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Abstract—Public concern about electromagnetic fields from
power systems calls for a proper evaluation of continuous exposure
of the population to power frequency magnetic fields, especially
those from overhead transmission lines, felt as impacting human
activities and the environment. Sophisticated measuring and
computing tools now available for continuous exposure evaluation
may be ineffective without a sound knowledge of power system
theory and of typical line loads. In this perspective, the paper
firstly recalls the fundamentals of power line magnetic field cal-
culation and shows that a proper use of historical load databases
is essential for associating residential magnetic fields with load
diagrams of the lines. Then, innovative heuristic formulas for ac
double-circuit overhead transmission lines with independent cir-
cuits are proposed, so that line databases can be used accounting
for phase-shift effects between line currents in an easier and faster
way. Such formulas provide a good approximation, via one single
fixed-load calculation, of the median/mean magnetic field over a
reference operational period of the line (e.g., one year) and are
successfully applied to an existing line, resorting to a historical
load database of the line recorded from 1994 to 2001.

Index Terms—Magnetic field effects, magnetic fields, power
transmission lines, power transmission planning.

I. INTRODUCTION

LECTROMAGNETIC fields from power lines are a sub-

ject of growing concern among the population, partic-
ularly power-frequency magnetic fields for their controversial
long-term effects on human health (see, e.g., [1]-[3]) and over-
head transmission lines for their impact on both human activi-
ties and the environment. In this framework, the evaluation of
continuous exposure to magnetic field from ac overhead trans-
mission lines, to be compared with a proper exposure limit,
is of major importance according to standards and guidelines
about this subject [4]-[6]. Such limit (referred to as maximum
permissible exposure [4] or as reference level [5], [6]) should
be never exceeded for avoiding harmful short-term effects on
human health. In year 2003 Italian Law [7] has added to this
limit a lower one, referred to as attention value [7], that should
not be exceeded in sensitive areas (e.g., residential buildings)
under normal line operation for preventing long-term effects

Manuscript received June 09, 2009. First published December 11, 2009; cur-
rent version published December 23, 2009. Paper no. TPWRD-00036-2009.

The author is with the Department of Electrical Engineering, Faculty of En-
gineering, University of Bologna, 40136 Bologna, Italy (e-mail: giovanni.maz-
zanti @mail.ing.unibo.it).

Digital Object Identifier 10.1109/TPWRD.2009.2035390

due to continuous exposure to magnetic fields; other countries,
e.g., Switzerland, are following such approach currently or in
the next future [8].

Skipping the troubled discussion about the opportunity of
such conservative approach, focus is made here on continuous
exposure of the general public! to magnetic field from trans-
mission lines, i.e., on the field that these lines generate day by
day, acknowledging that its estimation gives a deeper insight
into their impact on human life and a remarkable help in power
transmission planning. Continuous exposure is often meant as
the mean or median value of rms magnetic flux density over
a reference period (e.g., one day, one year, etc.) that accounts
for typical line load variations. Continuous exposure can be ei-
ther measured in situ—through long, complex and costly pro-
cedures—or derived as “historical calculated field” by applying
ad hoc computational techniques to databases of electrical quan-
tities recorded over the reference period. There is no universal
agreement about the relative merits of “‘contemporary measure-
ments” and “historical calculated fields” [9], [10], though the
latter approach is supported, e.g., in [7].

In this paper, the common evaluation procedures of his-
torical magnetic fields from ac overhead transmission lines
(ACOHL) are recalled and the possible relevant errors are
discussed (Section II). Then, innovative heuristic formulas
for ac double-circuit overhead transmission lines (ACDOHL)
with independent circuits are described, that account for the
non-trivial phase-shift effects between circuit currents through
a simplified and faster use of line databases (Section III). These
innovative heuristic formulas—applied for the 1st time in [11]
to one single year of a historical database of an existing AC-
DOHL—are shown here to perform quite well over the whole
database recording period of the line, i.e., 8 years (Section V).

It must be pointed out that the novel contribution of this paper
with respect to [11] and other previous works by the same author
[12],[13]is twofold: 1) a comprehensive and organic framework
that encompasses both the common evaluation procedures for
continuous exposure to magnetic field from ACOHL via histor-
ical databases and the innovative heuristic formulas proposed
by the author; 2) the application of these innovative heuristic
formulas to a multi-year load database with good performances
over the whole database period.

10verhead transmission lines avoid urban areas, but some of them cross
densely-populated suburban zones, thus the evaluation of continuous exposure
of the general public to fields from such lines is important.
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II. EVALUATION OF CONTINUOUS EXPOSURE TO MAGNETIC
FIELDS FROM AC OVERHEAD TRANSMISSION LINES (ACOHL)

A. Calculation of Magnetic Fields From ACOHL

Commonly the calculation of magnetic flux density strength
generated by a power line is based on the Biot-Savart law
[14], [15]. Conductors are regarded as cylindrical wires with
small cross-section, having curved layout between adjacent
towers and hanging over a large flat conducting ground. Strictly
speaking this geometry requires 3-D codes, but for ACOHL
the following hypotheses—that involve acceptable errors [12],
[14], [15]—turn magnetic field calculation into a purely 2-D
problem: 1) infinite ground resistivity; 2) balanced phase cur-
rents; 3) no eddy currents in conductive elements close to the
line (towers, pipes, etc.); 4) negligible harmonic currents; 5)
straight, horizontal, infinitely-long wires.

Then magnetic field is calculated by setting at a given line
section a 2-D Cartesian coordinate system orthogonal to line
axis (with the origin on line axis, the x-axis lying on the ground
and the y-axis perpendicular to the ground) and NV field points
where magnetic field is to be calculated, each identified by a
coordinate vector z; = {z;,y;}(j = 1,...,N). Now, the
rms value of magnetic flux density strength at a given location
z;, B(z;)—the reference quantity in the evaluation of human
exposure to low frequency magnetic fields from power lines
[4]-[7]—can be computed according to the 2-D equations re-
ported in [12]. They can be summarized as follows:

B(.’L‘j) :mf(:cj./.'l:i,IhAi) (1)

where m = pg/(mv/2)—being po = 4710~ H/m—and
f(xj, 2, I;, A;) is in general a non-linear function of «; and:

—x; = {x;,y;}, the coordinate vector of the ith line con-
ductor, that carries the ith phase current (i = 1,..., M,
being M = 3 for single-circuit lines, M = 6 for double-
circuit lines2)1

— I;, the rms value of sth phase current;

— A, a quantity equal to zero for st circuit phase currents
and to Ay for 2nd circuit phase currents, Ay being the
phase-shift angle between the three symmetric current
phasors of the 1st and the 2nd circuit.

