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Abstract—M onitoring and supervision of overhead power lines have become essential actions in Electrical Power Systems since the
introduction of the Smart Grid concept. In order to monitor overhead power lines, smple non-invasive devices are mounted on support
poles, which detect line abnormalities and faults by measuring magnetic field originating from power line conductors. Measured signals
are also used to determine various electrical and non-electrical line parameters. In this paper a new approximate model for magnetic
flux density vector components of the overhead power lines suitable for real-time conductor sag estimation is presented. I n the proposed
model, catenary-shaped power line conductors are approximated with tilted straight line conductors, and the approximate model is
calibrated by tuning model coefficients to match flux density vector components as in the case of real catenary-shaped conductors. The
accuracy of the proposed model is verified by measurements on three-phase overhead power line model scaled to laboratory conditions.
Asa conclusion, an adaptive method for possible practical implementation based on the approximate model is considered.
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I.  INTRODUCTION
The key factor for proper and safe operation ofctieal

Power System (EPS) is monitoring and supervision ofowers was proposed. A method for

overhead power lines. In contemporary EPS, sinteduaction
of Smart Grid concept, it is common to use non-acindlevices
which measure magnetic flux density components ha t
vicinity of power line conductors [1]. These dedcare used
for monitoring line status during normal operatiand
acquiring information about abnormal regimes, fi&alts [2].
Beside their main function, these devices couldubed for
estimation of other electrical and non-electricatgmeters of
overhead lines (OHL), like conductor sag [3].

Accurate information about conductor sag is necgshae
to safety reasons related to minimum ground clearaput the
sag also affects line transmission capabilitieditmting line
current capacity. Conductor sag depends both @ndinrent
(conductor heating because of resistive losses) andient
conditions (outdoor temperature, wind, snow and doethe
conductors). Even though the maximum value of cotaiisag
should be already taken into account during thégdeshase,
the actual value of conductor sag should also beitorved and
accounted for.

There are several methods for sag determinatisecdban
measuring physical line parameters (distance, testyoe,

This paper has been financially supported in partthe Ministry fo
Scientific and Techwlogical Development, Higher Education and Inforion
Society of the Republic of Srpska undéwe tproject Fault detection
overhead distribution power lines based on corgastlmagnetic fie
measurement.

vibrations, tension) or using different measurenteohniques

and signal processing (special sensors, image $8icg etc)
[4]. In [5] a method for sag monitoring by measgrinduced
current in high resistive wire attached on transiois line
conductor
measurement using differential GPS was proposg] ifut it
is impractical due to complex algorithm for sagca#tion and
issues related to GPS sensor mounting. Howevennttet of
contemporary techniques for accurate sag estimatqgnire
complex models and use of non-conventional sensdiish
are sensitive to ambient conditions, and in genenad
expensive, non-convenient for mass use for trarssomsand
distribution OHL.

In this paper an approximate magnetic flux densitydel
of OHL for simple and inexpensive power line sagnitaring
method is proposed. The method is based on procedse
signals from Fault Passage Indicators (FPI) whighwidely
used as devices for contactless fault detectioBRS. Those
devices are mounted on suitable support poles werto
underneath overhead power line conductors, anddgsuoring
conductor magnetic flux density they can detectphssage of
fault current through power line conductors [2]n& the
information about magnetic flux density componedts line
current is already available in those devicesy theftware can
be upgraded to monitor conductor sag. Howeverutaion of
conductor sag from measured line currents and ntiagffiex
density is a complicated task due to complexity
mathematical model which correlates line geometoyrents
and magnetic flux density. Thus, for accurate cetatusag
calculation in inexpensive devices like FPls, apdified power
line magnetic flux density model should be derivetijch is
the main subject of this paper.
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The paper is organized as follows. Section Il iated to
modeling three-phase overhead power line basedeoeral
mathematical model well known from the very earydges
[7]. Since the magnetic flux density vector of cate/-shaped
conductor cannot be calculated in closed form.gati8n Il an
approximation for magnetic field spatial distritmstj valid in
the vicinity of the conductor suspension pointe (face where
the sensor is mounted) will be proposed. In Sechidrthe
proposed approximate model will be calibrated tdcmahe
general model by tuning model coefficients. Theusacy of
the approximate model will be confirmed in Sectign in
which the proposed model will be tested by setxpeements
on a three-phase power line model scaled to latgrat
conditions. Section VI is a conclusion, in whichreoremarks
about practical implementation will be given.

