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Abstract: In this paper, we analysed the growing penetration of generating units from renewable
energy sources in transmission power systems. Among the possible effects of the interaction of
distributed generation (DG) with transmission systems, we considered the abnormal operating
conditions caused by short circuits in the transmission systems and the resulting voltage sags that
occur in the network. A systematic method is presented for analysing the voltage sag behaviour
of any transmission system in which large DG units are connected to the transmission system by
means of High Voltage/Medium Voltage (HV/MYV) stations. The method proposed for obtaining the
voltage sags is the fault position method (FPM), from which we derived a graphical visualization
of the during-fault voltage (DFV) matrix as a valuable tool to obtain an immediate measure of the
propagation of voltage sags in the network. The results obtained were based on a portion of a real
transmission system. The system that we considered is an actual portion of the Italian transmission
system, and all of the quantities we used were obtained from the data of the Transmission system
operator (TSO).

Keywords: power quality; voltage sag; power transmission

1. Introduction

The increasing penetration of generating units from renewable energy sources is expanding
the boundaries of power system studies. Such generators typically are installed at the distribution
system level, so they are driving the scientific community to deal with new problems of planning and
managing distribution networks in normal and abnormal operating conditions in the presence of the
so-called distributed generation (DG). The new challenges for researchers and managers involve the
complete change of the distribution paradigm from passive networks with unidirectional, top-down
energy flows to active networks with bi-directional energy flows [1-4].

During the planning stage, the designs of the power lines and the centralized generating units,
for example, are taking advantage of the new economic and regulatory environment that allows
deferring the reinforcement of the power system.

During the operation stage, the technological innovations introduced by new generating units
offer new solutions for increasing the efficiency, reliability, and flexibility of the distribution service
to customers, e.g., by reducing line losses and the unavailability of electricity and by meeting the
customers’ specific needs.

The widespread success of DG has also introduced new issues related to the impact of
decentralized power generating units, consisting mainly of bi-directional power flow, the management
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of complex reactive power, and the interaction of the units with the distribution network when Power
Quality (PQ) disturbances occur. These problems have become more relevant due the increased
awareness of the customers concerning their needs for electric service that is of good quality and
reliable. The customers recognize that they are in liberalised markets, and they expect PQ levels
that are close to the levels required for their own electrical loads, which tend to be technologically
advanced and, thus, more vulnerable. Several studies in the relevant literature have dealt with the
analysis of distribution systems in the presence of DG units, and they have focused on the benefits and
the issues related to PQ [5-11]. The contributions in the literature cover a wide range of proposals;
in [5,6] proper site and system indices are defined to characterize the PQ performance of systems
in the presence of DG units, while in [7] the planning of DG is instead modelled on probabilistic
scenarios taking into account the PQ issues that are demonstrated to be influenced by the presence of
DG units. The influence of the level of penetration of the DG on the voltage-sag characteristics and
propagation in the distribution network have been analysed in [8,9]. In function of the size and location
of the DG and network operational practices, reference [8] shows that significant improvements in
bus voltage-sag performance could be expected as a consequence of the connection of DG. In [9],
the effects of mitigation of the voltage sags by converter-connected DG in the low voltage distribution
networks are proved small as compared to the effects of DG on voltage sags in high voltage networks.
Further papers [10,11] investigate the possibility to adequately use the DG units for mitigating the
severity of the voltage sags. The comprehensive review of [10] reports several methods or schemes
proposed in the literature to solve the problem of voltage sags and keep the voltage at its nominal
value during the sag. Among others, in [11] two main methods are compared in terms of transient
performance: the extension of the DG converter to the function of series compensator and the transfer
of a vulnerable area of the network to the micro-grid operation fed by DG units.

As shown in the previous analysis of the literature, the interaction of DG units with power systems
can affect the PQ levels of the systems, thereby affecting their performance due to problems that range
from the variations linked to the permanent operating conditions, e.g., slow variations of voltage,
harmonics and inter-harmonics, to events associated with transient operating conditions, such as
voltage sags and interruptions [12]. Such interactions thoroughly have been analyzed for distribution
systems, also are becoming of increasing interest for transmission systems, for which some specific
aspects are particularly important. At the transmission level, in fact, the analysis must consider large
DG units that are installed in medium voltage (MV) distribution networks rather than considering
a huge number of small-sized DG units dispersed in several nodes. This is the typical situation of
medium-to-large wind farms (with respect to power production) in MV distribution systems that are
interconnected with high voltage (HV) transmission systems by HV/MYV stations. The PQ aspects that
affect the performance of the transmission system also are affected by the disturbances from variations
to events.

Among the PQ disturbances, voltage sags caused by short circuits are of increasing interest,
especially for transmission system operators (TSOs). The transmission systems provide electricity for
important industrial loads that are even more vulnerable to voltage sags. The most severe effect of
voltage sags is the sudden and unexpected interruption of manufacturing processes, which can cause
significant economic damage to the customers fed by the TSO [13,14]. In Europe, the National Energy
Regulators are activating different regulatory schemes on PQ starting from the voltage sags [15,16].

