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Abstract

Mathematical model of the pollution rate of substa-
Lion insulators is constructed, taking the model para-
cters as wind speed, wind direction, typhoon conditions
and rainfall in an hourly basis. The main feature of
mmodel construction is to distinguish the effecl of cach
paramecler by separalely analyzing the positive and nega-
tive pollation causing factors. Model paramelers for the
insulators of IKaratsu substation, Saga, Japan were esli-
mated and model validation was done using the actual
data, in which the pollition deposits on the insulators
were mcasured using a pilot insulator and ‘salt neter’.
The proposed model of the pollution rate [ing/cm?/n]
enables the identification ol the effective parameters and
prediction of the pollution rate so that it helps for the
antomatic decision making for insulator cleaning or the
model can be used as a tool for the substation engincers
to make precautionary measures.

1. Introduction

igh voltage insulators of substations near the coastal
arcas are subjected to rapid pollntion becanse of the
large salt coutent in the wind. [t has been experienced
that the pollution rate comes to hazardous levels within
two or three hours, especially at the times of high winds
and typhoons. Thercfore frequent measurements of pol-
Intion deposits are extremely important, and depending
on these measutements, substation engineers decide on
Lhe time for jusulator washing. In practice the decision
making (or insulator washing is entirely dependent on
the measurements of pollution levels and Lo a certain
extent on past experience. Some substalions are [ully
automated and the correct time for the decision of insu-
lator washing becomes impracticable.

Extensive studies on the electric fields around a [V
insulator 2], modeling of pollution llashover [3] and
critical levels of flashover [1] has been done worldwide,
But, identification of the pollution causing factors and
a model construction for the pollution content using
wealher related parameters have not been done so far
to the knowledge ol authors. Therefore this problem
shill prevails and sometimes adhoe rules to decide the
Lime for insulator washing are {ollowed atl certain sub-
stalions. For example, Nishi Kyushu Substation in Saga
prefectire; Japau flollows the rule that if the measure-
ments of pollution records excecds .03 mg/em? or the
pollution dilference ol consecutive records exceeds 003
mg/en? /he, then the decision for washing is made. Fur-
ther, if the polhtion level goes bevond .06 mg/em?
Lhen the substation has to be shut down and insulalors
Lo be washed because the hot-line washing may ignite
flashover.

This work is aimed at the identification of the erit-
ical factors and their threshold valnes for the insula-
lor pollution, and proposes a model of the pollution
rate fing/cm?/hr] of high voltage insulators. Basic con-
cepts of the nmodel construction and the identification
of the most, infliential parameters were originated from
the analysis of the actual data of the pollution deposits
collected al three hour sampling interval ( sampling in-

terval of measurement. was reduced Lo one hour at the
hiazardous times) and measurements of wind speed, wind
divection, rainfall, temperature, humidity and sea level
data in an hourly basis collected over a six month perjod
from the Karatsu Substation in Saga prefecture of Japan,
The Karatsu Substalion is just one kilometer range from
the sea and il is one of the badly hit substalions [rom
salty winds.

The proposed model ol tlis paper is a generalized
model and it s validated {or the iusulators v Karatsu
substation. The proposed algorithm can be applied to
any insuladors, to find ot the pollution rate at given
wind specds, wind direclions, tainfalls and knowing
whether the atmosphicreis stable or unstable (presence of
typhoons). Finally, the estimated pollation rate and the
estimated accumulated pollution deposits can be made
use for the automatic decision making for insulator wash-
ing and to find out the critical times. Further, just by
predicting the wind speed and rainlall, the pollution rale
can be predicted. This is a very valuable information
for substation enginecrs to make precautionary actions
at the times ol hazardous situations.

2. Collection And Allocation of Data

The available dala ate, average wind speed [ /s], wind
direction, accumnulated rainfall [mm/hr], mean temper-
ature [°C], humidity [%] and sea level [inmn] in houwrly
basis, and pollution deposits [mg/cm?] collected at vari-
able sampling inlervals, depending on the criticalily of
weather conditions. The data of pollution deposit. have
heen collected at every three hour interval at worinal
winds and every one hour interval at the Limes of ty-
phoons.