Denoting the 1st circuit as circuit I and the relevant phase
current indexes as ¢ = 1, 2, 3, the 2nd circuit (if any) as circuit
IT and the relevant current indexes as ¢+ = 4, 5,6, then—from
above hypothesis 2 — It = I} = I, = I3 is the rms value of
circuit I phase currents and I1; = Iy = I5 = Ig is the rms value
of circuit II phase currents. B(z;) is referred to as B-field from
now on [12].

Of course, Ay is zero for ac single-circuit overhead transmis-
sion lines (ACSOHL). As to ac double-circuit overhead trans-
mission lines (ACDOHL), if the ACDOHL is a so-called “split-
phase line”, i.e., if it comes from the duplication of a single
three-phase line, the phase currents flowing in the two circuits
(at a given time and at a certain location along the line) can be
described by two phasor terns in phase with each other; then,
A = 0. On the contrary, independent-circuit ACDOHL—i.e.,
ACDOHL made of two independent single-circuits that link dif-

2Lines with more than two circuits are not considered here for brevity.

ferent nodes of the transmission grid, but are placed on the same
towers for a part of their length—exhibit a phase-shift between
the three symmetric current phasors of the two circuits for most
service conditions, that affects significantly the B-field from
these lines [11], [12].

B. Historical Calculated Fields for ACOHL

As pointed out at Section I, at a residential location x; the
maximum permissible exposure of population should not be
exceeded by the maximum magnetic field generated by an
ACOHL line. Such “peak” B-field, yielded by the highest rms
current carried by the line, can be derived trivially through (1).
On the contrary, the attention value of [7] should be compared
with a value of B-field representative of typical operating
conditions of the line. As mentioned in Section I, this B-field
value can be calculated from a historical database of the line;
the calculations should be performed over a proper reference
period, within which line currents vary in time according to the
typical load profile of the line. The computation of such B-field
value, referred to as “continuous exposure” from now on, is
neither trivial nor free from errors and uncertainties.

Indeed, load variation is inherently stochastic, thus B-field
can be regarded as a random variable and continuous exposure
can be estimated as a reference percentile of the sampling dis-
tribution of B-field generated by the line at a given location x;
over a selected reference period [12]. The mean and the me-
dian value of B-field are natural candidates as the most sig-
nificant percentiles for continuous exposure estimate: the mean
value—usually the arithmetic average of all B-field values over
the reference period—has the advantage to encompass every
possible field value, while the median value—usually the central
value of the same (sorted) values—has the advantage to account
for field levels observed more frequently, neglecting rather un-
common extreme conditions (as supported by [7]). Here, for the
sake of completeness, both the mean and the median value of
B-field are treated; unless they are explicitly mentioned as me-
dian (symbol Bsg) or mean (symbol (B)) they are referred to
both as “continuous B-field” and indicated both with one same
symbol, i.e., Bc. Note that “(z;)” is dropped in the following
for the sake of simplicity.

Once the reference percentile (mean or median) and the refer-
ence period have been selected, continuous B-field calculation
consists of the following steps (see left branch in Fig. 1):

a) ahistorical database that contains load quantities recorded

over the reference period is to be found;

b) by processing database quantities—essentially real and
reactive power, plus voltage—the reference percentiles
(i.e., median/mean values) of rms currents (referred to
as “continuous currents” and denoted as It ¢, Ii1.¢) and
phase-shift angle (referred to as “continuous phase-shift
angle” and denoted as Ay ) over the reference period are
obtained from basic power system equations [16];

c) the relevant B-field values over the reference period are
calculated by means of (1);

d) continuous B-field is derived by processing statistically
all calculated B-field values. The continuous B-field ob-
tained in this way is referred to as “calculated continuous
B-field” and indicated as B¢ ¢ from now on.
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Data processingl(basic relationships)

Currents and apparent power
1(k), I;(k), S(k), S, (k) , k=1,.., K

“Dynamic” code: Data proce%sing (trivial)

K constant-load calculations (eq.(1.

Continuous currents

Calculation of 4t B-field Lo Iue

B k), 1, (k) , Ag(k)), k=1,.., K “Static” code: 1 constant-load calculation

(eq.(1) = (2)/(3) for ACSOHL = (5)/(6) for
split-phase ACDOHL)

Processing B-field sampling distribution

same

Calculated Continuous B-field Estimated Continuous B-field

B c.c results B CE

Fig. 1. Flowchart of the general procedure for deriving continuous B-field
(i.e., continuous exposure) from line database for ACSOHL and split-phase
ACDOHL; it can be obtained both as calculated and estimated continuous
B-field, the results being the same.

The computation of B¢ ¢ is prone to errors, possibly due
to:

i) an improper selection of the reference period;

ii) a wrong processing of the database quantities.

According to the strictest approach, the reference period
should encompass all past service years of the line, but it was
argued that the most recent load conditions may represent
better the operation of the line as it affects human health at
present [9]. Thus in practice, for easing the analysis a much
closer and shorter reference period is often chosen (e.g., the
last year, a recent month, in some cases even a recent day), also
according to the availability of recorded data. Severe errors are
avoided only by checking this choice carefully on the basis of
the experience about the service of the line.

Whatever the selected reference period, achieving calculated
continuous B-field is complex, because:

1) most codes available for the calculation of magnetic field
from power lines work under fixed load (here they are re-
ferred to as “static codes” as in [12]) and cannot repeat au-
tomatically the calculation throughout many different load
conditions, as needed for computing B¢ c;

2) the calculation of all field values over the reference period
takes a more or less long computing time, depending on the
length of the chosen reference period, and can be subjected
to both input and computational errors.

