utilized and the PQD that occurs in the system is analyzed. A new proposed approach to grid synchronization is tainted with the assistance of the d-q theory. The voltage signal is observed at the PCC and the Discrete Wavelet Transform (DWT) is employed to obtain different features. Based on the collected features, the ANN classifies the faults in an efficient manner. Finally, the Total harmonic distortion (THD) is come down to IEEE stranded and maintains its power quality.

2  Description of the Proposed System

A hybrid power distribution system is presented in Fig. 1, which comprises of a PV and a WECS. A DC-DC boost converter is utilized for elevating the PV voltage and a DC-AC inverter is utilized for giving the DC voltage to the grid. As the PV output changes in accordance with the climatic variations, the P&O MPPT is employed to extricate the maximum power. Thus, the required gating sequence for controlling the converter is generated. Similarly, a Pulse Width Modulation (PWM) rectifier is utilized in the WECS for AC-DC conversion and a PI controller is utilized for retaining the link voltage 
 Vdc
whereas the 
3ϕ 
VSI is employed to feed the attained 
Vdc
to the grid. As the occurrence of imbalances in the inverter and the grid parameters is highly possible, the grid synchronization is accomplished by using d-q theory.
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Figure 1: Hybrid power distribution system

When the power generated from this hybrid system is given to the grid, the PQD occur due to the negative-sequence voltage at the PCC. The existing methods for identifying the faults cause imbalances in both the supply and the consumer side. Hence, the Artificial Intelligence (AI) based technique is implemented in this work for classifying the faults. In the process of classifying various kinds of faults, the DWT is used for extracting the features and ANN is utilized as a classifier. As the real time classification of power transients is a challenging task, the AI based technique is adopted for predicting the faults. From the negative sequence component, the discriminative features are extracted at the PCC. The captured signals are thus decomposed to form various frequency bands. The features obtained from the hybrid power distribution systems are used as the training set for ANN. Once the ANN is trained with the discriminative features, it has the capability of identifying the faults with more accuracy.

2.1 Hybrid Energy System

The term “Hybrid” refers to the combination of two or more different things. In general, the hybrid energy system is utilized to generate electricity to grids. This type of technology makes use of RES like PV and wind energy systems.

2.1.1 PV Fed Boost Converter

When solar cells are linked in series and parallel, a PV module is modelled, which transforms the photon energy into pollution-free power. An electrical circuit is represented by a single solar cell, which comprises a p–n junction diode, a photocurrent generator and two resistances (one in series and other in parallel). It is referred as a single diode solar cell model and the circuit representation of PV module is displayed in Fig. 2.
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Figure 2: Circuit representation of PV module

The solar PV is modeled as an ideal solar cell with a current source 
(Iph)
in parallel to the diode, which is displayed in the above Figure. Apply Kirchhoff’s first law in the above circuit,


I=Iph−Id
(1)

The Shockley’s diode current equation represented in (2), is the fundamental mathematical equation derived from semiconductor theory that defines the I–V features of the PV solar cell.


Id=Is[exp(qVOCNsKAT0)−1]
(2)

Substitute Eqs. (2) in (1),


I=Iph−Is[exp(qVOCNsKAT0)−1]
(3)

The solar cell delivers a good approximation to photon produced current, which is directly proportional to irradiance and intensity of illumination in the ideal condition.

2.1.2 Boost Converter

It is utilized to enhance the PV voltage, and the converter performs by the combination of elements like switch, inductance, diode as well as the output capacitance. The boost converter’s circuit representation is displayed in Fig. 3. The switching 
ON
and 
OFF
time period controls the output voltage. By adjusting 
ON
and 
 OFF
, the time period of a switch at a constant switching frequency is identified. The ratio of 
ON
period to the switching time duration is known as switching duty cycle 
(k)
. It is classified into two modes under continuous conduction mode (CCM). The switch (SW) is closed in mode 1 at time,
 t = 0
whereas the switch (SW) is opened in mode 2 at time 
 t = kT
. This operations modes are thoroughly explained in [26].
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Figure 3: Boost converter’s circuit representation

By utilizing the boost converter, the energy attained from the PV is improved, which is then fed to the grid through inverter.

