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Abstract — The establishment of smart grids requires
special attention to the safety of power industry facilities
and the reduction in their negative impact on personnel
and the environment. A significant factor of such an
impact is the considerable intensities of electromagnetic
field (EMF) generated by such facilities. In the context
of power industry digitalization, the development of
methods and tools for EMF digital simulation is needed
to ensure the electromagnetic safety of the service
personnel. Computer models designed to adequately
determine the EMF generated by overhead power lines
(OPL) can be implemented based on the methods and
tools created to determine operating parameters of
electric power systems in phase coordinates developed
at Irkutsk State Transport University. The technique
of electromagnetic safety analysis is implemented
based on the proposed approach and has the following
features: a systems approach, which is the possibility of
simulating electromagnetic fields in terms of properties
and characteristics of a complex electric power system;
versatility, which allows simulating power lines and
traction networks of various designs; appropriateness
to the environment achieved by considering the profile
of the underlying surface, underground utilities, and
artificial structures of rail transport, such as galleries,
bridges, and tunnels; comprehensiveness, which is
provided by combining the computation of operating
parameters and the determination of EMF intensities.
The paper describes methods and algorithms developed
to determine the intensities of electromagnetic
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fields generated by multi-conductor power lines at
fundamental and higher harmonics frequencies. A
technique for the EMF determination at the points of
OPL orthogonal crossing is also presented.

Index Terms: modeling, electromagnetic field, power
transmission line, traction network.

1. INTRODUCTION

Electric power facilities generate electromagnetic fields
(EMFs) of fundamental and higher harmonic frequencies
[1, 2], which are among the main factors that determine the
electromagnetic safety conditions [3-17]. High-intensity
electromagnetic fields can generate interference causing
malfunctioning of electrical and electronic devices and
result in serious accidents when one operates at tripped
power lines due to the impact of induced voltage on
personnel.

Methods and tools for simulation of operating conditions
in phase coordinates developed at Irkutsk State Transport
University (ISTrU)[18] allow simultaneous computations of
EMF for multi-conductor power lines [4] and determination
of operating conditions of the electric power system (EPS)
or traction power supply system (TPSS), being its part. In
this case, the line at issue is considered inseparably with
a complex EPS or TPSS. Simultaneous computation of
operating conditions and generated EMFs enables the
systems approach to the electromagnetic environment
analysis. Its distinct feature is the possibility of EMF
simulation with proper consideration of all properties and
characteristics of the complex TPSS and EPS. Advantages
of the method proposed are, first of all, the possibility for
simulation modeling [4, 18] of trains operation in the TPSS
under study and determination of EMF intensity dynamics,
and secondly, due consideration of factors that affect the
EMF intensity levels, including [4]:

* unevenness of the underlying surface caused by
embankments, depressions, slopes, and passenger
platforms;

e metal railroad cars and cisterns on tracks that
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significantly affect spatial distribution patterns of EMF

intensities;

» carthed extended metal objects (pipelines, cable lines
with earthed coatings, and earthed ropes) that also
change the EMF distribution pattern.

The methods and tools developed at ISTrU for
modeling the TPSS operation and the Fazonord software
implemented on their basis allow using several hundred
wires in the models [18]. This makes it possible to simulate
the embankments, depressions, railroad cars, and cisterns
with a set of wires earthed at one end and located so as to
make the distance between the wires significantly shorter
than the distance to the observation point. This technology
also allows calculation of EMF in artificial railroad
transport structures, i.e., tunnels, galleries, bridges.

The proposed approach underlies the technique of
electromagnetic safety analysis that has the following
characteristics:

e systems approach, which manifests itself through
the possibility of modeling electromagnetic fields
by factoring in the properties and characteristics of a
complex TPSS and a supply EPS;

e universality, which ensures modeling of power
transmission lines and traction networks of various
designs;

* consideration of the environment via a thorough
analysis of underlying surface, underground utilities,
and track structures, including galleries, bridges, and
tunnels;

* integrity ensured by combining the computation of
operating conditions and the determination of EMF
intensities.