Continuous exposure estimation over a given reference pe-
riod is strongly eased and sped up if continuous B-field can be
derived via a “static code” through one single calculation based
on continuous currents and phase-shift angle. In principle, such
currents and phase-shift angle can be achieved easily—e.g.,
by means of electronic spreadsheets—by processing database
quantities relevant to the reference period and the calculation
of all time-dependent B-field values can be skipped, thereby
cutting computing time a lot (right branch in Fig. 1). The
relevant B-field at a given location z; is referred to as “esti-
mated continuous B-field” and indicated as B¢ g—unless it
is explicitly mentioned as estimated median B-field (symbol
Bsg ) or estimated mean B-field (symbol (B) g).
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In the most general case of an ACDOHL, the median phase
currents, It 50 and I11 50, and the mean phase currents, (I1) and
(I11), of both circuits over the reference period can be computed,
respectively, as the central values and the arithmetic averages of
all rms phase currents of each circuit. On the other hand, the
derivation of the median phase-shift angle, Ayso, and of the
mean phase-shift angle, (A¢p), is more cumbersome. Indeed,
strictly speaking the estimated median/mean Ay could be de-
rived simply as the median/mean of all values of Ay over the
reference period, as for median/mean values of It and I1; never-
theless, this estimate would not be consistent, since—being Ap
a periodical quantity of period 360°—it would lead to wrong
compensations between values (e.g., 1° and 359°) very different
from a numerical viewpoint, but coincident in practice as to the
field from the line, thereby involving inconsistencies in the esti-
mate of the sampling distribution, of the arithmetic average and
of the central value of Agp.

Moreover, further problems peculiar to the median and to the
mean value of B-field arise. As to the median B-field, the “cen-
tral values” of the sampling distribution of I, I1; and Ap—that
could be chosen in principle as the relevant median values for
the derivation of the median B-field—are not synchronous to
each other, since line databases show that I, Ity and Ay be-
have as fully-uncorrelated random variables over the reference
period. Hence, for a certain reference period the median B-field
estimated through one single “static code calculation” based on
central values of currents and phase-shift angle differs surely
from the median value of all time-dependent B-fields over the
same period.

As to the mean B-field, other problems arise and partially-
different arguments hold. They are dealt with extensively in a
comprehensive way together with the median B-field estimates
in the next Subsection.

C. Continuous Exposure: ACSOHL vs. ACDOHL

The above-mentioned strong simplification of mean exposure
evaluation takes place if B-field in (1) can be expressed as a
linear function of rms currents and phase-shift angle. Such a
linear expression exists and is trivial for ACSOHL, since in this
case the only field source are the three symmetric current pha-
sors of the single-circuit. Indeed, from (1) with M = 3 and
Ay = 0 one obtains that the mean value of B-field from an
ACSOT line at a field point «; over a chosen time period, (B) g,
is a linear function of the mean value of single-circuit rms phase
current over that period, (I1), namely [13]

<B>E :’ITLFI<II> (2)

where F7 is a proper function of x;, z; reported in [13].
Therefore, for an ACSOHL mean B-field over a reference
period can be determined through a single run of a “static code”,
having as input the mean value of rms phase currents calculated
from the line database relevant to that period.
Of course (see Subsection II.B), an expression analogous to
(2) is valid for median B-field from an ACSOHL, i.e.,

Bso,g = m F1 I 50. 3)
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The same also holds, though approximately, for split-phase
ACDOHL, because the time variation of currents depends on the
3-phase circuit whose splitting gives rise to the double-circuit
line and the three symmetric current phasors of the two single-
circuits are always in phase with each other; only the double-cir-
cuit geometry has to be accounted for. Thus, from (1) with
M = 6 (double circuit) and Ay = 0, after proper rearrange-
ments and by defining other functions of z;,z; — Fi1, M1 11,
reported in [13], one obtains

“)

Since in general it holds My 11 # F1Fir [13], relationship (4)
is not a perfect square and B-field in (4) is a non-linear func-
tion of I1 and I1. Hence, strictly speaking, the mean value of
B-field from split-phase ACDOHL at a field point z; over a time
period, (B), is not a linear function of the mean value of rms
phase currents of circuit I and IT over that period, (/1) and (Irr),
respectively. Nevertheless, it was shown in [13] that the errors
involved when assuming (B) as a linear function of the mean
value of rms phase currents of both circuits over that period, (Ir)
and (I1), are largely acceptable, especially outside the right of
way of the line. Therefore, a very good estimate of the mean
value of B-field for split-phase ACDOHL can be determined di-
rectly by means of a single run of a “static code” having as input
the mean values of rms phase currents of both circuits calculated
from the line database. Such estimate, (B) g, has the following
expression:

B =m\/FRI? + F3I3 + 2My il

(B}E = m\/F12<I[>2 + FIZI<IH)2 + 2MI,II<II><III>~ 5)

Of course (see Section II-B), an expression analogous to (5)
is valid for median B-field for split-phase ACDOHL, i.e.,

BSO,E = m\/FIQII%so + FI2IIIQI,50 + 2MI,IIII,SOIII,50 (6)

with the only limitation that the median value of rms phase cur-
rents of both circuits over the reference period, I1 50 and I11 50
are synchronous neither to each other, nor to the calculated me-
dian B-field.

As illustrated in Fig. 1, it can be concluded that continuous
B-field (i.e., continuous exposure) for ACSOHL and split-phase
ACDOHL can be obtained from line database both as calculated
continuous B-field (left branch of the flowchart) and estimated
continuous B-field (right branch of the flowchart), the results
being practically the same.

For independent-circuit ACDOHL (i.e., ACDOHL with in-
dependent single-circuits), the three symmetric current phasors
of the two single-circuits are mostly—if not always—phase-
shifted from each other, with a phase-shift angle Ay depen-
dent on time, as phase currents. Moreover, the dependence of
time-varying B-field on A and on rms currents [1 and Iy is not
linear. Indeed, for independent-circuit ACDOHL, rearranging
(1) with M = 6,Ap # 0—and by defining M 11(Ayp) and
Gri(Ap), functions of ;, ; and A reported in [13], one gets

B = ’I’I’L\/f‘jIQII2 + G%I(A@)IIZI + 2MI,H(A§0>IIIII- (7)

In general My 11(Ag) # FiGu(Ay) and considering (7) as
a perfect square implies severe errors [13]. Thus B-field in (7) is
anon-linear function of I, I1; and A¢. For independent-circuit
ACDOHL, it is then clear that (B) is not a linear function of
(I, (I11) and {A¢) (the latter being the mean value of Ag over
the reference period). In fact, it holds