2.1.3 P&O MPPT Algorithm

This approach creates a simple closed loop regulation with only a few controllable variables. This algorithm analogizes the previously provided power with the following disturbance by periodically altering the voltage of PV panel with incremental step. Hence, the fluctuations around the MPP get decreased. Because of its easiness and usage of a few measured variables, this algorithm is widely utilized in various applications. The principle of this approach is explained through the flowchart, which is clearly displayed in Fig. 4.
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Figure 4: Flowchart of P&O based MPPT

The perturbation inputs from PV panel to MPPT unit are PV voltage 
(VPV)
and 
 (IPV)
, through which the output attained is duty cycle 
 D
.

2.2 3Φ VSI and Grid Synchronization

The control block of 3Φ VSI is displayed in Fig. 5. The grid voltages and angles are computed with the help of PLL approach. With the utilization of grid angle, the grid voltages and currents are transferred from 
a−b−c
reference frame to 
d−q
reference frame by the Park transformation approach, which is given in (4).
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Figure 5: Control block of 3Φ VSI


(VdVq)=23[cos⁡θcos⁡(θ−2π3)cos⁡(θ−4π3)−sin⁡θsin⁡(θ−2π3)−sin⁡(θ−2π3)](VaVbVc)               
(4)

By analogizing the reference and measured 
d−q
currents, the error is computed in the 
d−q
frame and this error is given to the PI controller.

The grid current’s maximum value determines the reference 
d
-component whereas the reactive power is controlled by 
q
-component current. For the real power injection, it is set to zero. To generate the reference output voltage of VSI, the outputs of PI are added to the feed-forward grid voltage and decoupling components.

The PI controller’s outputs are converted into 
α−β
frame by utilizing (6).


(VαVβ)=(cos⁡θ−sin⁡θsin⁡θcos⁡θ)
(6)

The PWM generates switching pulses by using inverter reference voltages in 
α−β
reference frame.

2.3 Grid Synchronization

The grid synchronization is accomplished by synchronizing the inverter output with the grid voltage. The synchronization process’ aim is to extract the grid voltage’s phase angle. With the utilization of extracted grid angle, the feedback parameters are transformed into an appropriate reference frame. Therefore, the process of detecting the grid angle is critical for controlling the grid tied VSI. The variations in the utility network is responded rapidly by utilizing synchronization. In addition, the noise and the higher order harmonics in the output of VSI are significantly mitigated with the assistance of the LC filter. The noise free output of the VSI aids in the process of accomplishing grid synchronization.

2.4 Feature Extraction by DWT

By employing MRA, the wavelets provide effective and fast computations to communicate with a signal portion in its distinct frequency groups. The orthogonally symmetrical property aid in signal recreating with minor errors in center signal handling applications. Eq. (7) shows the period representation f (t) and (8) shows the Fourier space representation f (w). The period representation f (t) should be provides data with extreme time determination and provide no frequency data whereas the Fourier space representation f(w) provides frequency data but provides no time confinement.


f(t)=∫−∞∞⁡f(u)α(t−u)du
(7)


f(w)=∫−∞∞⁡f(t)eiwtdw
(8)

Due to the lack of time data in Fourier Transform, a Windowed Fourier Transform is utilized instead of Fourier Transform. In this case, the signal is divided into little segments and each of which is considered as stationary. To make the signal as stationary, it is essential to limit the window at the same period, which causes lower frequency resolution. The wavelets limit the flag in both spaces of frequency and time. This wavelet structure is formed from a mother wavelet, which expands or extends the size of window. This implies that an enlarged wavelet provides more time data whereas an extended version provides frequency data. The wavelet utilizes different window size, which adjusts both the segments of low and high frequencies. The wavelets are formed by development and expansions from a mother wavelet Ψ. It is expressed as,


Ψa,b(x)=1|a|Ψ(x−ba)
(9)

where, 
Ψ
satisfies 
∫Ψ(x)dx=0
.