In the literature, there are several papers that have dealt with the problem of analyzing voltage
sags in transmission systems [17-23]. The analyses are performed on a stochastic basis [17,18] for
considering the uncertainty in several factors associated with the practical operation of a power system.
Compact formulation of the equations of Fault Position Method are proposed in [19] with the aim
to furnish the analytical formulation for balanced and unbalanced faults in terms of bi-dimensional
vector relations and for site- and system-voltage sag indexes. Reference [20] proposes the concept of
the area of vulnerability to voltage sags for evaluating relationship between sensitive loads and system
voltage sag performance. Finally, in [21] the voltage sags are predicted in the entire 220 kV and 500 kV
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transmission system using actual fault occurrences that took place in 2008 in the transmission system
of Vietnam. All the previous papers analyzed the problem of the voltage sags in the transmission
systems in which the only generation units are traditional power units. Few papers have addressed
the analysis of voltage sags in transmission systems that include large DG units [22,23].

In [22], the Fault Position Method (FPM) was used to study voltage sags in the Uruguayan
transmission system, which includes large wind-based generating units. The study provided
an interesting characterization of the actual Uruguayan transmission system based on the
concept of vulnerabilities associated with different levels of wind-based generation of electricity.
Moreover, the expected behaviour of the transmission system was quantified for different load
conditions and different scenarios in terms of the number of voltage sags that could cause the wind
farms to be disconnected. This was obtained using the low voltage ride through characteristics of the
generating units that currently require the connection of wind-based generation units to the Uruguayan
electrical transmission network.

In [23], performance was analysed in terms of the voltage sags that occurred in a test power
system with transmission and distribution networks. The cases were simulated in the time domain
by using digSILENT PowerFactory software (V14.0, DIgSILENT GmbH, Heinrich-Hertz-Strasse 9
Gomaringen, Germany,) to analyse and compare different wind generators, different loadings on the
network, and utility grids with different strengths.

In light of the information presented above, our aim in this paper was to furnish a systematic
method for analysing the voltage sag behaviour of any transmission system that includes large DG
units connected to the transmission system by means of HV/MYV stations. In the analysis, we evaluated
the impact of DG on the performance of the transmission system as a whole in short-circuit conditions
and in specific busses that were selected based on their having the most vulnerable loads connected.
An important feature of this paper is that the system we considered is a portion of the Italian
transmission system, and all of the quantities we used were obtained from the data of the TSO.

The method proposed to obtain the voltage sags is the FPM, from which we derived a graphical
visualization of the during fault voltage (DFV) matrix as a valuable tool to obtain an immediate
measure of the propagation of the voltage sags in the network [24,25]. Starting from the properties of
the short-circuit reactance matrices of the network, we developed the analytical expressions of the DFV
already presented in [25], and we used them in this paper to adequately interpret the results obtained
from the real transmission system we were studying. The voltage sag performance of the system was
quantified by means of site and system indices in different operating conditions, all of which were
derived from the experience of the TSO.

2. Tool for Assessing the Robustness of an Electrical Power System against Voltage Sags

The availability of tools for the analysis and prediction of the effects of voltage sags on the system’s
performance is of great interest. The voltage-sag frequency is, in general, so low that estimation to
an acceptable degree of accuracy can be obtained only after several years of measurements. Thus, it is
important to conduct theoretical analyses of the voltage sags in electrical power systems to forecast
their performance.

In Italy, the on-going regulations put in place by the Italian Energy Regulator, will push the
utilities toward the implementation of adequate measures to meet the quality objectives that will be
imposed related to voltage sags. For the definition of the optimal solutions, there is strategic value
to be obtained from the theoretical analysis of electrical power systems aimed at estimating their
performance in terms of the severity of the voltage sags that occur. Voltage sags can be simulated using
the FPM. This method offers a global vision of the electrical power system’s response to faults because
it allows the evaluation of the voltage sags in all nodes of system for faults at any bus [19]. In addition,
the faults along the lines also can be simulated by introducing fictitious nodes that represent additional
fault positions.
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Let’s refer to balanced networks in presence of three-phase faults; in this case the procedure of the
FPM can be summarized as follows:

(1) Select the position of fault f;

(2) Perform a short-circuit simulation;

(3) Obtain the during-fault voltages for all electrical power system nodes;

(4) Store the results;

(5) Repeat steps 1 through 4 for all fault positions that must be considered (for example, positions
that coincide with all nodes and have one or more points along all of the lines);

(6) Store the during-fault voltages in the DFV matrix.