(B) =m <\/F12112 +G2(AQ) T2 + 2MLH(A@)IIIH> NG

As to the median B-field, the problem relevant to the non-
isochronicity of currents adds up to that of the inconsistency in
the estimate of the sampling distribution, the arithmetic average
and the central value of Ay (see Subsection II.B). Therefore, an
expression analogous to (8) holds, namely

B50 = m<\/FI2IIQ + G%I(A(,D)I%I + 2MI,II(A90)IIIII> . (9)
50

In conclusion, for independent-circuit ACDOHL continuous
B-field can be achieved only as “calculated continuous B-field”
(i.e., by calculating the mean/median of all time-varying B-field
values over the reference period for the examined line). Ap-
proximate expressions for mean/median B-field vs. mean/me-
dian values of Ir, I't; and Ay can be derived from (8), (9), in the
following form:

(B) = m [F{(I1)* + GH((Ap))(In)®

1/2
+2Mi r((A)) (In) (Fm)] (10)
Bso,.e =m [F12112,50 + GI2I(A‘P50)112L50
1/2
+2M111(Aps0) 11,50 I11,50] / (11)

but in general they are more or less wrong, as shown in [13].

III. INNOVATIVE HEURISTIC FORMULAS FOR CONTINUOUS
EXPOSURE TO INDEPENDENT-CIRCUIT ACDOHL

A. Historic Databases for Independent-Circuit ACDOHL

For the sake of simplicity, let us focus on independent-circuit
ACDOHL whose single-circuit lines have a common close end
at network node A and share the same towers for some kilo-
meters, with a remarkable saving of space and money; at the
far end, line I enters node Br, while line II enters node Big3.
For lines of such kind, continuous exposure evaluation via load
databases requires the historical values of real power P and re-
active power () for both circuits, as well as of common rms
line-to-line voltage V,,, recorded over the chosen reference pe-
riod at the common end of circuits, i.e., node A.

Then, for both circuit I and /I the values of apparent power,
Stk and St11, and of rms phase current, I1 3, and I, can be
calculated at every single kth recording time (k = 1,..., K, K
being the total number of recording times) from the relevant
measured values of active power, P ;, and Py 1, reactive power,
Q1,1 and Qr1,, and line-to-line voltage, V,, 1, through basic
equations [11], [16]. Further, the values of power factor angle

3Independent-circuit ACDOHL that share neither ends also exist, but they are
far less common than those that share one end.
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at each kth acquisition time for lines I and 11, 11 and @1
respectively, as well as of phase-shift angle Ay, can been de-
rived as# [11]

o1, = arccos(Pr /St k) (12)
o,k = arccos(Prri /St k) (13)
A = Qe — PLk (14)

thereby giving rise to an exhaustive post-processed database for
B-field calculation at every single recording time.

B. New Heuristic Formulas for Continuous Exposure

The evaluation of continuous exposure to magnetic fields
would be strongly simplified also for independent-circuit
ACDOHL by finding an estimate of continuous Ay over
the reference period that, together with continuous currents,
provides—by means of one single “static code” calculation
based on (10)/(11)—an estimated continuous B-field, B¢ g,
close to the calculated continuous B-field, as can be done for
ACSOHL through (2)/(3) or for split-phase ACDOHL through
(5)/(6). From now on, such an estimate of continuous A is
referred to as “estimated continuous Ae” and indicated as
Apc, g—unless it is explicitly mentioned as estimated median
Ay (symbol Aypsg ) or estimated mean Ay (symbol (Ay) g,
see (10), (11)). Although Apc g cannot be attained analyti-
cally, as previously pointed out, heuristic expressions based on
a careful analysis of line database can be derived a priori and
can then be checked a posteriori by comparing the relevant
B¢ g with the calculated continuous B-field, i.e., B¢ c.

As argued above, Apc, i cannot be derived simply as the me-
dian/mean of all values of A calculated according to (12)—(14)
over the reference period, because Ay is a periodical quan-
tity and this affects its sampling distribution. The first step for
solving this inconsistency was taken in [11] by expressing Ay g
as the difference of the estimated continuous values of ¢y and
@1, ¢11,0,E and @1 ¢, g respectively, i.e.,

Apc.E = $Yi,0,E — PLC.E (15)
thereby displacing the problem to the search of estimated con-
tinuous values for 1 and (g that are satisfactory from the view-
point of the evaluation of continuous exposure. Though ¢ and
11 are periodical quantities of period 360° as Ay, pr and ¢rp
have the advantage that the relevant median/mean values can
be evaluated by processing suitably database quantities relevant
to one single-circuit at a time, i.e., in practice on the basis of
proper combinations of the estimates of median/mean values of
P, Q, S, processed statistically in a separate way for circuit I and
II [see (12), (13)].

Processing procedures of these quantities are not trivial as
well. Indeed, Pr, Pr; and Q1, Q11 are sometimes positive, some-
times negative, depending on whether they enter or go out of
node A; thus, the relevant averages are not consistent as to the
magnetic field generated by the line, since they imply the can-
cellation of opposite values of P and () that do contribute to
the field. In addition, the averages of P and Q are not consistent

4A further check about the sign of reactive powers (1,1, Q11, enables the
proper location of ¢ x, @11, , in either the [0°;180°] or the [180°;360° ] range.
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with the average of S, being S a positive-definite quantity, while
P, Q are not positive-definite.

In order to solve these inconsistencies for the estimation of
¢1,0,e and @1 ¢ g, a heuristic procedure based on a lengthy
“trial and error” processing of database quantities was carried
out. Quantities that turned out to be useful were the continuous
(i.e., median/mean) values of P2, PZ and Q%, Q% denoted as
PI%C, PIQLC and Q%C./ QIZLC, respectively, as well as the rms
values of Pr, Prr and 1, Q1 over the reference period, denoted
as Pr yms, Pi1,rms and Q1 rms, Q11,rms, respectively. The best so-
lution found takes two alternative forms depending on the result
of a check condition about the continuous values of P2 and ()2,
and is reported in Table I as two different sets of equations, num-
bered for the sake of clarity as (15)—(25). For brevity Table I
refers to continuous @-estimate relevant to circuit I only, i.e., to
©1,0,E, but similar relationships hold also for ¢11,¢, 5. The flow
chart of Fig. 2 shows the whole procedure.

