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An Approach to Evaluate Switching
Overvoltages during Power System Restoration

Iman Sadeghkhani', Abbas Ketabi’, Rene Feuillet’

Abstract: Transformer switching is one of the important stages during power
system restoration. This switching can cause harmonic overvoltages that might
damage some equipment and delay power system restoration. Core saturation on
the energisation of a transformer with residual flux is a noticeable factor in
harmonic overvoltages. This work uses artificial neural networks (ANN) in order
to estimate the temporary overvoltages (TOVs) due to transformer energisation.
In the proposed methodology, the Levenberg—Marquardt method is used to train
the multilayer perceptron. The developed ANN is trained with the worst case of
switching condition, and tested for typical cases. Simulated results for a partial
39-bus New England test system, show the proposed technique can accurately
estimate the peak values and durations of switching overvoltages.

Keywords: Artificial neural networks, Harmonic overvoltages, Inrush current
harmonics, Power system restoration, Transformer energization.

1 Introduction

Power system blackouts are infrequent but their impacts are major and their
repercussions can be very serious. After a blackout, power needs to be restored
as quickly and reliably as possible and, consequently, detailed restoration plans
are necessary [1, 2].

During the early stages of restoring high voltage overhead and underground
transmission lines, concerns are with three related overvoltages: sustained
power frequency overvoltages, switching transients (surges), and harmonic
resonance. In the early stages of the restoration, the lines are lightly loaded;
resonance therefore is lightly damped, which in turn means the resulting
resonance voltages may be very high [3 — 7].

If the frequency characteristic of the system shows resonance conditions
around multiples of the fundamental frequency, very high and weakly damped
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temporary overvoltages (TOVs) of long duration may occur when the system is
excited by a harmonic disturbance, such as the switching of lightly loaded
transformers or transformer saturation [8 — 11].

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 [2, 12].

In this paper power system blockset (PSB), a MATLAB/Simulink-based
simulation tool [13, 14] is used for computation of temporary overvoltages. In
order to study temporary overvoltages for a large number of possible system
configurations, it is necessary to run many time-domain simulations resulting in
a large amount of simulation time. A way to limit the overall calculation time is
to reduce the number of simulations by applying analytical or knowledge-based
rules to discard a number of system configurations before an actual time-
domain simulation is carried out. This paper presents the ANN application for
estimation of peak and duration overvoltages under switching transients during
transformer energization. A tool such as proposed in this paper that can give the
maximum switching overvoltage and it's duration will be helpful to the operator
during system restoration. Also it can be used as training tool for the operators.
In the proposed ANN we have considered the most important aspects, which
influence the transient overvoltages such as source voltage, line length,
switching angle, saturation curve slope and remanent flux. This information will
help the operator to select the proper sequence of transformer to be energized
safely with transients appearing safe within the limits. Results of the studies are
presented for a partial of 39-bus New England test system to illustrate the
proposed approach.

2 Modelling Issues

2.1 Power System Blockset (PSB)

Simulations presented in this paper are performed using the PSB [14]. The
simulation tool has been developed using state variable approach and runs in the
MATLAB/Simulink environment. This program has been compared with other
popular simulation packages (EMTP and Pspice) in [13]. The user friendly
graphical interfaces of PSB enable faster development for power system
transient analysis.

2.2 Transmission-line model

Transmission lines are described by PI cells, the R, L and C parameters
being derived from lumped-line models. One PI section is used for every 25 km
line section [15] in order to correctly represent its exact impedance under the
tenth harmonic. This model is also accurate enough for frequency-dependent
parameters, because the positive sequence resistance and inductance are fairly
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constant up to approximately 1 kHz [16] which covers the frequency range of
phenomena that this paper deals with.

2.3 Generator model

In [16], generators have been modeled by the generalized Park’s model that
electrical and mechanical parts are thoroughly modeled. In this work, generators
are represented by a sinusoidal voltage source behind their subtransient reactan-
ces X . Phases of voltage sources are determined by the load-flow results.

2.4 Load and shunt devices model

All of the loads and shunt devices, such as capacitors and reactors, are
modeled as constant impedances.

2.5 Transformer model

The model takes into account the winding resistances (R;, R;) , the leakage
inductances (L, L,) as well as the magnetizing characteristics of the core, which
is modeled by a resistance, R, simulating the core active losses and a saturable
inductance, Lg,. The saturation characteristic is specified as a piece-wise linear
characteristic [17].