2.5 ANN Classifier

It is a non-linear data operating self-adaptive system, which is utilized to categorize the data. Because of the advantage of easiness, the Multi-layered Fed Forward Neural Network (MLFFNN) is utilized and its structure is displayed in Fig. 6.
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Figure 6: Multi layered feed forward neural network structure

It has three layers such as input, output and hidden layers. All of the layers are fed forward and completely integrated. The outputs are controlled by weights, which are determined during the process of cognition. The error Back Propagation (BP) approach is commonly utilized to train the MLFFNN in a supervised manner. The information regarding errors is also filtered, which improves the performance by adjusting the connections between layers. The features obtained from the hybrid power distribution systems are used as the training set for MLFFNN, which is regarded as one of the significant novelties of the system because the implementation of this MLFFNN in the hybrid system with RE sources is an innovative development in the recent days. There are two passes in the error Back Propagation approach such as forward and backward passes. An input is applied to the network’s sensory nodes in forward pass and its influence is propagated through the network layer. A set of output is generated due to the network’s actual response. The result is an error signal, which is subtracted from a desired response and the output is transmitted backwards through the network against the synaptic connection’s direction. The weights are modified to bring the network’s actual response closer to the desired response. The requirements of MLFFNN’s designing and training are as follows,

•   The number of hidden layers has to be chosen.

•   The number of neurons in every hidden layer has to be chosen.

•   The best solution has to be accomplished while avoiding local minima.

The above mentioned requirements are not essential for the discrete DWT and so it optimizes the ANN network architecture in an efficient manner. The detection of various PQ issues in the distribution system is essential for the PQ assessment. To accomplish this, an Energy Entropy based DWT and ANN is proposed, which assist in the automatic detection and discrimination of various PQD.

3  Results and Discussions

A hybrid PV-WECS is analyzed in this work. The PV system includes a boost converter, which boosts the PV voltage. Though the PV voltage gets boosted, it is impossible to attain the maximum power from PV because of its intermittency. Hence, the P&O MPPT is utilized for tracing the full power from the PV and accordingly, the pulses are generated for controlling the boost converter, which aids in retaining a constant. The output of both PV and WECS are coupled at the common point, which is then nourished to the grid through a VSI. Finally, grid synchronization is attained by using the d-q theory. The complete setup is verified through the simulation in MATLAB.

3.1 Simulation Results

The hybrid energy system is simulated in MATLAB and the following waveforms are observed. The simulation parameters are displayed in Table 1.
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The simulation is performed for a time period of 0.2 s and the outcomes are clearly validated through the aforementioned waveforms in Fig. 7, which depicts that the PV voltage is observed as 180 V whereas the PV panel’s current is observed as 20 A. These PV parameters are fed as the input for the boost converter.

[image: images]

Figure 7: PV parameters

As the PV output is affected by the varying whether conditions, it is essential to extract the maximum power. Hence, the P&O algorithm is utilized for the tracking of the maximum power, in which the control is made based on the observed values of PV voltage and current. The boost converter boosts the PV voltage as 600 V with the settling time of 0.05 s (Fig. 8) and the converter’s current is also observed as 6 A.
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Figure 8: Boost converter parameters

The PV system is hybridized with the WECS, in which the wind speed is observed as 15 m/s. The energy is generated from the rotational speed and the DFIG based wind turbine is utilized in this work to generate the electrical energy. The output voltage of the DFIG is in the range of +600V to −600V (Fig. 9). It is then fed to the PWM rectifier, which performs the AC-DC conversion. As both the PV and WECS are coupled at the common dc-link, it is observed that both the PV and WECS output at the dc-link are the same with a voltage of 600V.
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Figure 9: WECS parameters

When the output of PV and WECS are fed to the grid through the VSI, there is a possibility of imbalance between the grid and the VSI parameters. Hence, grid synchronization is done with the assistance of d-q theory. The resultant grid voltage and grid current are observed as highlighted in Fig. 10. The grid voltage is in the range of +330 to −330 V whereas the grid current is observed in the range of +10A to −10A.
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Figure 10: Grid parameters

The real and the reactive power are portrayed in Fig. 11, which reveals that the real power is noted as 5200 W. The THD is also revealed in Fig. 12, which is observed as 4.3%.
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Figure 11: Grid illustration of real and reactive power
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Figure 12: Grid current THD

3.2 Hardware Results

The proposed work is also validated through hardware implementation in Fig. 13. A prototype model is developed with FPGA Spartan 6E controller for the PV-wind based hybrid power distribution system, in which a boost converter is utilized in the PV system and a PWM rectifier is utilized in the WECS.