Although (15)—(25) miss a thorough theoretical support,
being derived through a heuristic procedure, they are consistent
with basic power system equations [16] and make some sense,
as briefly explained in the Table.

Heuristic formulas (15)—(25) were presented for the 1st time
in [11], where they are formalized in terms of mean quantities
and estimates, while here they are generalized in terms of “con-
tinuous quantities and estimates”. In [11] they were applied suc-
cessfully to an existing ACDOHL over the whole year of op-
eration 2001, for which a historic line database was available.
Since then, these formulas were not improved, but their perfor-
mances proved to be successful over the whole database period,
i.e., from 1994 to 2001, as shown in Section IV.

IV. THE NEW FORMULAS APPLIED TO A REAL ACDOHL

A. The Existing ACDOHL Treated in the Application

The existing ACDOHL, located in Italy, is described in detail
in [11], [12], but its main features are recalled here for the sake
of clarity. The phase arrangement is “phase in order”’; conduc-
tors consist of a triple Aluminum Conductor Steel Reinforced
(ACSR) bundle, with 3 x 585 mm? total cross-section. The line
is made of two independent 380 kV single-circuit lines, that
have a common close end at sub-station A, near a high-demand
suburban area, and share the same towers for 2 km, crossing a
densely-populated zone. The line database, supplied by TERNA
(the Italian TSO), contains the values of real power P and re-
active power ( for circuits I and I, as well as of common rms
line-to-line voltage V,,, recorded at sub-station A bus-bars every
hour over the years from 1994 to 2001. The database also reports
the values of apparent power .S and rms phase current / for both
circuits. From database quantities, the values of power factor an-
gles at every kth recording time for lines I and /1, o1 1, and 11,1,
respectively, as well as of phase-shift angle Ay, have been cal-
culated via (12)—(14).

The database shows that the power flows of the two circuits
are fairly independent of each other, resulting in a significant
phase-shift angle Ay between the relevant current terns; A
varies from 0° to 360° (or equivalently from —180° to 4+180°),
though some values are more frequent [11]. Hence, current
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TABLE I
INNOVATIVE HEURISTIC FORMULAS FOR INDEPENDENT-CIRCUIT ACDOHL. THE TWO ALTERNATIVE TEST CONDITIONS TO BE CHECKED, THE RELEVANT
EQUATIONS TO BE USED AND A CORRESPONDING TENTATIVE EXPLANATION FROM THE VIEWPOINT OF POWER SYSTEM THEORY ARE ALSO REPORTED. FOR
BREVITY REFERENCE IS MADE TO CONTINUOUS (-ESTIMATE RELEVANT TO CIRCUIT I ONLY

test condition explanation test condition explanation
o p2 2 “more real o p2 2 “more reac-
f Py > . Ise if PF << k
e O € than reactive esett fr.e Y € tive than real
(Or ifP[.rms>Q],rms When P[2C = Q]2 C ) power” (Or ifP],rms<Q1,rms when P[2C ~ Q]2 C ) power”
’ ’ (in rms sense) ’ ’ (in rms sense)
y Y
equations to be used if the above test eq. explanation equations to be used if the above test eq. explanation
condition is matched No. condition is matched No.
COS(PI,C,E:PIC/SIC (16) | P plays a major sing; c g =0;¢c/S1c (21) O plays a ma-
’ ’ role, providing o ’ ’ jor role, pro-
cos@; ¢z and viding
‘sin (pI,C,E| = 1-(coso; ¢ x)° (A7) | [singyc,gl ’cos (P1,C,E| =1-Ging; c z)? (22) | sing;cpand
|cosQ;c k]
O plays a minor P plays a mi-
sign(sinQ; ¢ g) = sign (QI,C /8, C) (18) | role, yielding sign(cosQ; c )= sign (PI c!S; C) (23) | nor role,
o ’ only the sign of o ’ ’ yielding only
sinQ;c the sign of
cos(Qrc.r)
SinQ; c g = CosQ;cE = Prcrisa
_ . (19) | @sckis a combi- (24) | combination
=sign(sinQ; c ) ‘sm (p],C,E| nation between = sign(cos @y c g) ‘cos (p]’C’E‘ between
_ cos@; ¢ and the _ singQ;c g
PrcE= sign of sin@; ¢z PrcE= and the sign
= sign(sin @ ¢ g )arccos(cos @7 ¢ g)| (20 = sign(cos @7 ¢ g )arcsin(sin gy c g)| 25 | of cosyce
Historical Database (K recordings) and distance from line axis in the range [z; = —100 m; xn =

Pi#), Py k), Ok, Oy (k) , V,(k), k=1,.., K

Data processingl(basic relationships)

Currents and apparent power
1K), Iy (K), S(k), Sy (k) , k=1,.., K

Dataior ocessing Innovative heurigtic formulas  Data prog¢essing

(eqns. (12)-(14)) ‘eqns. (15)-(25, (trivial)
Current phases and phase-shift angle Estimated
stimate i

@/k), 0 (K), Ap(K) , k=1,.., K , Continuous
“Dynamic| code: (eI currrents
K constant-load cal¢ulations (eq.(1 phase'Sh]ﬂ angle’ ]I,C’ III.C

AQc =P cr P cE

Calculation of it B-field
B(I(k, I,,(k)), Ap(k)), k=1,.., K

“Static’|code:
Processing B-field isampling distribution

Calculated Continuous B-field Estimated Continuous B-field

BCC BC,E

Fig.2. Flowchart of the general procedure for deriving continuous B-field from
line database for independent-circuit ACDOHL. The heuristic formulas provide
an estimate of continuous B-field that cuts by much the calculations with good
results (see Section IV).

phase-shift plays a major role on magnetic field established by
this line, as the theoretical analysis carried out in [12] proves.
The B-field Double-circuit Phase-shift (BDP) code, devel-
oped and validated by the author [11]-[13], is used here for
the 2-D calculation of B-field according to (1) at the various
recording times of the database. Only the mid-span section be-
tween two adjacent towers of the considered ACDOHL is ana-
lyzed, being the most critical for human exposure to magnetic
fields; a total number N = 101 of field points is set at mid-span,
having constant height above groundy; = 1m (i = 1,...,N)

100 m]. Database quantities recorded at sub-station A can be
used for field calculations at all mid-span sections of the AC-
DOHL, since along its short length the phases and rms values
of currents show negligible variations.

