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Abstract. The paper is focused on the possible influence that
some network characteristics (i.e. network configuration, type of
neutral operation, geographical area, lines and cable length...)
and environmental phenomena (lighting) may have on voltage
dip performance in Medium Voltage (MV) networks. The
investigation has been performed by applying both correlation
techniques and Multiple Linear Regression analysis (MLR) on
the voltage dips collected along several years of monitoring by
the Italian MV network monitoring system QuEEN. As to the
network characteristics and environmental factors used in the
performed analysis they are referred to the data supplied in the
past for the monitoring system and to the lighting data provided
by the Italian lightning location system SIRF'. The percentage
contribution of each network and environmental factor to the
voltage dips statistic, irrespective of the other parameters, have
been evaluated by multiple linear regression methods. The
results of these analysis confirm that the overhead line length has
got a significant influence on the phenomena while cable lines
length has, as expected, only a negligible effect. The influence of
lightning seems to be not so critical as expected and this happen
also with the neutral type of operation while voltage dips
performances depend, in a non-negligible way, on the belonging
to a geographical area.
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1. Introduction

The influence of the principal network parameters and of
the lightning density on voltage dips statistics has been
investigated since the beginning of the monitoring
campaign of the Italian MV distribution network in order
to get a better knowledge of the possible causes of this
voltage disturbance. Referring in particular to the voltage
dips data collected in 2006 during the spring-summer
period, at that time it was possible to assess a good
correlation (correlation index = 0,93) between the average

' The SIRF system (Sistema Italiano di Rilevamento
Fulmini ) is operate by CESI S.p.A.
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number of voltage dips per week and the averaged stroke
density in Italy as monitored by the Italian lightning
location system SIRF [1]. Besides the seasonal limitations
the analysis at that time were referred only to the voltage
dip statistic collected by a limited number of MV bus-bars
of HV/MV substations, all characterized by compensated
neutral operation. More detailed analysis were performed
on voltage dip statistics collected during the two-years
period 2006 + 2007 by applying multiple linear regression
analysis (MLR) in order to evaluate the influence of the
different network and environmental parameters on the
number of voltage dips in an independent way [2], [3]. In
fact the add value of MLR is that it can be used to
investigate the influence of each single network
characteristic on the number of voltage dips,
independently from all the other parameters, a result
which cannot be reached by analysing voltage dip
performance by simple MV networks aggregations, a sort
of analysis which is however always feasible in the
QuEEN system.

The first regression models implemented considered, as
the main environmental factor to take into account, the
averaged stroke density to soil per week associated to each
Italian “Provincia” or district where a power quality
monitoring unit had been installed. According to those
models the aerial line length appeared to be able to take
properly into account both lightning and the other faults
producers factors (occasional contacts with external
objects, components’ defects, insulators’ pollution). In this
frame the main object of this work has been that of
confirming the validity of the results of the previous
analysis having now at disposal a more local measure of
the average stroke density to soil in comparison with the
provincial ones and dealing with voltage dips data
collected over a tree-years monitoring period (2009 =+
2011) at 400 HV/MV primary substations. More in
particular, in these recent analysis the stroke density to
soil has been evaluated referring to 400 circular areas
centered at the QUEEN substations’ bus-bars monitored
and characterized by a 15 km radius. The sum of K
circular areas centered on K monitored primary
substations is named “Circular Area Monitored”; if K
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corresponds to the all 400 substations (K=400) this area is
named “Total Circular Area Monitored” (TCAM). The
voltage dips performance of the network, on the other
hand, has been evaluated by means of proper indices
which are usually adopted to monitor the network
behavior towards voltage dips [4] + [7].

2. Correlations between lightning activity

and voltage dips indices
The investigations have first
correlations between:
e the weekly stroke density Ng to the Total Circular
Area Monitored;
e the weekly voltage dips indices summarized in Table
I normally expressed per measured point

of all regarded the

referred to the monitoring period 2009 + 2011.