Il.  GENERAL MODEL FORMAGNETIC FLUX DENSITY OF
OVERHEAD POWERLINES

In this Section an overview of basic equations gederal
application of Biot-Savart law for catenary-shapmdrhead
power lines will be shortly overviewed, as a basid reference
model for subsequent analysis.

Biot-Savart law for magnetic flux density vectorakingle
current-carrying conductor in free space at givaintpis

represented by [7]:
wy oy
- I&M
4 '
L

|
?

Jos =

(1)

whereL is overall conductor length = 47 x 107 H/m is the
magnetL% permeability of free space¢, is the complex

currentdl is differential element of length at direction thie

wuu
current,r is the position vector from differential elemeditto
the given point,:';xO is the unit vector with direction same as

General model for spatial distribution of real powiee
magnetic field must take into account the caterslrgpe of
conductors which are suspended between supportites r
towers. Fig. 1a illustrates two symmetrical spaithee-phase
power line catenary-shaped conductors, with theesdistance
yi(0) to the reference coordinate system origin yhaxis
direction and distance between poles marked.akhe origin
of the reference coordinate system is at the migdle where

the monitoring sensor is mounted. The sag of timalotorss

is measured at the midspan, from horizontal lirs¢ donnects
suspension points of the conductors to the loweght of the
conductors. Catenary or chain curve is expressg]:as

() =atpeos{ 225 |y (-5, 0

where,a is catenary parameter definedaasL?/(8-s).

For the three-phase power system, overall magfietit
measured at the origin is the result of all thraeigary-shaped
current-carrying conductors. Magnetic flux densitgctor
components take into account different current é&oges and
phase angles of each phase, in conjunction wittmgé&y of
the conductors at the suspension points as ilkestia Fig. 1b.
The resulting magnetic flux density vector compdseanf
three-phase catenary-shaped overhead power lipeessed in
the sensor reference coordinate system, are [7]:

v, (2)- 2Lsinh 2[z-sign(z)L
Ho I 2[a
B, = Z n 72 dz,(3)
j=asc T 5 [xj2+yj2(z)+zz]
'uo|:|]. L —X.
B, = el L dz, (4
j=agc 7T _L[x]-2+yj2(z)+22]
x, Binh[ZQ_SIQn(Z)L]
/fo[ﬂj VAF:]
B.= > 70, )
i=AB.C ] [xj2+yj2(z)+zz]

where,x; andy; are coordinates of conductprand|; are the

complex phase current$= A, B, C. In the model, ground
return current is neglected since its contributmthe magnetic
field is low and not notable in the vicinity of thgower

conductors, where the magnetic sensor is placedwdrate

catenary effects are only notable [7].
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Figure 1. Two symmetrical spans of three-phase power link sénsor placed on the middle pole as a coordayatem origin: a) side view, b) front view
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I1l.  APPROXIMATE MODEL FORMAGNETIC FLUX DENSITY

OF OVERHEAD POWERLINES

Magnetic flux density vector components given by»©

reference model (3)—(5) cannot be solved analyyidd], and
only can be solved by numerical integration, whith
unsuitable for real-time application in cheap desicfor
conductor sag estimation in EPS. For that
approximation which will provide closed form sofrii of (3)—

(5) is proposed in this Section. First, a singleecary-shaped
conductor is considered, and after that, a threseltatenary-
shaped power line of given geometry.

A. Approximation of single catenary-shaped conductor

Closed form solution of the Biot-Savart law (1) che
found for a straight line current-carrying conduatgnich is in
the same plane as the origin of the coordinateesygt.e. the
system of conductor and the origin is coplanar)sk®wn in
Fig 2. Intensity of magnetic flux density vecto[&:

o
Tt

=

B= (siné, - sing,), (6)

N
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.

.
Y

reasam, a

Figure 3. Current-carrying conductor approximated with tilstdhight line

with 61=—/2 and 6.=a, and normal distance between
conductor and coordinate system origin risy(0)-cos@).
Direction of the magnetic flux density vect®iiweds1 IS
determined by the right-hand rule and it is perpandr to the
plane formed by the conductor and origin. Overadigmetic
field of both segments, which are both coplanarhwie
sensor, using symmetry, Biied=2Biied,s1. Magnetic flux
density vector in (7) is calculated in a closedrfpand depends
on the angle: which is a function of the sag.