2.1 Collection of pollution data

The pollntion deposits of the substation insulalors
were measured by using a pilot insulalor and a salt me-
ter. The measuring parameter is the leakage current at a
particular D.C. voltage (10kV) and a particular humid-
ity level (70%). Afterwards, the corresponding pollution
deposit is determined from the standard graphs of the
leakage current vs the pollation deposil. At first the
pilot insulator is immersed in the sall. meter and the hu-
widity level in the containment is raised to T0% using
vapor, to have a sufliciently wet, insulator. Affer that
10kV D.C. vollage is applied across the electrodes in the
pilot insulator and the leakage current is measured. The
corresponding pollution deposit in mg/cm? is taken from
the available graphs, After having linished the process,
the insnlator is dried and lifted out of the salt meter and
positioned at the same height of other insulators. The
entive process takes approximately 30 minules.

Despite some swall errors in the measurements due
to the nou-uniform distribution of pollution deposits
[1] and no effect of pollution during the period in the
compartment of the sall meter. this method is widely
adopted Lo get continnous measurements because there
is no other reliable method to get the pollation deposit
data of the snbstation tnsulators.
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2.2 Data allocation and identification of influ-
ential parameters

As the pollution deposits were measured al three
hour sampling interval under normal conditions and the
other data were collected at one hour sampling interval,
proper malching of the parameter values were impos-
sible while gelting the maximum possible information
from the available data.

At first the data colleeled just after the manual wash-
ing were removed as the objective of analysis is to find
out a relalionship between the pollution rate and the
weather related parameters. The correlation analysis
of the data revealed that the correlation coeflicient be-
Lween the pollution rate and each of the parameter was
less than .5. The low correlation was mainly due to the
complex relationship of the parameters with the pollu-
Lion rate. For example, it is a fact that rapid pollution
oceurs al high winds and natural washing happens in
rains. Bul, neither of these phenomena will be revealed
if simultaneous rains and high winds are present. This
really happened in the actual data analysis. Therefore,
some kind of subdivision of data were required to iden-
Lily the effect of parameters for insulator pollution.

Since the prominenl parameters are wind speed, wind
direction, typhoons and rainfall, at first the data were
subdivided into two: the data with the elfect of rainfall
(negative pollution causing factors) and the data with
no rainfall (positive pollution causing lactors). As the
pollution data at rainfall are a combination ol the nega-
tive effect due to raiufall and the positive effect caused
by wind speed, typlhoons and other factors, it was under-
stood that the phenomenon of positive pollution causing
lactors has to be [ully understood first, and then the data
with the eflect of rainfall should be dealt with.

Presence of typhoons was guessed Lo be an important
[actor 1o be considerced because the pollution rate at the
Limes ol typhoons were different {rom the normal situ-
ations even under the same conditions of the other pa-
rameter values. Thereflore, typhoon conditions was also
taken as a parameter.

Wind direction happens to be an another influential
parameter for pollution because the salt content in the
wind difers with the distance belween the substation
and the nearest, point to the sea. Therelore wind direc-
tion can be divided into groups by considering the geo-
graphical sitnalion and Lthe average distance from sca.

Prcliminary analysis of the data (Sept, Oct of 1992
and Sept-Dec. of 1993) collected from KNaratsu snbsta-
tion were analyzed alter excluding the data with the ef-
fect of rainfall and atlocating them into a two dimen-
stonal distribution formed by wind direction (Tour divi-
stons) and typhoon conditions (Lwo divisions: whether a
Lyphoon is present or not). The analysis revealed that
Lhe wind speed has a clear eflect on the pollulion vate bul,
atmospheric temperalure, bumidity and sea level had a
correlation less than 3 with the pollution rate, There-
fore. wind speed, wind direction, typhoon and rainfall
are taken for the model coustruction of the pollution
deposit rate on jusulators.