3 Harmonic Overvoltages during Restoration

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 overvol-
tages, and overvoltages resulting from ferro-resonance. 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. Ferro-resonance is a nonharmonic resonance
characterized by overvoltages whose waveforms are highly distorted and can
cause catastrophic equipment damages [1].

This paper concentrates on the estimation of harmonic overvoltages. These
are a result of network resonance frequencies close to multiples of the
fundamental frequency. They can be excited by harmonic sources such as
saturated transformers, power electronics, etc. They may lead to long lasting
overvoltages resulting in arrester failures and system faults [2].

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
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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, 18].

Fig. 1 shows the sample system considered for explanation of the proposed
methodology which is a portion of 39-bus New England test system. Fig. 2
shows a sample switching overvoltages at bus 39 when transformer is
energized.

Bus30 Bus2 Busl Bus39

7130 2 Line2_1 Linel_39
Gl mes— -

Load39

Fig. 1 — Power system at the beginning of a restoration procedure.
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Fig. 2 — Voltage at bus 39 after switching of transformer for worst case condition.

In practical system a number of factors affect the overvoltages factors due
to energization or reclosing. In this paper following parameters is considered:

— Source voltage,

— Line length,
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— Closing time of the circuit breaker poles,
— Saturation curve slope,
— Remanent flux.

Source voltage affects the overvoltage strongly. Fig. 3 shows the effect of
source voltage on overvoltage peak and duration at different remanent flux.
Fig. 4 shows the effect of line length on overvoltages at different saturation
curve slope. The saturation curve, and especially the L, i.e. the final slope of
this curve, is a key point for the computation of the inrush currents but is not
very easy to obtain. The transformer manufacturer provides a L, slope value
with a dispersion usually considered of +20 %. Fig. 5 shows effect of remanent
flux on overvoltages at different line length. Fig. 6 shows the effect of
saturation curve slope on overvoltages at different source voltage.
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Fig. 3 — Overvoltage at bus 39 vs. source voltage: with line length = 100 km and
saturation curve slope = 0.32 p.u. (a) Peak; (b) Duration.
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Fig. 4 — Overvoltage at bus 39 vs. line length: with source
voltage =1 p.u. and remanent flux =0.8 p.u (a) Peak; (b) Duration.
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As discussed above for an existing system the main factors which affect the
peak and duration values of switching overvoltage are source voltage, line
length, switching angle, saturation curve slope and remanent flux. Here it
should be mentioned that a single parameter often cannot be regarded
independently from the other important influencing factors. The magnitude and
duration of the overvoltages normally does not depend directly on any single
isolated parameter and a variation of one parameter can often alter the influence
of another parameter, in other words there exists an interaction between the
various system and breaker parameters. This forbids the derivation of precise
generalized rule of simple formulae applicable to all cases [19]. So an ANN can
help to estimate the peak and duration values of switching overvoltages
generated during transformer energization. An ANN is programmed by
presenting it with training set of input/output patterns from which it then learns
the relationship between the inputs and outputs. In next section a ANN-based
approach is described which can give a acceptable solution of switching
transients by the help of which an operator can take a quick decision at the time

of operation.
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Fig. 5 — Overvoltage at bus 39 vs. remanent flux: with source voltage =1 p.u.
and saturation curve slope = 0.32 p.u. (a) Peak; (b) Duration.
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Fig. 6 — Overvoltage at bus 39 vs. saturation curve slope: with line length = 100 km
and remanent flux = 0.8 p.u. (a) Peak; (b) Duration.

176



An Approach to Evaluate Switching Overvoltages during Power System Restoration

4 Proposed Method for Harmonic Overvoltages Study

4.1 Worst switching condition determination for overvoltages simulation

Normally for harmonic overvoltages analysis, the worst case of the
switching condition must be considered which it is a function of switching time,
transformer characteristics and its initial flux condition, and impedance
characteristics of the switching bus [17]. Using the worst switching condition,
the number of simulations for each case can be reduced significantly.

In order to determine worst-case switching time, the following index is
defined as:

W=ZZJ-,-(h)1j(h,to,(Po), (M

where,is the switching time and @, is initial transformer flux. This index can

be a definition for the worst-case switching condition. Using a numerical
algorithm, one can find the switching time for which W is maximal (i.e.,
harmonic overvoltages is maximal).