B. The Heuristic Formulas Applied to Years From 1994 to 2001

The preliminary case study reported in [11] showed the
good performances of the new heuristic formulas presented
at Section III for the treated line all over year 2001. Here,
focus is on the period from 1994 to 2000 in order to check the
performances of the proposed formulas also for these years.

Within every year, reference periods of different length have
been selected, i.e., 1 day, 1 week, 1 month and the whole year.
Among reference periods smaller than the whole year, four
months have been chosen first, i.e., January, April, July, Oc-
tober, as being each central over the relevant season, thus well
representative of the different seasonal load conditions. Within
each month, weeks from the 8th to the 14th day have been
selected as typical of average weekly load conditions. Within
each week, Monday, being a mix-up of weekday and weekend
load conditions, has been singled out as typical of average daily
load. Then, magnetic field has been computed at all mid-span
section field points for every single kth recording time of the
line database, giving rise to the relevant kth “B-field profile.”>
Further, time-varying B-field profiles have been processed over

SB-field profiles consist of all B-field values over the mid-span section, that
are rms quantities changing with load conditions (as I1 and I11) and can be av-
eraged over reference periods. Also A is implicitly assumed as a time-varying
quantity of this type.
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Fig. 3. Estimated (line) and calculated (crosses) median B-field profiles rele-
vant to year 1994 for the considered ACDOHL at mid-span section (height of
field points above ground 1 m).

the various selected reference periods, thereby acquiring the
relevant (daily, weekly, monthly, yearly) calculated continuous
(i.e., median/mean) B-field profiles.

The performances of the proposed estimates of continuous
Ay have been checked by processing line database quantities
according to (15)—(25) over the various reference periods,
thereby achieving the relevant values of Agc g. Then, the
relevant values of B¢ g at all N field points over mid-span
section—referred from now on as estimated continuous B-field
profiles—have been derived according to (10), (11) via one
single “static” calculation carried out by the BDP-code, having
as input Apc g plus continuous currents. Finally, estimated
continuous B-field profiles are compared with calculated con-
tinuous B-field profiles over the various reference periods and
the deviation of estimated from calculated profiles gives an
indication of how formulas (15)—(25) perform in estimating
continuous exposure to magnetic field from the treated line.

An immediate and synthetic comparison is provided by the
graphical superposition of estimated and calculated continuous
B-field profiles over the various reference periods. Since ex-
treme load situations are more easily compensated over longer
periods and seasonal characteristics take place year by year in
a similar way, particular significance is attributed to the whole
years, being more representative of the typical “average” oper-
ation of the line; for this reason and for the sake of brevity, the
illustration is restricted here to whole years only.

The performances of the proposed heuristic formulas is quite
satisfactory for all the years from 1994 to 2000, as shown e.g., in
Figs. 3—6 with reference to mean or median B-field profiles rele-
vant to years 1994, 1996, 1998, 2000. The maximum difference
between calculated and estimated continuous B-field always oc-
curs close to line axis, whereas estimated B-field practically co-
incides with calculated B-field for distances from line axis over,
say, 30 m, i.e., outside the right of way; this is where people
lives, thus the proposed heuristic formulas are excellent in the
most important area for human exposure to magnetic fields gen-
erated by the line. Note also that B-field profiles are asymmetric
with respect to line axis, as expected for independent-circuit
ACDOHL with phase-in-order conductor arrangement, even in
the case of equal currents in the two circuits [12]. Similar re-
sults are obtained for reference periods shorter than one year, the
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Fig. 4. Same as Fig. 2, but relevant to mean B-field for year 1996.
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Fig. 5. Same as Fig. 2, but relevant to median B-field for year 1998.
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Fig. 6. Same as Fig. 2, but relevant to mean B-field for year 2000.

agreement between calculated and estimated continuous B-field
profiles being sometimes better, sometimes worse, but with a
trend to improve for longer periods, especially as to median
values.

For a less subjective evaluation, the maximum percent de-
viation between estimated and calculated median/mean B-field
profiles at mid-span, € g 50/ B,m. has been derived as follows:

(26)
27

eB,50 = 100 max{|Bs0,z — Bso,c|/Bso,c}
eg.m = 100max{|(B)g — (B)c|/(B)c}-

The values of ep 509 and € ,,, for all the years from 1994 to
2001 are reported in Table II. The Table shows that e 5 is al-
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ESTIMATED AND CALCULATED MEDIAN/MEAN VALUES OF PHASE-SHIFT ANGLE (AND RELEVANT ERROR PARAMETERS) FOR YEARS FROM 1994 1O 2001 FOR
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ye | ess0 | Asor [ APsoc | AQcen | Ecensso | 0550 | E0ps0 | Eisomso | 20850 | Emm | <AP>e [ <AQ>c | AQave | Eave.sm | E08m | €908m | E180.8m | €270.8m
ar | [%] [°] 1 [°] [%] | [%] | [%] [%] [%] [ %] [° 1 ] [%] [ [%] | [%] | [%] [%]
94 | 1.44 96.5 98 187 20.4 243 | 3.83 20.8 5.86 |2.64 | 95,1 92 192 245 | 234 | 1.69 25.6 3.45
95| 4.40 | 93.7 82 196 21.0 16.3 | 3.30 222 2.17 |3.69 | 94.28 89 200 23.5 | 21.1 | 2.13 259 1.81
96 | 437 | 102.8 95 216 17.1 248 | 3.26 239 4.64 |4.59 | 104.2 98 233 11.7 | 30.6 | 5.18 27.6 7.13
97 | 4.67 99.1 105 209 21.7 393 | 9.66 28.9 12.5 16.06 [ 108.0 102 227 16.4 | 41.2 | 9.50 34.8 11.7
98 | 3.16 | 919 96 225 14.6 | 245 | 3.61 24.8 433 | 396 96.1 92 244 942 | 264 | 2.55 30.3 3.54
99 | 2.51 | 1219 | 122 216 7.77 32.0 11.6 13.7 14.0 11.3 | 1229 109 231 9.88 |49.2 | 14.8 32.7 17.6
00 | 565 | 1088 | 114 197 22.2 50.8 17.5 25.6 209 | 8.88 ( 109.1 98 207 325 | 814 | 795 40.3 10.7
01| 7.60 | 126.8 | 130 179 29.2 | 96.5 | 46.1 29.2 50.4 | 17.5] 130.7 117 207 325 | 814 | 322 49.1 354