Table I — Voltage dips Indices

Indices Definition
N total number of events occurred in
the monitoring period
N2a total number of events occurred
(N3b) under class 2 (class 3) immunity
curve
R-DFI Regulated Dip Frequency Index [5]
DSI_2a Discrete Severity Index [6] referred
(DSI_3b) to class 2 (class 3 ) immunity curve
MVTA2 Missing Voltage Time Area [7]
(MVTA3) referred to class 2 (class 3)
immunity curve

The aim of these preliminary analysis was that of
verifying whether the two measurement variables co-vary
and quantifying the strength of the relationship between
them.

Table II and Figure 1 confirm the existence of a good
correlation between the weekly voltage dips indices and
the weekly stroke density to soil evaluated referring to the
TCAM and limiting the analysis to the spring - summer
period. In particular the counting indices (N, N2a) or the
counting by weight index (R-DFI) present a better
correlation in comparison with the “energetic” indices (i.e.
MVTAZ2) which show a poor performance. In fact the
former indices take into account both all the events and
their severity which depends on their position against the
immunity curves.

Table 11 — Correlation Indices”

Monitoring perid | N | 23 | N8 [UVTA2/MVTAS| R-DFI | DSI_2a  DSI_3b

8Ng | &Ng | &Ng | &Ng | 8Ng | &Ng | &Ng | &Ng |
Apr Sep 2009-2011) 0,82 074) 062 054 034 072 0,79 078
Apr_Sep 2009 083 0068 049 048 014 064 076 074
Apr_Sep 2010 087) 083 072 069 061 081 085 084
Apr_Sep_2011 080] 084] 076 051] 043 083 085 083

* Ng= weekly stroke density

The extension of the monitoring period to autumn and
winter make the correlation index to drop to 0,51 for the
best correlated voltage dip index (N) or to lower values
for the others. Figure 2 gives a partial explanation of the
drop as it shows that in October - March period it is
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possible to have a significant monthly value for the
number (N) of voltage dips monitored (red curve) and a
very low stroke density (blue curve). This fact suggests
that in autumn and winter it would be better to consider,
as a significant environmental factor on voltage dips
occurring in MV lines, the meteorological perturbation as
a whole, including lightning, wind, humidity, ice, etc.
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Fig. 2 Monthly trend of N (red curve) and Ng (blue curve)

The evaluation of the correlation indices above mentioned
at each point of measurement (400 indices) shows an
important variation from year to year. The scatter plot in
Figure 3 refers, in particular, to the correlation index of
N2a with the stroke density evaluated at each point of
measurements respectively in 2009 and 2010. A high
correlation in 2009 (Point A: abscissa= 0,98) may
correspond to a lower correlation in 2010 (Point B:
abscissa= 0,099).
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Site correlation indices Ng-N2a in 2010

Site correlation indices Ng-N2a in 2009

Fig. 3 Site correlation indices Ng - N2a in 2009 vs 2010

3. Multiple linear regression models
In order to investigate in more depth the relationship
between voltage dips indices (dependent variable or
response) and network/environmental characteristics
(independent or explanatory variables or predictors)
multiple linear regression analysis (MLR) have been
applied to 2009 + 2011 data. Usually MLR can be used to
identify the relationship between a single explanatory
variable and the response of the model when all the other
explanatory variables in the model are ‘“held fixed”,
evaluating in this way the following alternatives:

e the influence of each predictor irrespective of the

others;
® to estimate the expected response for a given values
of the independent variables for forecasting purposes.

In this work MLR has been applied for the first aim, in

order to better investigate the influence of each “network

characteristics” on voltage dips performance, irrespective

of all the other parameters.

A typical MLR model can be expressed as:

I, = Bx,; + Boxy + Byxy +-+ Bx,, + &

where

i i™ observation

L model response

Xoi ... Xi explicative variables

B ... Px regression coefficients

€ random error for the i™ observation

B1 constant which represents the model
response when the explicative variables
are null

X1i unit vector

As the main object of this work has been that of confirming
the validity of the results of previous analogous analysis,
having now at disposal a more local measure of stroke
density to soil, in comparison with the provincial one used
in the past, the MLR models implemented are those that
have been resulted as more promising in the past and that
are characterized by the explicatory variables listed in
Table III. Among the explicative variables the macro - area
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[4] and the type of neutral operation are categorical
variables as they assume only the values 1 or 0 depending
on the belonging or not to a macro area or to the
compensated or isolated neutral type of operation of the
network. All the other explicative variables are continuous.
Two models take into account also the mixed term L,*Ng
which is the product of the aerial line length with the stroke
density and represents the interaction between the two
variables.