Fig. 7 shows the result of the PSB frequency analysis at bus 39. The
magnitude of the Thevenin impedance, seen from bus 39, Zbus39 shows a
parallel resonance peak at 293 Hz. Fig. 8 shows changes of harmonic currents
and W index with respect to the current starting angle [20], where £ is harmonic
number. Fig. 2 shows voltage at bus 39 after transformer switching for the
worst-case condition (i.e., 17°) in one case. For temporary overvoltages, the
overvoltage duration has to be taken into account in addition to the amplitude
[18]. Table 1 summarizes the results of overvoltages simulation for three
different switching conditions that verify the effectiveness of /¥ index.
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Fig. 7 — Impedance vs. frequency at bus 39.
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4.2 Steps of assessment and estimation of temporary overvoltages

The steps for harmonic overvoltages assessment and estimation follow.

1) Determine the characteristics of transformer that must be energized.
2) Calculate the Z;(#) at the transformer bus for 4 = 2f;,...,10f.

3) Calculation of worst switching condition for simulation.

4) Run PSB simulation.
5) Calculation overvoltage peak and duration.

6) Repetition of above steps with various system parameters to learning
artificial neural network.

7) Testing artificial neural network with different system parameters.
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5 The Artificial Neural Network

The proposal in this work considers the adoption of feed forward
Multilayer Perceptron (MLP) architecture. A MLP trained with the back-
propagation algorithm may be viewed as a practical vehicle for performing a
nonlinear input—output mapping of a general nature [4,21]. Function
approximation by feed forward MLP network is proven to be very efficient,
considering various learning strategies like simple back propagation or the
robust Levenberg—Marquardt. Its ability to perform well is affected by the
chosen training data as well as training scheme. The schematic diagram of the
proposed MLP neural networks architecture is shown in Fig. 9. The
composition of the input variables for the proposed neural networks has been
carefully selected.

Source

voltage

Line Overvoltage
length peak
Saturation Overvoltage
curve slope duration
Remanent

flux

Input Hidden Hidden Output
Layer Layer 1 Layer 2 Layer

Fig. 9 — Proposed MLP-based ANN architecture.

Supervised training of ANN is a usual training paradigm for MLP
architecture. Fig. 10 shows the supervised learning of ANN for which input is
given to PSB to get the peak and duration values of transient overvoltages and
the same data is used to train the ANN. Error is calculated by the difference of
PSB output and ANN output. This error is used to adjust the weight of
connection. Since the switching transient demands a solution with high
precision, the neural network has to be trained considering a very small
stopping criterion. Output values of the trained neural networks must be capable
of computing the voltages with very good precision. Gradient-based training
algorithms, like back propagation, are most commonly used for training
procedures. They are not efficient due to the fact that the gradient vanishes at
the solution. Hessian-based algorithms allow the network to learn more subtle
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features of a complicated mapping. The training process converges quickly as
the solution is approached, because the Hessian does not vanish at the solution.
To benefit from the advantages of Hessian based training, we focused on the
Levenberg—Marquardt (LM) algorithm reported in [22].

Overvoltage peak
Input N PSB and duration
Parameters V
+

/%; |

Fig. 10 — Supervised learning of ANN.

5.1 Levenberg-Marquardt (LM) Algorithm
Suppose that we have a function §(x) which we want to minimize with
respect to the parameter vector x, where

&(x) = Ze,-z (%) 2

Then the Marquardt-Levenberg modification to the Gauss—Newton method is:
Ax=[J" (I (x)+uI | T (x)e(x). 3)

The parameter p is multiplied by some factor f whenever a step would
result in an increased §(x). When a step reduces &(x), p is divided by B.

Notice that when p is large the algorithm becomes steepest descent; while for
small p the algorithm becomes Gauss—Newton. The LM algorithm is very
efficient when training networks have up to few hundred weights. Although the
computational requirements are much higher for the each iteration of the LM
algorithm, this is more than made up for by the increased efficiency. This is
especially true when high precision is required.