The DFV matrix is a bi-dimensional vector of voltages in which each element (i, j) represents the
vector of the during-fault voltage in node i when a short circuit occurs at node j. In case of a three-phase
fault, the DFV matrix, Wd f], is given by the following relationship [19,24]:

[Vas] = [Epf] — [Zsc] (diag(ZSC(l,l),...., Zsc(n,n)>) 1dmg(ﬁpf(1),...., E,,f(n)) )

where 7 is the number of system busbars, [ZSC] is the n x n nodal short circuit impedance matrix,

- : -1
[E,f] is the n vector of the pre-fault voltages, and (diag([st)> is the inverse of the diagonal
matrix constituted by the diagonal elements of the short circuit impedance matrix.

If the pre-fault voltages are assumed to be equal to 1 p.u., Equation (1) becomes:

Vagl = Ju — [Zsc] (diag<zsc(1,1)/ e Zsc(”r”)>)_l I, 2

where ], is a matrix full of ones such that the dimension is equal to the dimension of [ZSC]. I, is
diagonal matrix constituted by the diagonal elements equal to 1.

The method can be extended to the cases of unsymmetrical faults, as reported in [19]. The DFV
matrix provides a compact view of all of the voltages registered at all of the nodes of the electrical
power system. In particular, when the amplitudes of the voltages are lower than a specified value
(typically 90% of the declared voltage), the nodes experience voltage sags.

The DFV matrix illustrates the properties of all sags in all nodes of the system and aggregates
information on the propagation of sags throughout the network. The FPM can be used to acquire
useful information, including:

propagation of voltage sags throughout the network;

amplitudes of the voltage sags for all nodes;

amplitude of voltage sags caused by each node;

nodes in which the faults are critical due to the voltage sags they cause at other nodes;

nodes in which loads could experience the largest number of voltage sags.

A graphical color scheme was proposed to obtain immediate information on the voltage-sag
performance for the entire system obtained by the FPM [19,24]. This graphical visualization allows one
to immediately ascertain where changes in the external condition occurred and whether they affected
the electrical power system’s ability to maintain the severity of the sags at assigned levels.

Figure 1 shows a graphic visualization of the DFV matrix of a transmission electrical power
system. The DFV cells are represented by colors that correspond to their values by means of the grade
scale reported in the figure, i.e., blue for interruptions and white for no sag. With the exception of node
1, where there was no fault, each jth column contains the during-fault voltages for the fault at node
j (affected area of node j), and each ith row contains the during-fault voltages at node i for faults in
any other nodes (exposed area of node 7). The graphical presentation of the DFV matrix, obtainable
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for both distribution and transmission systems, is particularly effective for meshed networks, such as
transmission systems.

Figure 1, as an example, shows that nodes 6 and 7 had large areas that were affected areas, and
when a fault occurs in these nodes, many other nodes experience voltage sags; in fact, the sixth and
seventh columns have several cells in the red range, while node 39 has the smallest exposed area.
This means that this node experiences very few “light” voltage sags due to faults in other nodes. In fact,
the 39th row contains only one blue cell and a few green cells.

The graphical visualization of the DFV matrix also can be used as an immediate tool to assess
improvements and/or degradations of the electrical power system’s robustness in terms of the
amplitudes of the voltage sags. The robustness of an electrical power system against a disturbance
represents generally the intrinsic capacity to maintain assigned disturbance levels when external
conditions change [24].

A/Columns corresponding to nodes 6 and 7

40 —1

0.9

0.8

30

10.7

0.6

20 =l 10.5

10.4

Observation Node #

10.3

1 10 20 30 40
Fault Position #

Figure 1. Graphical visualization of the DFV matrix.

Thus, the robustness of an electrical power system against voltage sags is the ability of the system
to contain the severity of the voltage sags based on the structural characteristics and features of
the installed components. This definition emphasizes the characteristics of the hardware, such the
configuration of the network, installed generator power, and the sizes and types of the lines.

We also must ascertain the parameters required for the immediate verification of the system’s
robustness. The short-circuit power at a generic bus k, S’S‘C, can represent an attractive global measure
of the strength of the electrical system; its value, in fact, can influence the performance of the system in
terms of the severity of the voltage sags.

To show this, we consider Equation (2) and write the during-fault voltage in node k due to
a three-phase fault at node f:

_ Zsc(k, f)

Zsc(f.f)
where Zsc (k, f) and Zsc (f, f) are the (k,f) and (ff) terms of the short-circuit matrix [Zgc], respectively.
If the real parts of the terms of the short-circuit impedance matrix are neglected (as is acceptable

in transmission networks while it is not true for the distribution system where X/R ratio is smaller),
the short-circuit reactance matrix [Xgc] can be considered, and relationship (3) becomes:

Xsc(f. f)

Vir=1 3)

ka:kazl— 4)
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Xsc(k.f)
Xsc(f.f)’

ranges from zero to one. Moreover, the [Xgc] matrix is a diagonally-dominant matrix, meaning that
off-diagonal terms always are less than diagonal terms.