II MODELING OF OPERATING CONDITIONS IN PHASE
COORDINATES

In a more generalized option, the modeling of electrical
network operation can be represented as the following
functional relationship:

A:D=X (1)
where A — the nonlinear operator; D =SUY - the vector
of source data; X — the vector of operating parameters; S
— the set of data describing the structure and parameters of
EPS (TPSS) components; Y — parameters characterizing
generators and loads.

The system of steady-state equations (nonlinear in a
general case) is generated by transformation of (1):

F(X,Y)=0,
where X —the vector formed from node voltage components
in Cartesian (U;,U;') or polar (U,,5,) coordinates; Y —
the vector that includes active and reactive power of
generators and loads.

Technology of simulating the EPS operating conditions
in phase coordinates [ 18] serves as the basis for models and
methods proposed in this work. The EPS (TPSS) modeling
methods rely on lattice-type equivalent circuits (LEC)

with fully connected topology. The following formalized
definition can be written for LEC:
TEC : hubU con, Vi, j < hub — con, ; < con ,

where TEC - stands for lattice-type equivalent circuit;

hub —a set of LEC nodes; con — a set of LEC branches.

The basic elements that constitute the EPS three-phase
— one-phase network supplying traction power systems can
be subdivided into two groups:

o electricity transport elements, i.e., overhead power
lines and cable lines, conductors, traction networks;

e conversion elements, i.e., transformers of various
designs.

The above devices can be generally considered as
static multi-wire elements, which can be represented as
a set of wires or windings with inductive couplings (Fig.
1). Simulation of power sources, electrical loads and
elements employed to control EPS operating conditions
are analyzed in detail in [18, 19]. Adequate assessment of
electromagnetic safety conditions requires, apart from EMF
to be determined for particular operation situations, the
construction of time relationships between the intensities
of electric £ = E(¢) and magnetic H = H(¢) fields. These
tasks can be accomplished based on simulation modeling.
In this case, the concept of instantancous diagrams
is used and dynamic model is reduced to a set of static
diagrams. The simulation procedure involves dividing the
interval under study into smaller intervals, within which
the operating parameters are assumed to be invariable.
The analysis of experimental measurements of operating
parameters in real TPSSs, and computer simulation results
indicate that such an assumption is acceptable and does not
introduce a significant error to computation results.

The development of a simulation model of the mainline
railroad power system requires the construction of models
of the EPS and TPSS elements with an algorithm of their
interaction and includes the following stages:

* modeling of train operation schedule;
« generation of instantaneous diagrams and calculation
of operating parameters for each of them;

A A A A A AR AR AR AR

Fig. 1. The diagram of static multi-wire element.
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determination of integral values of simulation modeling.
At each modeling interval Atz the following system
of non-linear equations that define steady-state of the
respective instantaneous diagram is solved:

F (X, Yp) =0, 2

where X;,Y, — values of vectors X, Y for the k-th
instantaneous diagram.

Modeling of moving traction loads is based on traffic
schedule, which relates train location coordinate with time.
Traction load values are determined based on traction
computations or experiments. Traction loads are normally
set by values of currents, although such an approach
insufficiently adequately defines the physics of running
processes. The train driver shall follow the specified traffic
schedule. Thus, a change in voltage at current collecting
equipment causes the need to adjust the electric locomotive
current to maintain the necessary traction effort.
Consequently, setting traction load with power consumed
is a more appropriate approach that reflects energy
conservation law. Software tools developed to determine
traction loads obtain traction currents under rated voltage
of the current collecting equipment, consequently, there is
no problem in their translation to consumed power.

Railroad AC power system can be divided into the
following segments:

o three-phase EPS that performs the external power
supply function;

one-phase traction power supply system;

power supply areas of non-traction and non-transport
consumers, including transmission lines of particular
design following the pattern “wire — rail” and “two
wires — rail.”