B. Approximation of three-phase catenary-shaped power line

For the case of three-phase overhead power line wit
geometry of support pole from Fig. 1b, similar appmation

wherer = y(0) is normal distance from conductor to the originWith straight half-line conductors can be madehia case, due

of coordinate system. Angle& and 6, in (6) depend on
conductor lengthL, normal distance and are indicated in
Fig. 2, while direction of the magnetic flux degsitectorB is
determined by the right-hand rule.

In order to take into account power line condusiag and
to maintain closed form solution of Biot-Savart egtal,
catenary-shaped conductors will be approximated wlite
tilted straight half-lines of infinite length asahn in Fig. 3.
This approximation is valid close to the suspengoimts and
also where magnetic field sensor is placed.

In Fig. 3 the origin of the reference coordinatstsyn is in
a straight line below conductor suspension poiiat terefore
is coplanar with the conductor. The intensity ofgmetic flux
density vector of conductor is calculated by (6),dviding it
into two half-lines starting at suspension poinhick create
two segments, S1 (left) and S2 (right). Those liraéfs are
symmetrical (mirrored image of each other), andithensity
of magnetic flux density of segment S1 is founddme half-
line of infinite length from (6) as:

7

B 0
0)

tilted,S1 ™~ 47T|:y(

Ho

=W[sm(a)

(D

Figure 2. Basic application of Biot-Savart law

to pole geometry, phase conductors in left andt iglgments
are not coplanar with the sensor, and each haf#iust be
considered separately, having in total 6 differsggments for
three phases. This is shown in Fig. 4, for a giymie
geometry, where each of the half-lines with thegiariforms
one coplanar segment. Pairs of segments S1-SZ2eated by
phase A, S3-S4 by phase B, and S5-S6 by phase gheda
flux density vector of each segment is perpendictdathe
plane of that segment, with direction determinedipkit-hand
rule and its intensity can be calculated using (6).

The resulting magnetic flux density vector in sensg
coordinate system can be found by using principfe
superposition. Magnetic flux density vector of eaggment
n=1,2..6 is decomposed to the components projectsdrigor
reference coordinate system and individual compisnane
added. In Fig. 5 simplified illustration af-th segment is
depicted, where all lengths and angles for magngtix
density vector decomposition are indicated. Asait be seen
from Fig. 5, magnetic flux density vector fromth segment
B"y. has three components of magnetic flux denddty, B"y
andB",) which should be calculated.

Figure 4. Segments S1 to S6 for three-phase overhead paweer li
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Figure 5. Simplified illustration ofn-th segment of overhead power line

For n-th segment, distances(0) andyn(0), defined by the
pole geometry, are input variables, while the anrgtiepends
on conductor sag. From Fig. 5 normal distance batwe
current-carrying conductor and origin is:

¢

n

=¥ (O) I]‘:os(a) :

The angles in (6) aré:=—/2 and@>=y, and sine value of
angley, is given by:

%, (0)% +d,2, d, ®)

& 1

sin(y;) 9)

with ¢, andmy:

rr\w Ve ~ - yn

The normal distance of current-carrying conductamf the
origin rn, can be expressed as function of known variabjes b
substitutingd, from (8):

€, =+/% (0 ) +y,(0 0)Csin(a) . (10)

(11)

=% (0)2 +[ vy (0) Ceog(a)

as well as, sine value of the anglge which is obtained by
substituting (10) into (9):

¥n (0) B8in(a)
%, (0) +y, (0)

sin(y,) = = (12)

The intensity of the magnetic flux density vectar h-th
segment is expressed in the function of known bt by
substituting (11) and (12) into (6) as:

n
2xyz ~

”0 HoZn [sm v)+1, (13)

and its projections oR, y andz-axis of the reference coordinate
system can be found. From Fig. 5 those projectiovas

B] = B}, (eos(¢,) (bogd))
B) =B, Bin(¢,)
B] =B}, [tos(Z, ) (5ir(4,)