Given that the short circuit power at a generic node f is proportional to the quantity 1/Xsc(f, f),
Equation (4) represents the link that exists between the short-circuit power level at node f and the
during-fault voltage, V7, at bus k when the fault occurs at node f. So, considering the short-circuit
power of nodes f and k, we can compare Vy ¢, given by Equation (4), with V. given by:

From this equation, the DFV at node k depends on the ratio, i.e., a real quantity that

Xsc(f,k)

Va=Vig=1— ;g
! ! Xsc(k, k)

®)

If node k has a short-circuit power larger than that of node f, the during-fault voltage of node k for
a faultin f (Vj ) is greater than the during-fault voltage of node f for a fault in k (V¢ k). In fact, in the
Equations (4) and (5), Xsc(kf) = Xsc(fk), since the matrix [Xgc] is symmetrical, and Xgc(kk) < Xsc(ff).

If we compare every pair of nodes, we see that the larger the short-circuit level of a node, the less
severe the voltage sags. However, the larger short-circuit level of a node, the more severe voltage sags
that the node causes.

These two linkages can be viewed as the negative effect of the short-circuit power on the voltage
sags caused by the node and as the positive effect of the short-circuit power on the voltage sags that
the node experiences. Such properties can be easily ascertained using the graphic visualization of the
DFV matrix and information on the short-circuit power levels of the nodes.

We also can examine the short-circuit reactance matrix before and after a change in the electrical
power system that affects the short-circuit power of a node. Assume that X" (f, f) and that
V"€@(k, f) are, respectively, the short-circuit reactance of node f and the during-fault voltage of
a generic node k for a fault in node f after the change. The increase of the short-circuit power of the
generic node f can produce voltage sags in other nodes that are more or less severe than the sags that
the same node causes before that node’s short-circuit power is increased. Note that the installation of a
DG unit can increase the short-circuit power in the node [19]. We compare the during-fault voltage in
generic node k due to the fault in f before increasing the short-circuit power of node f(V(k, f)) with the
same quantity after the change (V"**?(k, f)). Since the short-circuit reactance matrices are dominant
diagonally both before the change [Xsc] and after the change [XZ&*], we have that:

Xsc (klf) S Xsc (flf) (6)
Xsc” (k, f) < Xs&¥ (f, ) @)

The following relationship can be verified by increasing the short-circuit power of node f:

Xsc(f, ) > Xsc” (. f) ®)

Taking into account the above conditions, we have V(k, f) > V"% (k, f) if:

_ Xsc(kf) o | _ XE(k f)

= new{ ©)
Xsc(f. f) X5c*(fi f)
The inequality (9) can be developed as:
Xsc(k, f) < XneW( ,f) Xsc(f. f) with Xsc(f, f) (10)

XU f) Xé‘f:w(f,f)
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Relationship (10) can be expressed in terms of short-circuit power as follows:

f, new f, new
Xsc(k, f) < X3¢ (k, f) =5 — with 25— >1 (11)
SSC SSC

The terms Sg c and ngj"ew of Equation (11) are the short-circuit power at bus k before and after
the change in the power system, respectively.

If condition (11) is valid, then increasing the short-circuit power in a node will have a negative
effect on the performance of the other nodes in which V"¢ (k, f) < V(k, f). If the short-circuit power
of a node varies, during-fault voltages will be produced in other nodes, depending on condition given
by Equation (11).

The variation of the short-circuit power of a node causes more or less severe sags in other
nodes depending on conditions given by Equations (10) and (11). All of the possible conditions
are summarized in Table 1. Table 1 together with the DFV matrices can support the analysis of the
robustness of a distribution system in the presence of structural modifications.

Table 1. Analysis of variation due to changes in the network.

X5’ (k.f)
Xsc(k,f)
1 No <1 >0

0 X f) o Sk

Case Increase of S/,;C Ve (k, f) — V(k,f)

2 No >1 X(k, f) Sgrczew
f

3 No >1 >0 if X;;z(';c(l;)f ) SZZEW
f

4 Yes <1 <0 if X;?k( I;)f ) SZ‘ZEW
f

6 Yes >1 <0

It is not always possible to neglect the resistances in an actual electric power system, so the
considerations in Table 1 should be verified by considering the terms of the Zs.(k, f) matrix rather
than the terms of the X, (k, f) matrix, as will be shown in the numerical application in which an
actual transmission system is analyzed.

3. Indices to Quantify the Severity of the Voltage Sag

The levels of the disturbances associated with voltage sags can be related to many factors that
describe these disturbances, e.g., amplitude, frequency of occurrence, and duration. The available
indices of voltage sags resume some of these features in a compact way so that the disturbance level can
be measured by the value of the selected index. In this paper, we will refer to the site and system indices
that are used most frequently in the analyses of power systems [6,26,27]. In particular, with reference
to the site indices, we considered:

The expected value of the amplitude of the voltage sag at node k (u(VDAy)).