3. Model of The Pollution Rate

As mentioned in the previous section, at. first the phe-
noimenon of positive poliution causing factors has to be
identificd before being constructed a complete model of
the pollution rate. The proposed method of the sep-
aration of the positive and negative pollulion causing
factors can be mathematically expressed as

P = /A”(\f,,,,l',,;]'_u) -+ f’”(l?), (h

where P is the eslimated pollution rate [mg/cm?/hi],
which is a function of wind speed {V%,), wind direction
(Vi), typhoon (Ty) and rainfall {R), P* is the positive
pollution rate which is only a lunction of ¥, Vg and T'y,
and P~ is the negative pollution rate which is the ellect
ol natural washing due to rainfail, 2. ) i

Next step is to find out the [unctions P and P~ of
(1) separately. The proposed algorithm is to collect £+
data, al first, by excluding the data at the times of rain-
fall. As PP* is a three dimensional distribution of V,,, ¥
and T'y, il is proposed to allocate the data of P+ and
the corresponding V,, data into groups formed by the
two dimensional distribntion of ¥y and T'y. This enable
to lind out a general expression of the positive pollntion
rale in terms of V,,, Vy and Ty using the available small
number of data.

3.1 Model of positive pollution rate

Since the eflect of wind direction depends on the ge-
ographical situation of the concerned substation, let's
assume that the wind direction is divided into m groups
Vy(1), Va(2), -+ Va(m), concerning the location of the
substation and distance [rom the sea in each dircction.

The parameter ‘typhoon’, T'y can be divided into two
groups as, presence of typhoons, Ty(1) and no typhoon
Ty(0), because the actual data revealed that the pol-
lution differs whether a typhoon is present or not even
under the same conditions of other parameters. "This
fact can be explained as, turbulent intensity of wind is
very much higher at typhoons than normal situations.
Tlierefore, the measured one hour average wind speed is
quite different from the extreme wind speeds during the
one hour period. Further, due to the high turbnlence of
wind and instabilily of air and sea, the sall content of
wind is high at the thmes ol typhoons.

Since the approach is to identify the relationship be-
tween each groups of parameters and finally construct a
general model of the positive pollution rale, the appro-
priate expression can be represented by

PH(vevyinrutn) = Wala) Way (7) PHvuvmru) (2)

where W, (7) is the weighting element corresponding to
the tth gronp of wind dircction, with reference to the
sclected V(1) group. Similarly, Wy, (7} is the weight-
ing clement corresponding Lo the jth group of typhoon,
with reference to the Ty(0) group. PT(V,,, Vi(1), T'y(0))
is a funclion ol the positive pollution rate in terms of
wind speed, V,, corresponding to the data in the gronp
ol {Vu(1), Ty(0)}. v

_There are several methods for the (unctional it of
P (Ve Va(1), Ty(0)), bul this paper proposes general
least. square inethod. The proposed model of PF can
be found in the form of

P (Vg (n.mu0) = v

where the threshold values of wind speed, Vi, V5, -+ V;
and 1, depend on the type of data and location of the
substation!

CAlter having determined  the  {unction  of
PV, Vy(1), Ty(0)) of (3), the pollution data in any
group of {¥(2), Ty(0)} can be used (The weighting ele-
went Wy (7) becomes unity in the level of Ty(0)) to get
the weighting element 1W,(4) corresponding to the 7 th
level of the paramcter, ¥y, by the expression

PHvw v ru) = Wo(3) PHvgmrem),  (4)
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where PV, Va(1), Ty(0)) is the estimated £ from (3)
for a given values ol V,,, ¥y and Ty. The optimum W)
can be estimated by minimizing lhe error between the
actual data of the pollution rate, P* in the group ol
{Va(£), Ty(0)} and the estimated pollution rate, P* for
the same values of V., ¥y and Ty. The general least
square method gives the estimate of Wy(i) [rom

L SN LPF (Veba@7u(0) PH (Vv ) 200)) )
W) = ‘

— 2

ZN(IA”'("'u'v‘)l(‘)vT-"(“)) )

where N is the total number of data in the group of
{V(). Ty(0)}. Likewise, the weighting clement, Wy ()
ol (2) can he found by using the dala in the gronp of
(WD, Ty(H). o the level of Vi(l), the weighting cl-
enient, Wy(1) is equal to one and the equation (2) is
reduced Lo the form of

P vna) = Wi G) PHvemrm). (6)

Similar Lo the estimation of W,(1), the weighting cle-
ment, W, (7) can be estimated using the expression (5),

for the data scts in the group of {V(1),Ty(j)}.