The railroad power supply systems (RPSS) have
longitudinal and transversal asymmetry of parameters
due to the single-phase traction networks and devices
of transverse and series capacitive compensation. This
asymmetry affects the operation of the external power
supply system and power supply areas.

The operating conditions for integrated systems of
traction and external power supply are calculated by
successively determining the operating conditions for
some instantaneous diagrams of train operation. The
instantaneous diagram requires the following data:

* a connection diagram of stationary elements with data
on their parameters, as well as loads and generation
of the RPSS stationary part; the location of electrical
traction loads at the considered time instant, which is
determined by train operation schedule; location of
trains determines parameters of the system’s changing
part that includes the traction network sections;

loads created by trains at the time instant at issue;
these loads are determined based on traction loads or
experimental rides.

The train schedule is used to determine the train
location. The train location determines the lengths of
the current sections of the traction network between its
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discontinuities, i.e., between neighboring trains or between
trains and stationary nodes that include connection points
of traction network feeders, sectioning points, parallel
connection points, neutral sections, switching to another
number of tracks or another suspension type.

II1. EMF SIMULATION IN PHASE COORDINATES

After determining the instantaneous diagram operation
by solving the set of equations (2), we can calculate the
intensities of electromagnetic fields generated by any of
the multi-wire systems, which are part of the simulated
system. With the vertically upward direction of the
Y-axis of the Cartesian coordinate system and the X-axis
perpendicular to the railroad or power line axis so that
the Z-axis is oriented in a negative direction of the wire
current, the components of the electric field intensity of the
system of N wires at the point with coordinates (x, y) are
determined using the following formulas:

] N e )2 — 12 2
Eyz_inl_ i =x)’ =y +y7],

TE) =1 E.J[ 3)
. 2 & - X, ;
EX — ZT,— ('x 'xz)yyz’

TCSO i=1 E.:[

é;i :[(x_x[)z +(y+y,)2][(x—x,)2 +(y_y,-)2] 5

7,— charge of wire i per length unit, which is determined

where

from the first group of Maxwell’s formulas T=A".U.

. . . T
Here U=[Ul UNJ — column-vector of wire

voltages relative to earth; T:[tl Ty ]T — column-
vector of wire charges, A — symmetric matrix of potential
coefficients, in which

1

2me,

2.
In2
V.

i

. >
ii

1 \/(xi_xj)2+(yi+y/)2

- n 2 P
27’;80 \/(xi_xj) +(.yi_yj)
where x;, y; — the coordinates of wire i above the ground

i

(y = 0 corresponds to the flat earth surface), », — radius of

wire 7; €, — electrical constant.

After transition from complex effective values of
components £, and £y to time dependences, one can
obtain parametric equations for locus of the electrical field
intensity vector:

E () =2 Esin(0t+¢,);
E (t)=~N2 E, sin(0t+9,),

where the factor v/2 is required because computations are
based on effective values; ® = 314 rad/s.

The field intensity reaches its maximum value £, ,, at
time instants defined by the following equation:

, E}sin2¢, +E;sin 20,

max

1
=—Arctg| —; >
20 E cos2¢, +E; cos2@,


http://esrj.ru/

V. Kryukov et al.

Energy Systems Research, Vol. 4, No. 2, 2021

One of arctangent values is chosen when the second
derivative has a negative value:

E}cos2(wt, +¢,)+E; cos2(wt,  +¢,)<0.

The effective value of field intensity for some direction
v, measured from the X-axis positive direction is equal to

E, = \/E)z( cos’ y+E; sin® y+D, ;

D, =2E,E, siny cosy cos(p, —¢,).

Intensity extreme value is calculated using the
following formula:

(E§+E§)2 +@ 2.

2 2 |7

E‘PE

Dy, =(EX +E2) —4E3EZsin’ (¢, —¢,).
In this case, plus sign corresponds to the maximum, and
the minus sign corresponds to the minimum.
This formula is given in [21], where the authors point
out that in the calculation of field near the ground surface,
the error of simple quadratic summation

E=\E, +E}

usually does not exceed 10% towards increase above the
effective value maximum.