The Root Mean Square (RMS) variation frequency index for retained voltage X related to site
k (RFI-Xj).

This index indicates how often the magnitude of a voltage sag falls below a specified threshold
with the value of X.
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With reference to the system’s indices, we considered the indices that were obtained as a weighted
average of the site index, i.e.,

e the System Average Voltage Dip Amplitude (SAVDA) given by:
M M
SAVDA =) wi(n[VDAL])/)_ wy (12)
1 1

e  The System Average RMS variation Frequency Index (SARFI-X) that is given by Equation (13) for
each value of X:

M M
SARFI — X =Y _wi(RFI — Xi)!)_ wy (13)
1 1

In Equations (12) and (13), wy is the weighting factor of node k, and M is the total number of sites
considered in the system in which the voltage sags arose (M < N, with N being the number of nodes
in the system; in the presence of unbalanced voltage sags caused by unbalance faults, the evaluation of
the SARFI-X and RFI-X indices can be performed considering the lowest magnitude for the individual
phases [28]). Usually, weighting factors are introduced for all indices of the system to take into account
the difference in the importance of different nodes; the weighting factors are (in most cases) assumed
to be equal for all of the nodes.

It is possible to obtain the probabilistic characteristics of the sags that are needed to measure their
severity by proper statistical indexes [6,21,22]. This allows derivation of the expected performance of
a node or of the entire system in terms of e.g., the number of sags per year and the average amplitude
of the sags. To this end, the fault voltages contained in the sag matrix must be combined with the fault
rate of the system component (nodes or points along the lines) where the short circuit that is being
considered originated. Let A be the vector that contains the corresponding fault rate of each of the f
fault positions:

A=[A, A, A (14)

The voltage sags at arbitrary node i due to the f fault positions, Vi, first can be grouped according
to the ranges of interest (for example from 0.1 to 0.9 p.u. with the desired step). Then, as illustrated in
Table 2, we compute the cumulative frequency of the voltage sags at node i, the amplitude of which
falls in each range, by summing the failure rates of the fault positions that caused the sags. It is clear
from (14) and from Table 1 that no closed relationships are available to calculate site and system
voltage-sag indexes, so separate computations must be done. In [29], closed-form relationships were
proposed that also allow the direct computation of the site and system indexes.

Table 2. Cumulative frequency of the voltage sags at node i.

Range of Amplitude of Sags (p.u.) Frequency (Number of Sags/Year)
0.1-0.5 LAj: Vij <05
]
0.5-0.6 LA 05<V; <06
]
0.8-0.9 TAj: 08<V; <09
]

Robustness indices were introduced in [5,19,27] to synthesize the performances of the nodes in
terms of affected and exposed areas. The definitions of these indices, i.e., the Affected Area Dimension
Index and the Exposed Area Dimension Index are as follows:

e  Affected Area Dimension index of k" node (AAD;) is the number of the network’s nodes
experiencing a voltage sag in presence of a fault in k™ node.
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e Exposed Area Dimension index of k" node (EADy) is the number of the network’s nodes that,
if interested by faults, produce a voltage sag in the k™ node.

4. Numerical Application

The impact of DG on voltage sag performance has been studied for a portion of the Italian
transmission system in four different configurations. The simplified scheme and the main
characteristics of the transmission system are reported in the Appendix A. We analysed the following
cases:

Case A: Network without either DG or thermoelectric generation
Case B: Network with only thermoelectric generation

Case C: Network with only DG

Case D: Network with both DG and thermoelectric generation.

To model DG units, the differences in the technology of wind-based generation systems were
considered. In particular, the fixed speed induction generators and doubly-fed induction generators
were modeled as an asynchronous machine using transient reactance without saturation. The wind
generators considered in this study are directly connected to the grid without power converter interface
and with rated power equal to about 2 MW-3 MW. For these generators, the saturation is assumed
negligible since the difference among unsaturated and saturated reactance values for these wind
generators is slight. In fact, the manufacturer’s data sheets of wind generators do not discriminate
between the values of the reactance with and without saturation [30]. However, permanent magnet
synchronous generators are modeled using a high value of reactance, thereby neglecting the low
contributions to short-circuit currents made by generators connected to the grid with full-scale
power converters.

In the network we studied, the sub-transient d-axis reactance (X;') was used to represent the
synchronous generators of thermoelectric power plants. The resistive component in generators is
negligible, and, for practical purposes, it was ignored. The reactance values were obtained from the
manufacturer’s data sheets.

In each case, we analysed the performance of the network in terms of the severity of the voltage
sags due to the three-phase solid faults. When a voltage sag occurs, grid operators require that any
generator (including wind) must have ride-through fault capability, known as “low-voltage ride
through” (LVRT). The LVRT requirements stipulate that generation facilities must stay connected
to the transmission system, during a fault, to support the grid stability. For this reason, the DG
wind generators were assumed able to stay connected to the transmission system for all values of
retained voltages.