Table III. - MLLR models
MLR models Model 1 | Model 2 | Model 3 | Model 4

Response All All All All
indices | indices | indices | indices

) ) ) 0}

Explanatory variables

NO (NorthWest) ** X X X X
NE (NorthEast) ** X X X X
CS (Central part + Sardinia)** X X X X
Sud (South) ** X X X X
SN (type of neutral operation) X X X X
Un (rated voltage)

La (aerial line lenght) X X X
Lc (cable line lenght)

Ng (stroke density) X

La*Ng (mixed term) X X

) N, N2a, N3b, R-DF|, DSI 2a, MVTA2 (**) macro areas

The results of the regression models are reported in the
Tables IV + VII. They have been presented for each
model in order to point out the percentage contribute of
each single explicative variable to the total index under
examination evaluated for the monitoring period (three
years).

Table IV.- Model 1

Model 1
Explicative variables
N N2a N3b RDA  DSl_2a MVTA2
NO (NorthWest) 4% 0% 2% 1% 2% -4%
NE (NorthEast) 1% 2% 5% -3% 1% -9%

CS (Central part + Sardinia)
4% -2% -5% -3% 1% -9%

Sud (South) 35% 39% 44% 40% 37% 55%
SN (type of neutral operation) 12% 20% 22% 21% 16% 9%
Un (rated voltage)

La (aerial line lenght) 26% 28% 32% 29% 28% 45%
Lc (cable line lenght)
Ng (stroke density) 18% 17% 15% 17% 18% 14%

La*Ng (mixed term)

Table V.- Model 2
Model 2

Explicative variables
N N2a N3b R-DFI DSI_2a MVTA2

NO (NorthWest) 9% 5% 2% 4% 7% -1%
NE (NorthEast) 5% 1% 2% 0% 3% -6%
CS (Central part + Sardinia) 10% 4% 0% 3% 7% -4%
Sud (South) 40% 43% 47% 44% 42% 58%

SN (type of neutral operation) 12% 20% 22% 21% 15% 9%
Un (rated voltage)
La (aerial line lenght) 25% 27% 31% 28% 26% 44%
Lc (cable line lenght)
Ng (stroke density)
La*Ng (mixed term)
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Table VI. - Model 3
Model 3

Explicative variables

N N2a N3b R-DFI  DSI_2a MVTA2

NO (NorthWest)

NE (NorthEast)

CS (Central part + Sardinia)
Sud (South)

SN (type of neutral operation)
Un (rated voltage)

La (aerial line lenght)

Lc (cable line lenght)

Ng (stroke density)

La*Ng (mixed term)

10%

7%
12%
43%
16%

6%
4%
7%
47%
25%

3%
2%
4%
53%
29%

5%
4%
6%
49%
26%

8%
6%
10%
46%
20%

2%
0%
3%
66%
19%)

11% 11% 9% 10% 11% 10%

Table VII. - Model 4
Model 4

Explicative variables

N N2a N3b R-DFI  DSI_2a MVTA2

NO (NorthWest)

NE (NorthEast)

CS (Central part + Sardinia)
Sud (South)

SN (type of neutral operation)
Un (rated voltage)

La (aerial line lenght)

Lc (cable line lenght)

Ng (stroke density)

La*Ng (mixed term)

9%
5%
9%
40%
12%

5%
2%
3%
43%
19%

2%
-2%
-1%

47%
22%

4%
1%
2%
44%
20%

7%
3%
6%
42%
15%

-1%
-6%
-5%
58%

8%
16% 18% 24% 20%

18%  38%

10% 10% 8% 9% 10% 8%

The presentation method adopted for MLR results allows
to overcome the limits presented by the pure knowledge of
the coefficients f3, ... Py directly supplied by the models.
These last ones cannot in fact provide an overall view of
the contribute of each single explicative variable as they
are dimensional coefficients, characterized by different
measure units, different from that ones of the model
response. The procedure applied, widely explained in [2],
starts from these coefficients directly supplied by the
MLR models and associated to a week period, to point out
how each explicative variable could contribute to the total
phenomena observed during the whole monitoring period.