(14)

where sine and cosine of the angleandd, can be found also
from Fig 5. Since the magnetic flux density vedttl8) creates
the same anglé, with the xz-plane as the angle between
normal distance, andy-axis, sine and cosine values of angle
{n can be found from:

ty
n

- yn(O)—n '

sin({,) = cod{,) = (15)

n

while the sine and cosine values of anfjlere determined by
the projection of the normal distance to the xz-plane and
negativex-axis as:

X, (0

t

Pn

).

sin(d,) = codd,) = (16)

n n

Lengthst,, N, andp, are calculated as:

%, 0)2 +p,2 . p, =m, Ccoga) , (17)

n, =m, Bin(a), t,

and by substituting (11) and (17) into (15) and)(Ehe and
cosine values expressed as functions of knownblagare:

() \/Xn +[yn (0 [Cos(a)Dsir(a)]Z s
Vo (0 + [y (0) o)
cosg,) =21 (0% (9 Eit(a) g
Vo (0 +[3n (0) o)
sin(8,) = ¥n (0) Gin( 2Lar) (20)
zq]xn(o)2 + [y (O)rsin 22)
cos(d,) = % (9) (21)

V% (0 +[ va (0) ccog @) Dsir{a)

+[ ¥ (
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The resulting magnetic flux density vector compdador
three-phase power line are obtained using principfe
superposition by adding the components (14) froinsid
segments. Since conductors for phases A and Bgn4-are
placed on the left hand side to referenge system, thex-

components of segments S1-S4 for phases A and B are

positive, while for the segments S5-S6 of phaseethagative.

Similarly, y-components of segments S1-S4 for phases A and B

are positive, while for the segments S5-S6 of ph@sare
negative, while, due to symmetry, resultizgomponent will
be zero:

IUO =n
47l

B

B =3 {20 () + 3 cofé,) )|

6 (22)
> {Zfo |:_ﬁn [s|n(yn)+1} Coifn) coéb' )}
By approx. —Z;,{ZI;‘” [sin(y,)+1] sin(¢, }
: (23
& o Ty _
_;{42% [sin(y,) +1] sin(¢,)
By approx. =0 (24)

In (22)—(24) current, is equal td a for n=1,2,15 for n=3,4 and
Ic for n=5,6 since the phase currents are the same fa phir
segments S1-S2, S3-S4 and S5-S6.

IV. CALIBRATION OF APPROXIMATE MODEL

The approximate model of overhead power line (Z2)(
with conductor sag taken into account is solvedhialosed
analytical form instead of reference model (3)—(3he
approximate magnetic flux density vector componeats
functions of phase currents, geometry of the suppale, and
the anglea in the model as the multivariate function of
catenary sag and conductor span. This function Wwél
analyzed in more detail in this Section in orderptovide
satisfying accuracy of the approximate model.

The anglex of approximate tilted straight line conductor in
each segment from Figs. 3 and 4 can be expresdadci®n:

a=9g(fsL), (25)

wheref is fixed longitudinal tuning parameter given rizlaly
to power line spam. andreal catenary sag The parametefr
will be used as a tuning variable by which appratenmodel
(22)—(24) should have equal outputs as the referencdel
(3)—(5). By this, approximate model will be calitad to match
the reference through an adequate function betéfeegag and
anglea (25).

Fig. 6 shows a straight line conductor tilted by #nglea
and is valid for any one of six segments from Big.

A
O s
g —— sD %J %
PFLY [y M }\_; _______ -
(FL y(fL)
X : !
X) : »> -

Figure 6. The range of angle, and relative longitudinal tuning parameter

For given sag the angtecould range from minimum value
amin (for the line that connects suspension point asidtpwith
maximum sag), to maximal valu@wx (for tangent line of
catenary in suspension point). By taking into act@matenary-
shaped curve (2), the slope of tilted straight lemnductor
from Fig. 6 can be expressed as:

o A0

with the parameterf as relative length of the span and
a=L2%/(8s). Parameterf determines the intersection point
M(f-L, y(f.L)) of the catenary-shaped and tilted straight line
conductor, and it will be chosen in order to matteh outputs

of the approximate and reference models. Using @6&3lation
between angler and sag (25) can be expressed in form:

‘= y(fEIL

. (26)

L2 -2 m;os}-{ém[qilj_l)} + g3%2

8 L3

a=tan?