Figure 2 shows the graphical representation of the DFV matrices for each case. A comparison of
the DFV matrices makes it evident that the DG installations had a positive effect on the voltage sags in
many buses of the transmission system. In fact, the connection of many DG units helped mitigate the
severity of the sags. The best voltage-sag performance of the system was Case D, which had both DG
and thermoelectric generation.

In the transmission system that we studied, three industrial loads (connected at nodes #68, #119,
and #121) were particularly vulnerable to voltage sags due to the high sensitivity of the equipment
being used in the industries’ manufacturing processes. To analyse the voltage-sag performance at each
industrial load’s busbar during the 3-phase fault, the single corresponding ith row was extracted from
the DFV matrices for all of the cases. Each ith row contains, in fact, the during-fault voltages at node i
for faults in any other nodes of the system. Figures 3-5 show the rows of nodes #68, #119, and #121 for
all the case studies that were considered.

From the results reported in the Figures 3-5, it is evident that the effects of the DG were beneficial
for all three of the buses that were considered. For buses #68 and #121, the benefits were on “light”
voltage sags, i.e., voltage sags characterised by amplitudes greater than 0.1 p.u. However, for bus
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#119, the reduction of “deep” voltage sags was also registered, since some red cells became orange.
As a general consideration, we can say that the severity of the voltage sags appeared to be more
pronounced for nodes #119 and #121. To highlight the benefits of the DG installation on the severities
of the voltage sags, the RFI-X and SARFI-X indexes were calculated with and without the presence of
the DG units. For the calculation of the site and system indexes, the failure rate of each node was taken
from the operating data of the transmission system. In particular, the statistical data were obtained

from [31].
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Figure 2. Graphical presentation of the DFV matrixes for all the considered cases.
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Table 3 shows the system indexes for all the cases that were considered. The total number of
voltage sags per year was not very different for Cases A and B, but there were significant decreases in
Cases C and D due to the presence of DG.

Table 3. SARFI-X (number of sags per year) in all of the cases that were considered.

SARFI-X Case A Case B Case C Case D
SARFI-10 0.9 0.9 0.6 0.6
SARFI-20 1.7 1.6 1.0 0.9
SARFI-30 2.2 2.1 14 14
SARFI-40 2.7 2.6 2.1 2.0
SARFI-50 3.9 3.4 2.8 2.6
SARFI-60 5.1 4.8 3.9 3.6
SARFI-70 7.1 6.6 5.5 5.2
SARFI-80 11.1 10.2 8.8 8.2
SARFI-90 17.4 16.4 14.8 14.0




Energies 2017, 10, 959 12 of 19

Tables 4-6 report the values of the RFI-X index for nodes #68, #119, and #121, which are particularly
vulnerable to sags. From the values given in these tables, it the benefits of the DG installation are

clear. In particular, the benefits are more appreciable for the most severe voltage sags. (See index from
RFI-60-RFI-90 for Case C and Case D in comparison to Case A).

Table 4. RFI-X (number of sags per year) in all of the cases considered for node 68.

Indexes Case A Case B Case C Case D

RFI-10 0.2 0.2 0.2 0.2
RFI-20 0.5 0.5 0.5 0.5
RFI-30 0.5 0.5 0.5 0.5
RFI-40 0.9 0.9 0.9 0.9
RFI-50 1.4 1.4 1.1 1.1
RFI-60 4.1 4.1 3.0 3.0
RFI-70 51 49 49 49
RFI-80 9.7 8.2 7.5 7.3
RFI-90 13.9 13.8 12.8 11.7

Table 5. RFI-X (number of sags per year) in all of the cases considered for node 119.

Indexes Case A Case B Case C Case D

RFI-10 1.9 1.9 0.6 0.6
RFI-20 1.9 1.9 1.9 1.9
RFI-30 24 24 1.9 1.9
RFI-40 2.6 2.6 2.6 2.6
RFI-50 3.8 3.5 3.3 3.2
RFI-60 6.0 6.0 4.6 43
RFI-70 7.7 7.5 6.6 6.6
RFI-80 14.1 13.4 11.9 11.7
RFI-90 20.9 204 19.1 18.5

Table 6. RFI-X (number of sags per year) in all of the cases considered for node 121.

Indexes Case A Case B Case C Case D

RFI-10 04 0.4 04 0.4
RFI-20 1.9 1.9 1.9 1.9
RFI-30 2.6 24 1.9 1.9
RFI-40 29 29 29 29
RFI-50 3.5 3.5 3.3 3.3
RFI-60 6.3 6.1 4.6 3.8
RFI-70 77 7.2 6.9 6.9
RFI-80 14.1 12.9 11.9 11.7
RFI-90 209 204 19.1 18.5

Figure 6 shows the comparison between the site (RFI-X) and system (SARFI-X) indexes. It is
evident that nodes #119 and #121 had a larger number of sags than the average of the entire system.