In order to get good generalization capability of the neural networks, the
composition of training data consider different source voltages, line lengths,
saturation curve slopes and remanent fluxes. Depending on the analysis to be
conducted it is possible to increase or decrease the quantity of training cases.
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5.2 Generalization and Normalization

One of the most critical problems in constructing the ANN is the choice of
the number of hidden layers and the number of neurons. Using too few neurons
in the hidden layer may prevent the training process to converge, while using
too many neurons would produce long training time, and/or result in the ANN
to lose its generalization attribute. In this study, a number of tests were
performed varying with the one or two hidden layers as well as varying the
number of neurons in each hidden layer. A MLP with two hidden layer and 10
hidden units per layer is found to be sufficient to get good accuracy and
generalization for proposed scheme.

Neural networks learn more quickly and give better performance if the
input variables are pre-processed before being used to train the network. Using
zero mean inputs can minimize the learning time. The inputs presented after
first hidden layer should also be zero mean to speed up the learning. An anti-
symmetric activation function like the hyperbolic tangent function is better than
logistic function which permits the output of neurons in the interval (=1, 1), in
which case it is likely for its mean to zero [21]. Input variables have different
range like source voltage is in the order of 0.5 p.u., line length is in the order of
10 km, saturation curve slope is in the order of 0.4 p.u. and remanent flux is in
the order of 0.2 p.u. Normalization of data is done to preprocessed inputs and
single output, which is peak voltage in the range of 1-3 p.u. and which scaled
into the range of (—1, 1). The hyperbolic tan sigmoid function is used in hidden
neurons and linear activation function is used at output neuron.

5.3 Testing

All experiments have been repeated for different system parameters. After
learning, all parameters of the trained networks have been frozen and then used
in the retrieval mode for testing the capabilities of the system on the data not
used in learning. The testing data samples have been generated through the PSB
program by placing the parameter values not used in learning, by applying
different parameters. A large number of testing data have been used to check the
proposed solution in the most objective way at practically all possible
parameters variation. Percentage error is calculated as:

_ |ANN-PSB

error(%) = PSB 100. 4)

The proposed model tested with portion of 39-bus New England test
system. Various cases of transformer energization are taken into account and
corresponding peak and duration values estimated from trained model.

181



. Sadeghkhani, A. Ketabi, R. Feuillet

5 Case Study

In this section, the proposed algorithm is demonstrated for two case studies
that are a portion of 39-bus New England test system, of which its parameters
are listed in [23]. The simulations are undertaken on a single phase
representation.

4.6 Casel

Fig. 1 shows a one-line diagram of a portion of 39-bus New England test
system which is in restorative state. The generator at bus 30 is a black-start unit.
The load 39 shows cranking power of the later generator that must be restored
by the transformer of bus 39. When the transformer is energized, harmonic
overvoltages can be produced because the transformer is lightly loaded.

Switching transients are simulated for various combinations of system
parameters as follows:

— Source voltage: 0.95-1.1 p.u. in step of 0.05 p.u.

— Line length: 80-170 km in step of 10 km

— Saturation curve slope: 0.24-0.4 p.u. in step of 0.04 p.u.

— Remanent flux: 0.2-0.8 p.u. in step of 0.2 p.u.

Neural network is trained with the goal of mean square error (MSE) 1e-3.
Fig. 11 shows the training of neural network. Results for a sample test data are
presented in Table 2 and also shown in Figs. 12—13. Table 2 contains the some
sample result of test data of Case 1. Values in column Vpgp are the absolute
values of peak voltage at bus 39 calculated by PSB program where the Vann
values are the values simulated by trained network (both in p.u.). Also Values in
column 7psp are the values of overvoltage duration calculated by PSB program
and Tann values are the values simulated by trained network (both in seconds).

Performance is 0.000985413, Goal is 0.001

10 1

10°} 1

Training-Blue Goal-Black

10_ 1 1 1
0 10 20 30 40

40 Epochs

Fig. 11 — Squared error against epoch curve during ANN training.
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Table 2
Case 1: Some sample testing data and output.
S.V. | LL. | Ly | @ Vess Vann Ey Tpsp Tann Er