. (27)

The best value of tuning parametewill be determined by
comparing magnetic flux densities calculated from
approximated model (22)—(23) with values from nuoaly
solved reference model (3)—(4). For calibrationppses tuning
parameterf is varied in range (0, 0.5], where starting value
corresponds to the tangent line of catenary inenspn point
(or to the anglemax in Fig. 6), while end value 0.5 corresponds
to the tilted line that connects suspension poirat #e point
with maximum sag (or to the angigin in Fig. 6).

Percentage errors of the RMS valuex andy components
of approximate model are calculated for the ranfgeatues of
longitudinal parametdrand conductor sagas:

_ xapprox (f'S) BX( )

e(f,s)= B, (s) 100, o5
_ yapprox( ’S) B ( )

e (f,9)= B (s) 100,

where By approx. @nd By,approx. @are RMS values of magnetic flux
density components of approximate model (22)—(28)jle Bx
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andBy are RMS values of magnetic flux density componefhts
general reference model (3)—(4). Standard devistiaf
approximate magnetic flux density components ateutzed
for each pair of longitudinal paramefeand conductor sagby
equations:

= | ZLB(8) Bl (1.9)]
\/%Z[B‘y(s) (fs)]

whereN is the number of points in which the calculatioasw
performed.

(29)

ag., =

[
y -B

Y, approx.

Calibration is performed by simulating standard 0
overhead power line from [9] with geometry of thepgort
pole illustrated on Fig. 1b. In order to validate tmodel for
large ranges of conductor sags, span length inlations is set
to L= 100 m, while the sagis in range from 0 (for the straight
line conductor) to 4 m. Calculated errors (28) foand y
magnetic flux density vector components are shawrig. 7
and Fig. 8, while standard deviations (29) are showFig. 9
and Fig. 10.

From Fig. 7 it is clear thatcomponent has significant error
for large sag values, which cannot be compensatetiriing
parameteff. On the other hand, from Fig. 8 it is clear thed t
error iny component ranges from2-95% to #4% for whole
sag range and highly depends on tuning paranfet@his
means that the proposed approximation is not ateuia
modelingx component, but it is very accurate in modeling
component of magnetic flux density. This can beoals
confirmed by observing standard deviations in Fgand
Fig. 10, because it is clear that error in thecomponent
significantly depends on tuning parametewhile it has low
influence on thex component.

The proposed approximation has satisfying accurfacy
modelingy component of magnetic flux density. The best value
for tuning parameter is found by observing Fig.n8l &ig. 10
asf = 0.29, for which error iy component is between0-75%
and +0.02% for the whole sag range. As a conclusion, the
possible method for conductor sag estimation carbdmed
only ony component of magnetic flux density of the proposed
approximation, which is highly accurate and pressrv
information about real conductor sag.

As an illustration of the accuracy of the proposaddel,
instantaneous values of magnetic flux density wecto
components for real 20 kV overhead power line [9¢ a
simulated for reference and approximate model, anel
compared in Fig. 11. The sag of catenary is settd m, span
length isL =100 m, while sag to span ratio is equal to
s/L=1/100=0.01. From Fig. 11b it can be concluded that the
y component has very high level of accuracy compdoed
reference model, with error less than 1%.

However, sincex andy components of magnetic flux model
(22)—(23) are completely decoupled, some othergutace for
calibrating thex component should be considered in order to
obtain better accuracy, if needed. By this, diffétengitudinal
tuning parameterfsfor x andy component can be selected.
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£:0.5

s =T s:4
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255585255820 5582%
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Figure 7. Error of approximate magnetic flux densitgomponent
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Figure 8. Error of approximate magnetic flux densjtgomponent
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Figure 11.Magnetic flux density of approximate model (bludighoand
reference model (red-dotted), 1 m,a) x andb) y component

V. EXPERIMENTAL VERIFICATION

Experimental verification of the accuracy of thegrsed
approximate magnetic flux density model is conddicta
overhead power line model scaled for laboratoryddans,
which is thoroughly described in [10]. The scalexvpr line
model corresponds to the real 20 kV distributiorerbread
power line with geometry from Fig. 1. Power line dab
dimensions and currents are scaled based on genofpthe
magnetic flux density invariance. By this, the fldgnsity of
the scaled model is considered the same as fartigower
line. Scaled model consists of two spans of the groline
conductors, two angle poles with conductor tensegulation
(Fig. 12) and one middle support pole with mounteanetic
flux density sensor and current measuring transiosm
(CMTs), for each phase conductor (Fig. 13a).