In addition, the number of sags per year for the retained voltage 0.1 (RFI-10) of node 119 decreased
significantly when DG was used (Case C and Case D) compared to the RFI-10 of Case A and Case B.
Figure 7 shows the plots of the exposed area dimension index, EADy, of nodes #68, #119, and #121 for
each network configuration where thresholds were set to 90 and 30%, respectively. The EAD) indexes
of nodes #119 and #121 were greater than the EAD; of node #68 for both thresholds. In particular,
the number of the nodes contained in exposed area 90 of nodes #119 and #121 was the same for each
case that was considered. However, the number of nodes contained in exposed area 30 of node #119
decreased slightly compared to the same value of node #121 in Case A. The connection of additional
generation units generally caused a decreasing trend in the values, but the value of EADy of node #68
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for the 30% threshold did not change, despite the network changes due to the different configurations

that were considered.
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Figure 6. RFI-X and SARFI-X (number of sags/year).
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Figure 7. Exposed Area Dimension Index (number of nodes) of nodes #68, #119, and 121.

For each sensitive node, the total length (km) of the lines in exposed areas 90 and 30 was computed
in every case studied. The values shown in Tables 7 and 8 were obtained by considering, for each node,
the number of kilometers equal to half of the length of lines leaving the node.

The largest exposed area was in node #121 for a threshold of 90% in Case A. The number of
kilometers was, in fact, about 92% of the total length of the lines of the network that we examined.
However, node #68 had the smallest exposed area, with only about 38 km of lines, for threshold 30% in
every configuration of the network. It was interesting to note that the exposed area 90 of node #68
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decreased visibly in terms of kilometers from Case B to Case C when the DG units were connected.
The connection of the DG units also caused a clear reduction of the exposed area 30 for nodes #119 and
#121, as shown in Case C in Table 8.

Table 7. Total length of lines for exposed area 90.

Nodes Case A Case B Case C Case D
(km) (km) (km) (km)
68 876,562 863,351 732,352 693,390
119 1,394,012 1,361,033 1,321,433 1,217,628
121 1,409,875 1,363,099 1,323,499 1,223,979

Table 8. Total length of lines for exposed area 30.

Nodes Case A Case B Case C Case D
(km) (km) (km) (km)

68 37,979 37,979 37,979 37,979
119 191,147 191,147 90,082 90,082
121 197,572 191,147 90,082 90,082

Considering the installation of DG units or thermoelectric power plants as structural variations
in the transmission system, the analysis of the robustness of the system performed as reported in
Section 3. In particular, the variations in the short-circuit power and the short-circuit reactance matrix
were examined before and after the installation of the generation units, according to the conditions of
Table 1. The conditions of Table 1 were also verified for the impedance values.

The installation of the generation units in the area that we studied, as reported in Cases B, Case C,
and Case D, always determined the increase in the short-circuit power if compared to Case A. In Table 1,
all cases from (4) to (6) are theoretically possible.

Table 9 reports the results of the analytical analyses conducted for the nodes that were sensitive to
voltage sags, i.e., #68, #119, and #121, and also for nodes #82 and #29 when both DG and thermoelectric
generators were connected in the network (Case D). The faults were simulated in nodes with increased
short-circuit power. For all pairs of nodes that were considered, the conditions of Table 1 were verified,
and they corresponded to case (5) with the consequent improvements of the performance of the system
in terms of the amplitudes of the voltage sags. The results demonstrated the validity of both the
relationships for the reactance and impedance values.

Table 9. Variations due to changes in the network (Case (D)).

X (k) 2 (K, f) Sse cw
(krf) X(k,f) Z(klf) Sj;gew v (klf) - V(klf)
(68,34) 0.741 0.741 0.937 >0
(119,6) 0.732 0.732 0.843 >0
(121,85) 0.643 0.643 0.779 >0
(82,77) 0.355 0.357 0.789 >0
(29,28) 0.449 0.448 0.928 >0

By comparing Case C with Case B, the other conditions of Table 1 were verified, as shown in
Table 10. It is interesting to note that, in node #119 for fault in #6 and also in node #121 for fault in
#85, a decrease in the short-circuit power resulted in an increase in the amplitudes of the voltage sags,
according to case (1) of Table 1 (the rows are identified with the grey color.)
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Table 10. Variations due to changes in network Case C compared to Case B.

X" (k,f) 2" (k,f) S o
(68,34) 0.835 0.835 0.959 >0
(119,6) 0.926 0.926 1.030 >0
(121,85) 0.936 0.934 1.081 >0
(82,77) 0.411 0.410 0.906 >0
(29,28) 2.098 2.098 1.01 <0

We also analysed the effect of the structural variations due to the installation of a new component.
In particular, as a theoretical case, we considered the connection of node #68, in which a vulnerable
load was connected, to node #77, which was characterized by extensive installation of DG resulting
in high short-circuit power through an ideal line in which the resistive-inductive parameters were
considered to be negligible.