0.925 95 034 | 0.1 | 1.4322 | 1.4524 | 1.4126 | 0.0896 [ 0.0904 | 0.9462
0925 | 105 | 034 [ 0.7 [ 1.5868 | 1.5801 | 0.4222 | 0.5813 | 0.5862 | 0.8429
0925 | 135 | 038 [ 0.5 [ 2.0273 | 2.0407 | 0.6581 | 0.5694 | 0.5531 | 2.8624
0925 | 155 | 026 [ 03 | 1.4626 | 1.4789 | 1.1117 | 0.4218 | 0.4167 | 1.2091
0.975 85 034 | 03 | 1.3773 | 1.3717 | 0.4097 | 0.1219 [ 0.1236 | 1.3946
0975 | 115 | 034 | 0.1 | 1.5817 | 1.5527 | 1.8313 | 0.1217 | 0.1234 | 1.4251
0.975 | 145 0.3 0.7 | 1.7852 [ 1.7891 | 0.2196 | 0.4779 [ 0.4751 | 0.5844
0975 | 175 0.3 0.5 | 2.4214 | 2.4415 | 0.8287 | 0.5937 | 0.5962 | 0.4211
1.025 | 105 | 038 | 0.3 | 1.7533 | 1.7589 | 0.3184 | 0.7681 | 0.7724 | 0.5649
1.025 | 135 | 038 | 0.7 | 2.2154 | 2.2393 | 1.0805 | 0.8989 | 0.8802 | 2.0842
1.025 [ 155 | 034 | 0.1 | 1.5835 | 1.5829 | 0.0372 | 0.8713 | 0.8646 | 0.7648
1.075 85 0.3 0.7 | 1.5817 | 1.6016 | 1.2581 | 0.4178 [ 0.4254 | 1.8249
1.075 95 0.26 | 0.7 | 1.7605 | 1.7724 | 0.6759 | 0.4727 | 0.4651 | 1.6033
1.075 | 135 | 034 | 0.1 | 2.2708 | 2.2976 | 1.1802 | 0.9399 | 0.9404 | 0.0537
1.075 | 175 | 038 | 0.1 | 2.8332 | 2.8728 | 1.3965 | 0.9418 | 0.9338 | 0.8463

S.V. = source voltage [p.u.], L.L. = line length [km], L, = saturation curve slope [p.u.],
@, = remanent flux [p.u.], £, = voltage error [%] and Er= duration time error [%].

Fig. 12 shows overvoltage peak and duration at bus 39 vs. the source
voltage while other parameter like line length, saturation curve slope and
remanent flux, constant at 125 km, 0.34 p.u. and 0.5 p.u., respectively. Fig. 13
shows overvoltage peak and duration at bus 39 vs. the remanent flux when other
parameter like source voltage, line length, saturation curve slope, constant at
1.025 p.u., 95 km and 0.26 p.u., respectively.
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Fig. 12 — Overvoltage vs. source voltage at bus 39 simulated by ANN
and PSB while line length 125 km, saturation curve slope 0.34 p.u.
and remanent flux 0.5 p.u. (a) Peak; (b) Duration.
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Fig. 13 — Overvoltage vs. remanent flux at bus 39 simulated by ANN
and PSB while source voltage 1.025 p.u., line length 95 km
and saturation curve slope 0.26 p.u. (a) Peak; (b) Duration.
6.2 Case 2

As another example, the system in Fig. 14 is examined. It represents the
same system as the one in Fig. 1, but a few restoration steps later. In the next
step of the restoration, unit at bus 29 must be restarted. In order to provide
cranking power for this unit, the transformer at bus 29 should be energized. In
this condition, harmonic overvoltages can be produced because the load of the
transformer is small.

Busl

Bus30  Bus2 Bus39

Line2_1 Linel_39

Zt2

Gl G3
Load3
Line2_25
Bus37  Bus25 Bus26 Bus29
7437 25 Line26_29
—
Line25_26 Bus28
Load25
Line28_29 I

Line26_28
Load26
Load28

Fig. 14 — Studied system for Case 2.

Load29

The various cases of transformer energization are taken into account and
corresponding peak and duration overvoltages are computed from PSB
program. Summary of few result are presented in Table 3. It can be seen from
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the results that the ANN is able to learn the pattern and give results to
acceptable accuracy.

Table 3
Case 2: Some sample testing data and output.