The magnetic flux density component is measured by

magnetic sensor (MS), while phase currents are unegsy
three single phase instrument CMTs, and the sigaats
processed through analog amplifying and filteriimgudt [11].

Amplified and filtered signals are sampled with tHemusoft
MF634 acquisition board, with sampling frequency20kHz,

and sampled signals are further digitally procesasdghown in
Fig. 14.

In the experimental verification on the scaled rabary
model conductor sag is varied by changing the ¢ensf the
conductors and it is manually measured by a rdserepl at the
middle of each span (Fig. 13b). The sag for thdedcmodel
was in the range fronminsaed=0.03 M t0 theSmaxscaled =
0.16 m on the scaled span lengithues=4 M. The scaled sag

Figure 13.a) Support pole with MS and CMTB) Ruler for sag measurement

b, iz > >
' Analog ” D.a t?: . D— ”
' amplifying| _ [equisition) ;
Imiw®| & > - alle P Approx.
' filteri P> FLUMUSOLL =531 o del
e 1) mress [icy) »
Eq. (23) | b
5= »| Eq. (27)

Digital processing in PC
Figure 14.Data acquisition and processing

In order to verify the accuracy of the proposed ebod
measured instantaneous value of magnetic flux tensi
component is compared with value calculated frondeh¢23)
using measured sag and measured currents, as shdwg.
14. The results are shown in Fig. 15 and Fig. 16.

Fig. 15 shows magnetic flux densitgomponent measured
by MS and approximate magnetic flux density compbne
calculated by employing model (23) using measurbdse
currents fors/L = 0.0075. From Fig. 15 almost complete match

range corresponds to the real catenary in rangen fropetween approximate and measured magnetic fluxitgiens

Sminrea = 0.75 M t0Sninreas =4 m for the span lengthye =
100 m. Therefore, the sag to span ratio is ideinfioca the
scaled and real overhead power line, and rangess$ra/L =

component is confirmed, as it is expected for lales of sag.
In Fig. 16, the same signals are shown for vergdasag to

span ratios/L = 0.025. Difference between approximate and
measureq component signals is less than 2%, which confirms
accuracy of the proposed model.

0.0075, to thesmx/L = 0.04.
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Figure 15.Magnetic flux density component of approximate model (blue-
solid) and measured (red-dotted)feq = 0.03 M,Sea = 0.75 ms/L=0.0075)

s e, by [uT]]
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Time, 7 [s]
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0.07
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Figure 16.Magnetic flux density component of approximate model (blue-
solid) and measured (red-dotted)ses= 0.1 M,Sea = 2.5 m,s/L=0.025)

VI. CONCLUSIONAND FUTURE WORK

In this paper an approximate magnetic flux densitydel
of three-phase catenary-shaped overhead power ibne
proposed. The main property of the model is that Biot-
Savart line integral is solved in closed form bymximating
catenary-shaped conductors with tilted straighf-las. By
proper calibration of the model, information aba@onhductor
sag is preserved, and the model is therefore atyicfor
power sag real-time line monitoring. The accuradythe
model is confirmed by computer simulations and expents
on the line model scaled to laboratory conditidriee proposed
approach is applicable for arbitrary geometry gipsrt pole,
and both symmetrical and non-symmetrical operatibthree-
phase systems. Also, it can be expanded for magelin

Nemanja Kiti¢ (S'19) received the B.Sc.
degree in Electrical Engineering from the
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Bosnia and Herzegovina in 2017, where he is
employed as a teaching and research assistan
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conductor sag in non-symmetrical
additional magnetic field sensors.

line spans by gqusin

In further work, the proposed model of magneticxflu
density will be used as a basis for real-time sstgnation by
combining it with appropriate adaptive method (likéodel
Reference Adaptive System — MRAS) which will be edldn
Fig. 14 as a feedback using estimated sag in clis®d By
this, the model could be implemented as a softwpggade for
online sag estimation in simple devices for poware |
monitoring, which already acquire information abmagnetic
field and phase currents for fault detection.
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