For this case, the RFI-X indexes were calculated for all of the network configurations that were
analysed. These indexes are reported in Figure 8, which compares the RFI-X indexes obtained for the
different cases.

It is evident that the number of sags per year for retained voltage from 0.5 to 0.9 p.u. of
node #68 decreased in the presence of DG compared to the same RFI-X index of Cases A and B.
In particular, for Case C, the RFI-90 and the RFI-20 were reduced by 25% and 38%, respectively, from the
corresponding indexes of Case A.

However, the number of sags per year for retained voltages 0.1 p.u., 0.3 p.u. and 0.4 p.u. was
unchanged for all of the cases.

W Case A Case B Case C Case D
20
15 _
10 |
5 kil
mbE]
&L ESTEE

Figure 8. RFI-X (number of sags/year) for node #68 in the theoretical case.

For node #68, Figure 9 reports a comparison of RFI-X indexes before and after the variation of
topology, when both DG and thermoelectric generators were connected in the area that we studied
(Case D). In the theoretical condition, the number of voltage decreases did not decrease for any of
the retained voltages, despite the increase of short-circuit power due to the connection of node #68 to
node #77.

Conditions (10) and (11) were used to better analyse the effects due to the structural modification
that was considered when a fault occurred in node #68 and all generation was connected (Case D).
The node chosen for observation was node #34 because it represented a 150-kV busbar of an electric
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substation with high short-circuit power and it was localized not too far from the fault position.
The verified conditions are reported in Table 11.

M Real case Theoretical case

14.0

12.0

10.0
8.0

6.0

e .ﬂj|

S O S O S S O
S S S I S A
N N N N N N N N
E & & & & & & &

Figure 9. Comparison of RFI-X (number of sags/year) for node #68.

Table 11. Variations due to change of connection of node #68.

X"k f) 2 (k,f) Sk
k, vew(k,f) — V(k,
(k.f) Xk 70 o (kf) — V(k,f)
(34,68) 0.749 0.749 0.506 <0

The results showed that, in spite of the increase of short-circuit power of node #68, in the
observation node there was a decrease in the amplitude of the voltage sag according to case 4 in Table 1.
Indeed, the increase of short-circuit power did not result in an improvement in voltage quality in each
case. The severity of the voltage sags, in fact, depended on both the variation of the short-circuit power
and condition (11).

5. Conclusions

In this paper, we analysed the robustness of an electrical transmission system against voltage sags.
In particular, this study provides a systematic method for analysing the behaviour of voltage sags in
any transmission system in the presence of large DG units connected to the transmission system by
means of HV/MV stations. The analysis was conducted by using the FPM to evaluate the impact of
DG on the performance of the transmission system in short-circuit conditions in general and in specific
busses selected as the busses where the most vulnerable loads were connected.

The results are presented using a graphic scheme of the matrix that contains the DFV of the
nodes. The most important result was the finding that the effect of a variation of the structure
of the system (connection of thermoelectric units and/or DG units) did not always improve the
system’s performance in terms of the severity of the voltage sags in all of the nodes, even if the
short-circuit power of the nodes were increased. The results obtained for the systems we considered,
which represented a real transmission system, was verified by means of FPM using the analytical
expressions of the during-fault voltages.

An important feature of this paper is that the system we considered is an actual portion of the
Italian transmission system, and all of the quantities we used were obtained from the data of the TSO.
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Abbreviations

AADy Affected Area Dimension index of k' node
EADy Exposed Area Dimension index of k™ node

DG Distributed generation

DFV During-fault voltage

FPM Fault position method

PQ Power Quality

RFI-X RMS variation frequency index for retained voltage X related to site k
SARFI-X system average RMS variation frequency index
SAVDA system average voltage sag amplitude

TSO Transmission system operator

Appendix A

The network used in this study was a simplified model that represents a part of the National Transmission
System of Italy (380 kV and 150 kV) as of December 2015. The scheme of the transmission system is reported in
Figure A1 (data for the study were obtained from TERNA, the Italian TSO). The system consists of 131 buses and
89 overhead lines and underground cables with a total length of 1534 km. It includes five electric substations
that interconnect 380 and 150-kV systems. In particular, buses 1, 2, 4, 6, 38, 39, 40, 46, 47, and 85 form part of the
380-kV transmission level. The generator busbars of the network are the interconnection nodes (busbars #1, #15,
#36, #37, #39, #45, #47, and #67).

It is an active network that includes three large, thermoelectric power plants (971 MVA) and 41 renewable
energy source generators. Wind-based power represents 97% of the total renewable power installed (1388 MVA)
in the network we studied. The remaining 3% consists of photovoltaic systems that are not considered in this
paper. The DG power plants are connected at the distribution level.

Three industrial loads (located at buses #68, #119, and #121) were identified as particularly sensitive to
voltage sags in the area that we analysed.
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Figure A1. The transmission system.
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