ways less than 8%, ranging from 1.44% to 7.60%; hence, as to
the median B-field, the innovative heuristic formulas perform
very well over the whole database time interval. Dealing with
€B,m, it i1s mostly below 9%, ranging from 2.64% to 8.88%,
with the exception of years 1999 (11.3%) and 2001 (17.5%).
This is consistent with what already observed in [11] for pe-
riods within year 2001, as well as for the whole year, i.e., the
agreement between estimated and calculated B-field values for
year 2001 is satisfactory for mean values, even if not so good
as for median values. The better agreement for yearly Bso g
with respect to yearly (B) g may be due to the fact that mean
values are more sensitive to extreme values that occur rarely, as
pointed out above; for this reason Italian law focuses on median
values for evaluating the exposure to fields from power lines [7].
Therefore, the quite good agreement between calculated and es-
timated median B-field values is essential within this investiga-
tion and indicates a very satisfactory performance of the pro-
posed median Ay estimate.

However, mean estimates are satisfactory on the whole, too,
when considering also the much simpler and faster way in which
they are attained with respect to calculated mean values. Indeed,
computing time is strongly reduced: from ~25 minutes to frac-
tions of a second when using a PC with 2 GHz processor and 1
Gbyte of RAM; and the reduction would be more significant if
database quantities were recorded more frequently than in this
case (i.e., if K > 8760). Moreover, outside the right of way
mean estimates are as accurate as the median. In addition, apart
year 2001 (for which (15)—(25) provide the worst estimates)
(Ap) g is almost as satisfactory as Apsg E.

Table II also reports the so-called “calculated continuous
Agp,” denoted as Apc ¢, i.e., the values of Ay that inserted
directly as input of the BDP-code in (10), (11)—together
with continuous rms currents—provide the closest continuous
B-field profiles to the calculated continuous B-field profiles;
thus, Apc,c can be deemed as an a posteriori estimate of
Apc g. An ad-hoc iterative procedure has been set up for de-
riving the values of Apc ¢, that have provided B-field profiles
with maximum percent deviations below 3% from the calcu-
lated continuous B-field profiles for the considered years; thus
Aypc,c give an acceptable indication about what the “exact”

values of Agc g should be. As can be argued from Table II,
Apsp,¢ ranges from 82° to 130°, while (Ayp)c from 89° to
117°: this proves that the treated ACDOHL has experienced a
wide variety of power flows and operating conditions from 1994
to 2001. The deviations of Apsg g from Agsg ¢ range from
—5.9° to +11.7°, while the deviations of (Ay) g from (Ap)c
range from +3.1° to +13.9°. However, these deviations should
be regarded with care, since it must be remembered that (10),
(11) are approximate relationships and that the dependence of
B-field on I1, I1; and A is non-linear; as a consequence, small
or large variations of B-field occur within different ranges of
values of Ay having the same width, thus a large deviation
between Apc g and Apc,c could not be necessarily an in-
dication of large deviations between estimated and calculated
B-field profiles: e.g., the largest deviation between Awso g
and Agpso,c, 11.7° is observed for year 1995, but the relevant
value of ep 59 is 4.40%, i.e., the maximum percent difference
between estimated and calculated B-field profiles is quite
small. As a consequence, the most decisive indication about the
correctness of the estimate of continuous B-field is always the
deviation between calculated and estimated B-field profiles.

According to this guideline, in order to assess fully the per-
formance of the proposed heuristic formulas, continuous B-field
profiles obtained via (15)—(25) have been compared with alter-
native continuous B-field profiles computed by inserting in (10),
(11) noticeable values of phase-shift angle Ay that could be
chosen as alternative aprioristic guesses of Apc g: first of all,
the central value, Age, and the arithmetic average, A@aye, of
the sampling distribution of A¢; in addition, Apg = 0°, 90°,
180°, 270°, i.e., the values that fix the boundaries of the four
quadrants of the periodic variation of Ap. The relevant devi-
ations between calculated B-field profiles and B-field profiles
obtained via such aprioristic guesses of continuous A are also
reported in Table II; they are defined as follows:

€cen,B,50 = 100 max{|Bso(A¢een) — Bso,c|/Bso,c}  (28)
ave,B,m = 100 max{|{B(Agave)) — (B)c|/(B)c} (29)
£Q,B,50 = 100 max{|Bso(Apq) — Bso.c|/Bso,c}  (30)
£Q,Bm = 100 max{|[(B(A¢q)) — (B)c|/(B)c}. (3D
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As Table I shows, €cen,B,50 ranges from 7.77% to 29.2% and
Eave,B,m {Tom 9.42% to 32.5%, hence they are much higher than
the relevant values of e 59 and €p ,,, thereby confirming that
the central value and the arithmetic average of the sampling dis-
tribution of A are unsatisfactory guesses of Apso/{Agp), due
to the aforementioned inconsistencies in the sampling distribu-
tion. This is also witnessed by the fact that Ay, ranges from
179° to 225° and Ap,ye from 192° to 244°, thus far outside the
relevant ranges of Apso ¢ and (Ag)co.

Asfaraseg p 50 and €o, B, are concerned, it can be observed
that their values are always very high: the former ranges from
16.3% to 96.5%, while the latter from 21.1% to 81.4%, hence
far larger than the relevant values of ep 50 and ep ,,. Quite
high values, though smaller, are observed also for €159, 5,50 and
€180,B,m: the former ranges from 13.7% to 29.2%, while the
latter from 25.6% to 49.1%, hence far larger than the relevant
values of eg 50 and €p,,,. This involves that 0° and 180° are
both unacceptable guesses for the values of Apso/{Ay), at
least for the considered line; nevertheless, such values are often
claimed by practicians as the only possible—or most frequently
occurring—values of phase-shift angle for ACDOHLs, since
currents are often considered as being either in phase (“currents
in the same direction,” i.e., A = 0°) or in opposition (“cur-
rents in the opposite direction,” i.e., A = 180°).