The horizontal and vertical components of the intensity
of the magnetic field generated by all conductors are
calculated using the following formulas:

. 1 ~ . Y=y,
H, =—>1 ! ;
e T =)t (- )
. 1 v . X—x,
H, =——3X1, > -
27 i=1 (xi_‘x) +(yi_y)

The determination of the electric and magnetic field
intensities involves the calculation of the RPSS operating
conditions, the determination of charges and currents
of wires, including earthed ones, and the components
Ey, Ey, Hy, Hy. The described
implemented in the Fazonord software [18]. In this case,
electromagnetic field intensities can be determined both
for an individual instantaneous diagram and for their set,
which determines the change in EMF intensities over time.

Such a problem statement significantly simplifies
the computation of EMF intensities. Indeed, the
traditional formulation of this problem requires solving
differential equations in partial derivatives. Traditional
methods considerably complicate the problem-solving
procedure, especially when there is a need to factor in
the underlying surface inhomogeneities (embankments,
slopes, depressions) and the extended conductive facilities
(artificial structures of railroad transport, metal cars and
cisterns, underground pipelines, and others). The use of
sets of grounded wires as part of the corresponding multi-
wire element for simulation of roadbed inhomogeneity

technique s
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and conductive facilities allows the use of the proposed
technique to determine EMF without additional
complications and modifications, given the external
environment [4].

Computations of electric and magnetic field intensities
under the proposed technique can be referred to as integral
computation methods with a distribution of charges on
fictitious earthed conductors located on the surface of
nonplanar (but parallel to the plane) ground or the surface
of the conductive boundary of an artificial structure. In
contrast to the integral methods used, in this technique, the
charges on the earthed conductors are found through the
calculations of operating conditions in phase coordinates.
After the operating conditions of a system that includes
a multi-wire element are calculated, it is possible to
determine the wire charges per unit of length.

Since the resistances of multi-wire power lines are
calculated using the height of the equivalent wire, which is
below the point of the wire suspension on the pole by two-
thirds of'the slack, the computation will give some averaged
electric field intensity value throughout span length. At a
small (about two or three meters) height of the observation
point location, the actual intensity in the middle of the span
will be somewhat higher than the calculated one, while at
the pole, it will be less than the calculated one.

These differences, however, are relatively small and are
usually overarched by the idealization of the considered
facility and errors of source data.

The EMF active power flux density can be determined
using the formula [4]

1
I1, =E[H01 -I1, ] 5

Iy, = E,,H,,, cos (W, = Vp);
1_IO2 = Em mx COS (\VEy - \VHX) . . .
Thus, after computing the components £, , E,, H ., H, ,

electromagnetic energy flux density determined by the
Poynting vector can be calculated.
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Fig. 2. Comparison of experimental and calculated data: 1, 2 —
boundaries of the experimental data scatter area.
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IV. VERIFICATION OF THE SIMULATION ADEQUACY

Experimental verification of the technique was carried
out by comparing the calculation results for the intensity
of electric field generated by 220 kV transmission
line with the experimental data obtained in [20].

The results of measurements and computations indicating
the acceptable accuracy are shown in Fig. 2.

Fig. 3 shows the results of calculations and experimental
studies on the electric field of the overhead system [3]. The
results obtained indicate that the discrepancy between the
experimental and calculated data does not exceed 2%.

Experimental verification of the adequacy of calculation
of the overhead system magnetic field is problematic
because it is difficult to obtain source data for simulation
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of the RPSS operating conditions. Such information can
be obtained only in the future, when the satellite system is
employed to locate the trains in space. It is also difficult to
restore the overhead power line conditions as there are no
means for measuring magnitudes and phases of currents
flowing through its wires.