3.2 Model of negative pollution

ilaving known the actual pollution rates I, and with
relerence to (1), the data of the negative pollution rate
can be constructed from

P(r) = P~ PH(ver,m) (7

where f""("’m, Vi, T'y) is estimated from (2) at he given
wind speed V.., wind direction ¥y and typhoon condi-
tion T, With the assumption that the natural washing
or the negative pollution rate P™(RY} is proportional to
the content of water falling onto the insulator within an
hour,. the model of Lhe negative pollution rate can be
represented by the lincar relationship of |

P(r)y=hy R (3)
where by is the parameter Lo be estimated from the data
ol P=(R) and the accumulated rainfall within an honr,
1. This can be determined using the same least square
method done, to find out 1¥,(#), as in (4) and (). Itis to
be noted that the maximum value of [P~ (R)] is subject
to the constraint of the net pollution deposit (3 P) at
the time ol estimation.

The generalized expression of the pollution rate can
be determined by substiluting (2) and (8) in (1).

4. Model Estimation and Validation

The data collected atl the Karatsu substation ot a
period of six months were used for the estimation of the
parameters ol the models. At first, wind direction was
divided into four groups (1n=41), considering the location
of the Karatsi substation. as shown in Fig. 1. The four
groups are accordingly, wind [rom the direction covered
by N-NE (V;(1)), NEE to E (V,(2)), SEE to SW (V(3)
Yand SWW to NWN (Vy(4)). As scen [rom the map in
Fig. 1, V(1) has the minimum distance from the sea and
Vy(3) is practically inlinite distance from tlie sea.

4.1 Model estimation

To find out the model of the positive pollution rate,
as given by (3), the data, excluding the rainfall, were al-
Jocated nlo cight groups formed by the Lwo dimensional
distribution of wind direction (Vy(1),--- ¥a(4)) and ty-

phoon (Ty(0),Ty(1)).

Karatsu
substation

[Mgure | The geographical situation of the Karatsu

substation

Since the rapid pollution is the concerned [actor in this
avalysiz, only the data with the positive pollution P+ >
0002 mg/em?/br were considered for model estimation.
According to (2) and {3), the cstimated model in the
group ol {15,(1), Tu(0)} is

000038V2E —.000355V, 4 .001 1
f)»i‘(‘, v oy — : "':u Z .
V0 T0) =4 0000251,
2h > V.
)

The optimum valnes of the weighting elements (1)
of (2) were estimaled {rom (h), to be W,(1)=1,
W(2)=.79, Wy(3)=A40 and W,(4)=.57. Similatly, the
weighting clement associated with typhoons, Wy, (1) was
estimated as 2.15. The values of W,(2), Wy(3) and
W,(4) really comply with the relative distances to the
sea (Fig. 1), with respect to thal of the group ¥y(1).

The plot ol the data of polintion rates and associated
models, estimated from (2) are shown in Fig. 2.

By following the procedure described in the Section
3.2, the model of the negative pollulion rale P~(R)
was estimated and by of (8) was found to be equal to
-.0001075 when the vainfall, R is in mm. Now, we are
in a posilion to calculate the pollution rate at any given
values of wind specd, wind direction, kuowing the pres-
ence of typhoons and vainfall.

4.2 Model validation

Data collected from the Karatsu sitbstation during the
month of Nov., 1993 were uscd for model validation,
Fven though the model construction was done using a
selected sel of data and grouped them into different lev-
cls, the model validation is done for the continuous set
of time series dala.

As the measurements of pollution deposits were not
taken at every hour and the proposed model of (1) es-
timates the pollution rate per hour [mg/em?/hr}, the
estimated pollution difference during the period of the
measurcments of pollution deposil has to be obtained by
simming up the estimated pollution rates over the pe-
riod of consecntive measurements. Fig. 3 shows the re-
sults of the model validation for the actual data of wind
speed, wind direction, typhoon conditions and rainfall
data in an hourly basis. The actual data of the pollu-
tion difference (AP) over the measurement interval of
pollution, and the estimated pollution difference (AFP)
by swnming up the estimated pollution rate (P¥) over
the sampling interval, were also shown. The model exror
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shown in IFig. 3 was delined by

t

e(i) = AP — 3 (P(vavaTuR), (10)

t=t-"1;

where AP(r) is the actual pollntion dillerence of the ith
measurcment at Lime £, and 75 is the time between the
(7 — ) th and ¢ th measarement of the pollution deposit.