As far as e90,B,50 and egg,B,m are concerned, it can be ob-
served that their values are low for years 1994, 1995, 1996, 1998
(the former ranges from 3.26% to 3.83%, while the latter from
1.69% to 5.18%): for these years they are comparable to the
values of ep 50 and € ,,: in particular, 99 p 50 is lower than
€B,50 tWice, €90, B,m is lower than e ,,, three times out of four.
Nevertheless, for years 1997, 1999, 2000 and 2001 e99 g, 50
and €99, g, are much higher (the former ranges from 9.66% to
46.1%, while the latter from 7.95% to 32.2%): for these years
they are significantly larger than €5 59 and €, ,,, particularly as
far as the median value is concerned. Thus it can be concluded
that an aprioristic guess of Ay = 90° could perform the same
as Apso g and maybe better than (Ap) g over one half of the
database recording period of the treated line, but over the other
half it performs much worse than Agpsg g and (Ayp) g, particu-
larly as far as the median B-field estimate (i.e., the most impor-
tant one) is concerned; in particular, for years 1999 and 2001
Ap = 90° is far from a correct description of the load regime
of the line. Moreover, while an aprioristic guess of 90° could be
hardly justified for lines different from that analyzed here, the
innovative heuristic estimates proposed here find some support
from basic power system relationships (see Section III).

Coming to €270, B,50 and €279, B,m, their values are similar to
those of €99, 8,50 and €99, B,m, though a bit higher. Indeed, for
years 1994, 1995, 1996, 1998 the former ranges from 2.17%
to 5.86%, the latter from 1.81% to 7.13%, whereas for years
1997, 1999, 2000 and 2001 the former ranges from 12.5% to
50.4%, the latter from 11.7% to 35.4%. Therefore, the above
considerations about Ay = 90° hold a fortiori as to Ay =
270°. In conclusion, also Ap = 270° should be regarded as
a worse estimate of Apso/{Ay) than the proposed heuristic

6Though some similarities between B-field profiles relevant to A¢ and
360° — A are observed, nevertheless these profiles differ more or less [12].
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TABLE III
MEDIAN (I1,50, 11,50 ) AND MEAN ((I1), {I11)) CURRENTS OF CIRCUITS I, IT
OF THE TREATED LINE, CORRESPONDING PERCENT DIFFERENCE AND B-FIELD
ERROR PARAMETER FROM 1994 TO 2001

year 1150 1150 Aly, 50 €850 <Ip> | <Ip> | Al €Bm

(Al | [A] | [%] | [%] | [A] | [A] | [%] | [%]
94 | 165 | 935 | 803 | 144 | 182 | 923 | 824 | 2.64
95 | 120 | 764 | 80.9 | 440 | 141 | 737 | 843 | 3.69
96 | 132 | 685 | 77.1 | 437 | 156 | 682 | 80.7 | 4.59
97 | 152 | 589 | 70.6 | 4.67 | 180 | 613 | 742 | 6.06
98 | 154 | 782 | 77.0 | 3.16 | 179 | 779 | 803 | 3.96
99 | 150 | 563 | 69.7 | 251 | 175 | 578 | 734 | 113
00 | 173 | 638 | 67.3 | 5.65 | 196 | 599 | 729 | 8.88
01 | 197 | 519 | 541 | 7.60 | 231 | 503 | 62.0 | 17.5

formulas for the examined line, as well as not aprioristically
justifiable in general for other lines.

V. DISCUSSION

As shown by the detailed analysis of the applicative results
carried out at Section IV, the proposed heuristic formulas for the
estimation of continuous phase-shift angle provide a quite good
continuous B-field estimation for the considered line over the
whole database recording period, and perform surely better than
other commonly-used aprioristic guesses. Though being applied
to a particular line, the methods and the results illustrated here
are expected to be valid in general for independent-circuit AC-
DOHL, provided that the basic simplifying hypotheses listed at
Section II hold, as is mostly the case for ACDOHL. However,
even if these hypotheses are not fully matched, this study pro-
vides simple and useful tools for a preliminary analysis, that
can help in interpreting the results provided by more refined and
complex calculations.

A further extensive investigation of the whole line database
has been carried out for gaining a deeper insight into the statis-
tical features of the sampling distributions of powers and other
quantities related to continuous values of both phase-shift angle
and B-field. In particular, an uneven current distribution be-
tween the two circuits over the years is observed, with circuit
I carrying always less current and power than circuit II; this can
be seen in Table III, that quotes median and mean currents of
circuits I, II, the corresponding percent difference between me-
dian/mean line currents, Alg, -,/(Alg,), and the relevant me-
dian/mean B-field error parameter, €p 59 /e B,m, already listed
in Table II. Table III shows that there is some correlation be-
tween ep 50/€p,m and AI%750 and (Alg,), so that the higher
is Alg, 5,/(Alg,), the lower is 5 50/€ B,m. Nonetheless, this
and other interesting features of the database gave no decisive
indication for an improvement of the proposed estimates for
continuous phase-shift angle and B-field values.

VI. CONCLUSION

This paper reviews the main concepts about the computa-
tion of historical magnetic fields from ac overhead transmission
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lines and possible errors relevant to the time-varying nature of
line load, thereby showing that a proper use of historical load
databases is essential for associating residential magnetic fields
with load diagrams of the lines. Moreover, innovative heuristic
formulas for ac double-circuit overhead transmission lines with
independent circuits are proposed, that enable line databases to
be used accounting for the non-trivial phase-shift effects be-
tween circuit currents of these lines. Such formulas provide,
via one single fixed-load calculation, a good approximation of
the median/mean magnetic field profiles over a reference oper-
ational period of the line, thereby easing and shortening consid-
erably the estimation of median/mean magnetic field. The pro-
posed formulas have been shown to have very satisfactory per-
formances for an existing line over all the years of availability
of line database, i.e., from 1994 to 2001, especially as far as the
median estimate over the whole year is concerned, which is of
primary importance from the viewpoint of evaluating the expo-
sure levels to magnetic fields from power lines.

Though being applied to a particular line for the sake of illus-
tration, the results and the methods discussed here are expected
to be valid for ACDOHLs in general. However, even when not
fully applicable, this analysis provides useful tools that can help
in interpreting the results provided by more sophisticated calcu-
lation methods.
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