Such measurements will also become possible only
when electric power systems are equipped with devices for
synchronized measurements of phasors (PMU-WAMS) on
a large scale.

Therefore, the verification of adequacy of the magnetic
field intensity calculations relied on the comparison with
the results of analytical calculations (Fig. 4). The findings
show a good agreement between the data of analytical
computations and simulation based on the proposed
technique.

To additionally verify the simulation adequacy, 50
Hz EMF intensities were measured, and comparative
calculations fora 110 kV double-circuit line with a lightning
protection cable located within the city were performed.
These measurements were made between two towers. The
heights of the wire suspension above the measurement site
were 19 m (ground wire), 16 m, 13 m, and 10 m (phase
wires). A 110 kV single-circuit dead-end tap is connected
to a line at the closest tower to the measurement site. At a
distance of 10 m from the power transmission line with a
slight decrease in the earth surface, there is a metal fence of
the garage cooperative, which can have a significant effect
on the electric field.

According to the data of measurements of operating
parameters of a double-circuit overhead power line (OPL)
located close to the branch line, the power flow of the first
circuit was about 9 —j12 MV A (the minus sign corresponds
to the accepted positive direction of the power flow of the
branch line); the power flow on the second circuit was 6
—J9 MV-A; the branch line consumes 6 + j3 MV-A. To
correctly factor in the multi-wire system with the facilities
affecting EMF (metallic fence), its model, including 19
wires, was implemented in the Fazonord software.

Phase voltages were assumed symmetrical, equal to 65
kV for a more loaded circuit and 66 kV for a less loaded
one. In the calculation of operating conditions, the above
loads symmetrically distributed among phases resulted in
77 A currents for the left-hand circuit wires, 54 A for the
right-hand circuit wires, and 34 A for the branch line.

According to the calculation of operating conditions,
the value of the ground wire current was of the order of
0.1 A. Thus, while significantly changing the electric field,
the ground wire has almost no effect on the magnetic field.

Experimental ~measurements of electromagnetic
field intensities, performed with the P3-50 device, are
represented by three groups of values obtained at different
times; the directions of coordinate axes were assumed
the same as in the computation technique. The origin of
coordinates is under the OPL center in the middle of the
span on the ground surface.
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Fig. 5. Interval representation of the EMF intensity
measurement results: a — electric field; b — magnetic field; 1
boundaries of scatter area of the experimental data.

Measurements were carried out with a P3-50 field
intensity meter using projections of intensities on
corresponding coordinate axes at a height of 1.5 m from
the ground surface.

The results of measurements and computations are
presented in Fig. 5.

In general, the nature of the relationship between
the electric field intensity and the x coordinate, obtained
by computation, corresponds to similar relationships
constructed based on experiments. In the first experiment,
the maximum intensity values are virtually equal to the
calculated values.

The calculated values for the OPL right-hand circuit lie
within the boundaries of the scatter area of the experimental
values.

Adequacy of modeling is confirmed by high values
of correlation coefficients between experimental and
calculated data.
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V. CASE STUDIES TO DETERMINE THE EMF INTENSITIES

Figures 6-8 present the simulation results of EMF
intensities at the height of 1.8 m for a typical 25 kV TPSS
of the double-track road section with a current of 414 A and
voltage of 25 kV of overhead catenaries.

The dependences obtained indicate the following:

the low voltage of the traction network results in the
maximum level of electric field intensity below the
standard value of 5 kV/m;

the level of magnetic field intensity is quite close to
the maximum permissible value but with the current
of overhead catenaries equal to 414 A, EMF does not
exceed it;

electromagnetic energy density reaches 80 kV-A/m?
near the center of the traction network. These data may
serve as a basis for specifying electromagnetic safety
standards in AC traction networks.
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Results of simulation of the EMF intensity changing
over time at the height of 1.8 m are presented in Fig. 9.

Figure 10 shows the simulation results for the
electromagnetic fields generated by a double-circuit 220
kV line with a current of 300 A.