SV. | LL. | Lac | ® | Vess | Vasn | Ev Tess | Tany | Er

0925 | 95 | 026 | 0.5 | 1.4995 | 1.5132 | 0.9137 | 0.6195 | 0.6272 | 1.2439
0925 | 115 | 034 | 0.3 | 1.6319 | 1.6365 | 0.2767 | 0.8014 | 0.7953 | 0.7631
0.925 | 135 | 0.38 | 0.1 | 2.0581 | 2.0304 | 1.3478 | 0.5218 | 0.5256 | 0.7325
0925 | 165 | 03 | 0.7 | 1.8396 | 1.8673 | 1.5084 | 0.3015 | 0.2963 | 1.7318
0975 | 95 | 038 | 0.3 | 1.5387 | 1.5105 | 1.8351 | 0.7996 | 0.7984 | 0.1534
0975 | 125 | 034 | 0.3 | 1.9377 | 1.9469 | 0.4762 | 0.8617 | 0.8697 | 0.9308
0.975 | 155 | 034 | 0.5 | 2.0493 | 1.9636 | 4.1813 | 0.3821 | 0.3743 | 2.0379
0.975 | 175 | 0.26 | 0.7 | 2.0351 | 2.0031 | 1.5709 | 0.3422 | 0.3473 | 1.4968
1.025 | 95 | 038 | 0.3 | 1.6183 | 1.6043 | 0.8637 | 0.8071 | 0.8025 | 0.5699
1.025 | 125 | 0.34 | 0.3 | 2.0372 | 2.0443 | 0.3471 | 0.8969 | 0.9064 | 1.0559
1.025 | 155 | 03 | 0.5 | 22047 | 2.1734 | 1.4197 | 0.4748 | 0.4729 | 0.3941
1.075 | 95 | 026 | 0.5 | 1.7396 | 1.7185 | 1.2095 | 0.8021 | 0.8147 | 1.5709
1.075 | 115 | 034 | 0.7 | 1.8967 | 1.9076 | 0.5742 | 0.7906 | 0.7821 | 1.0751
1.075 | 145 | 038 | 0.5 | 2.3236 | 2.3214 | 0.0933 | 0.8749 | 0.8682 | 0.7638
1.075 | 165 | 0.38 | 0.7 | 2.1047 | 2.0809 | 1.1308 | 0.5435 | 0.5346 | 1.6392

S.V. =source voltage [p.u.], L.L. = line length [km], L, = saturation curve slope [p.u.],
@, = remanent flux [p.u.], £ = voltage error [%] and Er = duration time error [%].

7 Conclusion

This paper proposed an artificial neural network based method to estimate
the peak and duration overvoltages due to transformer energization. The
Levenberg—Marquardt second order training method has been adopted for
obtaining small mean square error (MSE) without losing generalization
capability of ANN. The results from this scheme are close to results from the
conventional method and helpful in predicting the overvoltage of the other case
studies within the range of training set. The proposed ANN approach is tested
on a partial 39-bus New England test system.

This method omits time-consuming time-domain simulations and it is
suitable for real time applications during system restoration. Also it can be used
as a training tool for the operators.

185



. Sadeghkhani, A. Ketabi, R. Feuillet

[11]

[12]

[13]

[14]

[15]

References

M.M. Adibi, R.W. Alexander, B. Avramovic: Overvoltage Control During Restoration,
IEEE Transaction on Power Systems, Vol. 7, No. 4, Nov. 1992, pp. 1464 — 1470.

A. Ketabi, A.M. Ranjbar, R. Feuillet: Analysis and Control of Temporary Overvoltages for
Automated Restoration Planning, IEEE Transaction on Power Delivery, Vol. 17, No. 4,
Oct. 2002, pp. 1121 — 1127.

S.A. Taher, I. Sadeghkhani: Estimation of Magnitude and Time Duration of Temporary
Overvoltages using ANN in Transmission Lines during Power System Restoration,
Simulation Modelling Practice and Theory, Vol. 18, No. 6, June 2010, pp. 787 — 805.

D. Thukaram, H.P. Khincha, S. Khandelwal: Estimation of Switching Transient Peak
Overvoltages during Rransmission Line Energization using Artificial Neural Network,
Electric Power System Research, Vol. 76, No. 4, Jan. 2006, pp. 259 — 269.

G.S. Punekar, C. Kandasamy: Indirect Effects of Lightning Discharges, Serbian Journal of
Electrical Engineering, Vol. 8, No. 3, Nov. 2011, pp. 245 — 262.

A.S. Kumar, R.P. Gupta, A. Venkatasami, K. Udayakumar: Design Parameter based Method
of Partial Discharge Detection and Location in Power Transformers, Serbian Journal of
Electrical Engineering, Vol. 6, No. 2, Nov. 2009, pp. 253 — 265.