[image: images]

Figure 13: Hardware setup

Similar to the simulation observations, the outcomes are verified by using the hardware setup. The PV current and voltage are portrayed in Fig. 14, which reveals that the PV voltage is almost constant. The PV current shows oscillations at the initial stage and then it is retained constant. This PV voltage is injected to the boost converter and the P&O MPPT is utilized for obtaining the maximum power from the PV. The voltage and current of the converter are portrayed in Fig. 15. The WECS is hybridized with the PV system. The output voltage of the DFIG and the PWM rectifier are highlighted in Fig. 16. The d-q theory based grid synchronization is accomplished and the grid voltage and grid current are in-phase with each other. Fig. 17 validates that the THD of 4.5% is attained.
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Figure 14: Illustrations of (a) PV voltage (b) PV current
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Figure 15: Boost converter’s (a) voltage illustration (b) current illustration
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Figure 16: (a) DFIG output (b) rectifier’s output voltage
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Figure 17: (a) Grid voltage and current (b) grid current THD

3.3 Fault Analysis

A detailed fault analysis is carried out for different conditions like islanding, line-ground fault, line-line fault. For analysing the faults, the ANN is utilized in which DWT is used for extracting the features.

3.3.1 Islanding Condition

Islanding is the condition, in which the distributed generation continues to supply power even in the absence of the grid power. This is a hazardous condition, which harms the utility workers and stops the automatic reconnection of devices.

By using the ANN, the islanding is detected and the parameters like grid voltage, grid current, real and reactive power are observed (Fig. 18). From the grid voltage waveform, it is revealed that the voltage increases at the time of 0.5 to 0.6 s whereas the grid current shows less oscillations.
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Figure 18: Parameters observed during islanding

3.3.2 Line-Ground Fault

Line-ground fault arises in a power distribution system when the conductor comes in contact with the neutral conductor or when it drops to the ground.

By using the ANN, the line-ground fault is detected and various parameters are observed as highlighted in Fig. 19. From 0.5 to 0.6 s, there grid voltage shows a slight fall and the corresponding change is produced in the grid current also. At this instant, the active power falls to 6 MW and the corresponding changes in reactive power is also given in Fig. 20.
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Figure 19: Parameters observed during line-ground fault
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Figure 20: Parameters observed during line-line fault

3.3.3 Line-Line Fault

This type of fault occurs in a power distribution system, in which two phase conductors are short-circuited.

In this work, the DWT is utilized for feature extraction and ANN is used to classify the faults. Hence, the line-line fault is detected and the corresponding parameters are highlighted in Fig. 20. At the time of 0.5 to 0.6 s, the grid voltage is observed as almost zero whereas the grid current shows spikes. At the same instant, the active power decreases to zero and the reactive power rises at 0.5 s.

The performance of the ANN classifier is analogized with DT and SVM as given in Fig. 21 and it reveals that the ANN has a better accuracy of 93%. The sensitivity and specificity of the ANN classifier are also better than the DT and SVM.

[image: images]

Figure 21: Comparison of ANN with DT and SVM

4  Conclusion

The PQD in a hybrid power distribution system is analyzed in this work, in which a PV-wind-based hybrid system is considered. The low oscillating PV voltage is boosted with the assistance of the boost converter and the maximum power is tracked with the aid of the P&O algorithm. In WECS, a PWM rectifier is utilized, which is regulated by a PI controller. The controlled dc-link voltage is given to the grid through an inverter and grid synchronization is done with the assistance of d-q theory. The simulation is done in MATLAB and the parameters of the PV and WECS are observed. In addition, the fault analysis is done and the performance is observed under normal islanding as well as a line-ground fault. The features are extracted from the voltage signal by using DWT and ANN is utilized for classifying the faults, which leads to the detection of Line to line faults. Finally, the obtained results are compared with the existing methodologies like SVM and DT, from which it is concluded that the ANN classifies more efficiently than the other techniques. In addition, it has an accuracy of 93%, which is comparatively better than the SVM and DT. Moreover, the specificity and sensitivity of the ANN classifier are also found to be more efficient than the other techniques. From the simulation results, the grid current THD is noted as 4.3% and this leads to reduced power quality issues in the distribution system.
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Table 1: Simulation parameters

Parameters Values

No. of series cells 36

Area of each cell 125 mm x 31.25 mm
Operating voltage and current 16.8 Vand 5.8 A
No. of panels 10

DC-link voltage 600-1500 V

Switching frequency 10 kHz
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