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Abstract. 
This paper presents an approach to the study of switching overvoltages during power equipment energization. Switching action is one of the most important issues in the power system restoration schemes. This action may lead to overvoltages which can damage some equipment and delay power system restoration. In this work, switching overvoltages caused by power equipment energization are evaluated using artificial-neural-network- (ANN-) based approach. Both multilayer perceptron (MLP) trained with Levenberg-Marquardt (LM) algorithm and radial basis function (RBF) structure have been analyzed. In the cases of transformer and shunt reactor energization, the worst case of switching angle and remanent flux has been considered to reduce the number of required simulations for training ANN. Also, for achieving good generalization capability for developed ANN, equivalent parameters of the network are used as ANN inputs. Developed ANN is tested for a partial of 39-bus New England test system, and results show the effectiveness of the proposed method to evaluate switching overvoltages.


1. Introduction
In recent years, due to economic competition and deregulation, power systems are being operated closer and closer to their limits. At the same time, power systems have increased in size and complexity. Both factors increase the risk of major power outages. After a blackout, power needs to be restored as quickly and reliably as possible, and, consequently, detailed restoration plans are nec [1–4].
One of the major concerns in power system restoration is the occurrence of overvoltages as a result of switching procedures. These can be classified as transient overvoltages, sustained overvoltages, harmonic resonance overvoltages, and overvoltages resulting from ferroresonance. Steady-state overvoltages occur at the receiving end of lightly loaded transmission lines as a consequence of line-charging currents (reactive power balance). Excessive sustained overvoltages may lead to damage of transformers and other power system equipment. Transient overvoltages are a consequence of switching operations on long transmission lines, or the switching of capacitive devices, and may result in arrester failures. Ferroresonance is a nonharmonic resonance characterized by overvoltages whose waveforms are highly distorted and can cause catastrophic equipment damages [1, 5].
Overvoltage will put the transformer into saturation, causing core heating and copious harmonic current generation. Circuit breaker called upon to operate during periods of high voltage will have reduced interrupting capability. At some voltage, even the ability to interrupt line-charging current will be lost [6–8].
This paper presents the artificial neural network (ANN) application for estimation of peak and duration of overvoltages under switching transients during transformer, shunt reactor, and transmission lines energization.
In [6], switching overvoltages during single-phase transformer have been evaluated using multilayer perceptron (MLP) trained with Levenberg-Marquardt (LM) algorithm. In this paper, three-phase transformer has been analyzed. Many time-domain simulations are required to train ANN resulting in a large amount of simulation time. For the transformer and shunt reactor energization study, this paper uses a harmonic index which can calculate overvoltages for the worst case of switching time and remanent flux [6]. This index reduces ANN training time effectively. Also, there is no need to specify switching time and remanent flux. A tool such as proposed in this paper that can give the maximum switching overvoltage and its duration will be helpful to the operator during system restoration. Also it can be used as a training tool for the operators. Developed ANN is tested for a partial of 39-bus New England test system to illustrate the proposed approach.
2. Study System Modelling
The electrical components of the network are modeled using the Power System Blockset (PSB) (MATLAB/Simulink-based simulation tool [9, 10]). ‎These models should be adapted for the desired frequency range (here the frequencies up ‎to 
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 are considered to be sufficient). The generator is represented by an ideal voltage source behind the subtransient inductance in series with the armature winding resistance that can be as accurate as the Park model [11]. Phase of voltage source is determined by the load flow ‎results. Transmission lines are described by distributed line models. The circuit breaker is represented by an ideal switch. The transformer model takes into account the winding resistances 
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, and the magnetizing characteristics of the core, which is ‎modeled by a resistance, 
	
		
			

				𝑅
			

			

				𝑚
			

		
	
, simulating the core active losses and a saturable inductance, 
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. The shunt reactor model takes into account the leakage inductance as well as the magnetizing characteristics of the core, which is modeled by a resistance, 
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, simulating the core active losses and a saturable inductance, 
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. The saturation characteristic is specified as a piecewise linear characteristic [12]. All of the loads are modeled as constant impedances.
3. Training Artificial Neural Network
In this paper, two ANN structures have been used: multilayer perceptron (MLP) trained with Levenberg-Marquardt (LM) algorithm and radial basis function (RBF). Detailed structures of MLP-LM and RBF are presented in [13] and [14], respectively.
Percentage error is calculated as follows:
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The sample system considered for explanation of the proposed methodology and ANN training is a 400 kV extra-high-voltage (EHV) network shown in Figure 1. The equivalent circuit parameters are added to ANN inputs to achieve good generalization capability for trained ANN. In fact, in this approach ANN is trained just once for sample system of Figure 1. Since ANN training is based on equivalent circuit parameters, developed ANN can be used for every studied system. In other words, it is just sufficient to convert every studied system to the equivalent system of Figure 1, then it is possible to use developed ANN to estimate overvoltages.
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Figure 1: Sample systems for power components energization study. (a) Transformer energization, (b) shunt reactor energization, and (c) transmission line energization. G: generator, 
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: equivalent capacitance.


4. Transformer Energization Study
The major cause of harmonic resonance overvoltage problems is the switching of lightly loaded transformers at the end of transmission lines. The harmonic-current components of the same frequency as the system resonance frequencies are amplified in case of parallel resonance, thereby creating higher voltages at the transformer terminals. This leads to a higher level of saturation, resulting in higher harmonic components of the inrush current that again results in increased voltages. This can happen particularly in lightly damped systems, common at the beginning of a restoration procedure when a path from a black-start source to a large power plant is being established and only a few loads are restored yet [1, 5].
Normally for harmonic overvoltages analysis during transformer energization, the worst case of the switching angle and remanent flux must be considered, which is a function of switching time, transformer characteristics and its initial flux condition, and impedance characteristics of the switching bus [12]. Using the worst switching angle and remanent flux, the number of simulations for each case can be reduced significantly.
In order to determine the worst-case switching time and remanent flux, the following index is defined as   
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 is the harmonic order. This index can be a definition for the worst-case switching condition and remanent flux. Using a numerical algorithm, one can find the switching time and remanent flux for which 
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 is maximal (i.e., harmonic overvoltages are maximal).
Figure 2(a) shows the result of the PSB frequency analysis at bus 2 in Figure 1(a). The magnitude of the Thévenin impedance, seen from bus 2, 
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, shows a parallel resonance peak at 246 Hz. Figures 2(b), 2(c), and 2(d) show changes of 
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 index with respect to the current starting angle and remanent flux for three phases. As shown in Figure 2, 
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. Therefore, if simulation is performed based on switching angle and remanent flux related to 
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, maximum overvoltages are achieved. Table 1 summarizes the results of overvoltages simulation for five different switching angles and remanent flux that includes 
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Table 1: Effect of switching time and remanent flux on the maximum of overvoltages and duration of 
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	Transformer study
	

	39	0.65	2.1961	0.7544
	80	0.62	1.8095	0.4627
	87	0.09	1.8831	0.8469
	60	0.42	2.0482	0.5134
	15	0.3	1.5319	0.2753
	

	Shunt reactor study
	

	20	0.27	1.9205	0.5628
	20	0.65	1.5841	0.3394
	75	0.27	1.6537	0.3064
	60	0.5	1.5293	0.2675
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