S. Cundeva: A Transformer Model based on the Jiles-Atherton Theory of Ferromagnetic
Hysteresis, Serbian Journal of Electrical Engineering, Vol. 5, No. 1, May 2008, pp. 21 — 30.

M.M. Adibi, J.N. Borkoski, R.J. Kafka: Analytical Tool Requirements for Power System
Restoration, IEEE Transaction on Power Systems, Vol. 9, No. 3, Aug. 1994, pp. 1582 — 1591.

T. Hayashi et al.: Modeling and Simulation of Black Start and Restoration of an Electric
Power System — Results of a Questionnaire, Electra, No. 131, July 1990, pp. 157 — 169.

I. Sadeghkhani, A. Ketabi, R. Feuillet: New Approach to Harmonic Overvoltages Reduction
during Transformer Energization via Controlled Switching, 15th International Conference
on Intelligent System Applications to Power Systems, Curitiba, Brazil, 8 — 12 Nov. 2009,
pp.- 1 -6.

[. Sadeghkhani: Using Artificial Neural Network for Estimation of Switching and
Resonance Overvoltages during Bulk Power System Restoration, M.Sc. Thesis, Department
of Electrical Engineering, University of Kashan, Dec. 2009.

I. Sadeghkhani, A. Ketabi, R. Feuillet: Estimation of Temporary Overvoltages during Power
System Restoration using Artificial Neural Network, 15th International Conference on
Intelligent System Applications to Power Systems, Curitiba, Brazil, 8 — 12 Nov. 2009,
pp- 1 6.

G. Sybille, P. Brunelle, L. Hoang, L.A. Dessaint, K. Al-Haddad: Theory and Applications of
Power System Blockset, a MATLAB/Simulink-based Simulation Tool for Power Systems,
IEEE Power Engineering Society Winter Meeting, 23 — 27 Jan. 2000, Vol. 1, pp. 774 — 779.

A. Ketabi, I. Sadeghkhani: Electric Power Systems Simulation using MATLAB, Morsal
Publications, Apr. 2011, (in Persian).

F. Zgainski, B. Caillault, V. Renouard: Validation of Power Plant Transformers Re-
energization Schemes in Case of Black-out by Comparison between Studies and Field Tests
Measurements, International Conference on Power Systems Transients, Lyon, France, 4 — 7
June 2007.

P.G. Boliaris, J. M. Prousalidis, N.D. Hatziargyriou, B.C. Papadias: Simulation of Long
Transmission Lines Energization for Black Start Studies, 7th Mediterranean Electrotechnical
Conference, Antalya, Turkey, 12 — 14 April 1994, Vol. 3, pp. 1093 — 1096.

186



[17]

(18]
[19]

(20]

An Approach to Evaluate Switching Overvoltages during Power System Restoration

G. Sybille, M.M. Gavrilovic, J. Belanger, V.Q. Do: Transformer Saturation Effects on EHV
System Overvoltages, IEEE Transaction on Power Apparatus and Systems, Vol. PAS-104,
No. 3, March 1985, pp. 671 — 680.

G. Morin: Service Restoration following a Major Failure on the Hydro-Quebec Power
System, IEEE Transaction on Power Delivery, Vol. 2, No. 2, Apr. 1987, pp. 454 — 463.

Cigre Working Group: Switching Overvoltages in EHV and UHV Systems with Special
Reference to Closing and Reclosing Transmission Lines, Electra, No. 30, 1973, pp. 70 — 122.

O. Bourgault, G. Morin: Analysis of Harmonic Overvoltage due to Transformer Saturation
following Load Shedding on Hydro-Quebec-NYPA 765 kV Interconnection, IEEE
Transaction on Power Delivery, Vol. 5, No. 1, Jan. 1990, pp. 397 — 405.

S. Haykin: Neural Network: A Comprehensive Foundation, Prentice Hall, India, 1998.

M.T. Hagan, M.B. Menhaj: Training Feedforward Networks with the Marquardt Algorithm,
IEEE Transaction on Neural Network, Vol. 5, No. 6, Nov. 1994, pp. 989 — 993.

S. Wunderlich, M.M. Adibi, R. Fischl, C.O.D. Nwankpa: An Approach to Standing Phase
Angle Reduction, IEEE Transaction on Power Systems, Vol. 9, No. 1, Feb. 1994, pp. 470 — 478.

187




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