Table VIII summarizes, for the different responses of the
models (N, N2a,...) and for the different models, the
determination coefficients R? evaluated in the period 2009
+2011. It is common knowledge that R” is a measure of
the overall quality of the regression as it represents the
percentage of the total variation in the model response that
is accounted for by the regression model.

Table VIII. - Determination coefficients

R? evaluation

R? [N [N2a |[N3b  |R-DFI |DsI 2a|mvTA2
model 1 0.51 0.43 0.36 0.42 0.47 0.36
model 2 0.49 0.42 0.36 0.41 0.46 0.36
model 3 0.45 0.39 0.33 0.38 0.42 0.31
model 4 0.49 0.42 0.36 0.41 0.46 0.36

Model 1, which takes into account L, and Ng separately,
confirms itself as the best significant model being
characterized by the highest value of R?, whatever is the
voltage dip indices or response involved in the regression.
Model 3 can be considered an alternative to Model 1, being
characterized by the presence of the mixed term L,*Ng. In
particular this model is characterized by an increase of the
coefficients associated to the belonging to a macro area
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(Table IV and Table VI). As to Model 2 it can be
considered a reference model in which no environmental
factor has been taken into account. Nevertheless the lack of
stroke density in this model does not change the
contribution of the explicative variable L, to the total
estimation. Model 4 does not provide any improvement in
R’ evaluation with respect to Model 2 even if considers
both L, and the mixed term L,*Ng as explicative variables.

4. Results
The analysis of the tables presented in the previous
paragraph lead to the following results:

e aerial lines length has always a meaningful effect on
voltage dips indices (percentage contribution within
the 25% - 30% range). Slightly lower values can be
obtained only for Model 4 which considers at once
both the L, and the mixed term L,*Ng contributions;

e cable lines length seems, as expected, to have a
negligible effect if compared to the influence of other
parameters;

e the neutral type of compensation has somehow a
positive effect on voltage-dips performance even if its
contribution do not appear as significant as the aerial
line length one (the contribution is within the range
12% and 19%);

e the lightning activity on voltage dips performances in
MV networks does not seem to show the expected
effects. It plays a significant role (percentage
contribution within the 15% =+ 18% range) but not as
much as the line length does, even if more localized
stroke density data were at disposal;

e it is possible to confirm the strong dependence of the
different voltage dips indices on the belonging to a
particular geographical area. This dependence can be
evaluated from the percentage contributions offered
by the four macro area constants (contribution which
reveals particularly important for the macro area
South).

5. Conclusion

The influence that some network and environmental
parameters may have on the number of voltage dips
monitored in MV networks has been investigated by both
correlation and multiple regression analysis techniques,
applied to PQ and lightning data acquired along the tree-
years period 2009 + 2011. The performed correlations
between the weekly voltage dip indices of the whole
monitored network and the weekly lightning density to
soil referred to the TCAM have shown:

e a good correlation in the spring-summer period
(correlation index = 0,7 + 0,8);

e a drop to 0,51 extending the monitoring period to
autumn and winter;

e significant variations from year to year at each point
of measurements.
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Multiple linear regression analysis has confirmed that:

e aerial lines length has always a meaningful effect on
voltage dips indices;

e cable lines length seems, as expected, to have a
negligible effect if compared to the influence of other
parameters;

e the neutral compensation has somehow a positive
effect on voltage dips performance but its
contribution do not appear as significant as the aerial
line length one;

e the lightning activity influence on voltage dips
performances does not seem to show the expected
results;

e voltage dips statistic depends in a not negligible way
on the geographical area where the monitoring unit
has been installed.

Future activity will be focused on the correlation of the
voltage dips performance with the meteorological
perturbation as a whole, including f.i. lightning, wind,
humidity and ice to take into account other environmental
factors more relevant to winter months.
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