The results (IMig. 3) of the accumulated pollution
(X ) and model error (¢) indicate that the model is
reasonably good and give satislactory results over the
requently available range of the wind speed and rain-
[all. The standard deviation of the model error, o, was
00046 [mg/cm?] compared 1o o4 p=.00055 ol that of the
actual data of pollution differences. This implies that
the overall performance of the estimaled model is satis-
(actory. Model validation was done for the other sets of
time series data and the resulls were summarized in the
Table. 1. The results show that 7, was less than oap
for all the data except for Sept.,1992.

The estimated models and the actual data
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Figure 3 Model validalion for the data collected from
[Caratsu substation in November, 1993.

There are some mismalches with the estimated model
and the actual results, especially at the times of ty-
phoons with low hourly average wind speeds. Validation
results of IMig. 3 had a discrepancy at around the 150
hrs point. Al that time, there existed a typhoon and
the hourly average wind speed was less than 5 m/s, but
there experienced a pollution difference of L0047 mg/em?
within three hours and .0038 mg/c? within two hours,
compated to the estimated values (AP) of 0006 and
0.0006 respectively. This error has cansed the difference
of the actual and estimated values at 150 hour point of
the accumulated pollution graph. In fact, even under Ly-
phoons, such a large pollution was not, experienced with
other available dala, at very low wind speeds. It was
presumied that there must have very high wind speeds
lasting for few minules, but they were not reflected in
the hourly average wind speed.

5. Discussion

T'his paper proposes a model constriction of a still un-
Louched area of the pollution rale, in terms of weather
related information. It is true that the estimated model
of polintion rate has to be huproved [urther, enable it o
he, applied for the (inal goal of automatic decision mak-
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Table | Results of the model validation: standard
deviation of the model evvors (. ) and the standard de-
viations of the actual pollution difference (aap) (or each
month of data

Month TAP a,
[mg/em?]  [mg/em?]
Sep. /92 06090 00100

Oct. /02 0150 00130
Sep./93 00050 00050

Oct./93 00076 00075
Nov./93 0055 00016
Dece /93 00037 00032

ing for insulator washing. The improvement can he made
il more information about typliwons are available, espe-
cially the characteristics of wind speed at small sampling
mtervals rather than the hourly average wind speed.

lu this paper, authors wish to slress on the approach
and new concepts used for the model construction, which
enable to make the path for a generalized model of pollu-
tion rate. The analysis in this paper, Lakes only distance
{rom the sea to divide the wind direction into groups. As
revealed from the model construction using the actual
data, the wind [rom the fand side has a dilferent, impact.
on the pollution. This has to be investigated lurther in
the Tuture works.

Since Lhe proposed model can be applied on-line for
lime series data, the pollution rate can be predicted if
the wind speed and rainfall are predicted (or few steps.
Autoregressive models of winds and rainfall can be con-
structed and few steps ahead prediction can be doue.
But al the tuncs of typlivous, constructed time scrics
models do not match with the violent characteristics of
wind and rainfall. Therefore, at those times weallier in-
formation should be Laken into account Lo predict the
wind specd and rainfall. The predicted pollution rate
is a very valuable information for the decision making
process of insulator washing.

6. Conclusion

Madel construction {or the pollution rate of insulators
in lerts of wind speed, wind direction, typhoon condi-
tions and rainfall were done. This paper proposes the
separation of the positive pollution causing factors and
uegative pollution causing factors, and in turn, model
construction for them separately, The grouping ol the
wind dircclion in accordance with the geographical sil-
uation was proved to be accurate as the values of the
weighting elements comply with the distance from the
sea. Finally a satisfactory model of the pollution rate
was constructed for the insnlators in Karatsu substa-
Lion, Saga, Japan and model validalion is done using
the actual data.
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