The presented results confirm the applicability of the
considered technique for determining EMF when assessing
the conditions of electromagnetic safety in traction
networks and on the routes of high-voltage OPL. It is
worth noting that this technique can be used in the EMF
calculations for overhead power lines, cable power lines,
and conductors of various designs.
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VI. EMF AT THE INTERSECTIONS OF TRACTION NETWORKS
AND HIGH-VOLTAGE POWER LINES

The above-described technique was extended to the
detailed analysis of the electromagnetic field structure at
points of power lines crossing the railroad.

Assuming mutual perpendicularity of the overhead
power line and railroad wires, we can calculate components
of EMF vectors and determine the resultant field, which is
complicated by the following factors:
overhead power line can be either single-circuit or
double-circuit;
mutual voltage phasing of TPSS and OPL, the spatial
location of the OPL wires of different phases, and the
number of electrified railroad tracks are to be factored in.
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The problem statement at issue takes into account
both these factors. Fig. 11 shows a frequently encountered
situation where a 220 kV line is crossing a double-track
road section. In this Figure, the overhead catenary wires
and rails of the odd track are given in black, while those
of the even track are in gray. The dotted line shows OPL
wires. Different systems of coordinates are chosen for
railroad and OPL, which simplifies the calculation of
fields. The coordinates are determined for the conditions
where the Z-axis is directed along the railroad and the Z;
axis goes along the OPL wires. Currents have opposite
directions to Z and Z; axes directions. The origins of
coordinates are located on the railroad axis. In this case,
electromagnetic fields can be calculated with the Fazonord
software separately for traction network and overhead
power line with the subsequent addition of respective field
vector components.

In the XYZ coordinate system of railroad, the intensities
of traction network electromagnetic field are calculated
using formulas (3). In the X Y;Z; coordinate system
of overhead power line, similar relations are written as
follows:
iit (e =X ) Vr Y .

E = >
o TE) "= }\’Ti
E = 1S yTi[(xT_xTi)z_y'f'_f—y"lz'i]o
TY ___Zri ’
e i=l Ar;

. INT.y—y. . INT'X_xv
H,, =—>[2t 2T g — N j-1 .
™ 27‘(,-2:1: ’ & o 27'5:'2:1: I Er;
ETZ =0 ;HTZ =0,

where
&y = [op — 23> + [y + ¥’ Cll(7 — x7)* + [ — y1)’;

My = (og; = xp)* + [ — v
In the formulas, N is the number of traction network
wires, N is the number of OPL wires; T, is charge per unit
of length of wire 7, I, is current of wire 7 in the direction
opposite to the direction of Z or Z; axis; (x;, y;), (xr,, V1;) are
wire coordinates in respective cross-sections.

Observation point coordinates in the X Y;Z; system are
related to the XYZ coordinates with following relationships
on an assumption that origins of coordinates concur at one
point:

X=Iny=ipz=

The components of OPL field vectors are similarly
transformed from the X7.Y;.Z; coordinate system to the XYZ
system:

—Xr.

E)'( =E;; E}" =Ery; Eé =—E;y;

H/,\' = HTZ; H;/ = HTY;Hé = _HTX'
The operations necessary to calculate field intensities at
a specified point with coordinates (x, y, z) are as follows:
1. Determine the components of intensities of the field
created by railroad traction network by the given
coordinates (x, y, z) with the aid of Fazonord software in

“4)
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which the electromagnetic field intensity is determined
after the operating conditions are calculated.
Determine the components of intensities of the field
generated by overhead power line by the specified
coordinates z; = x; y = y; X; = —z using the Fazonord
software.
Calculate the total components of intensities at a
specified point according to the expressions (4):
Esy=Ey+E;, =E; E;y =E, +E;
Esy, =E,—E;y=-E;;
Hyy=Hy+H,,=H,; Hyy =H, +Hy,;
Hy, =H,-H;,=-Hy,.

Thus, we determine all three components of the
intensity vectors of electric and magnetic fields:

E, =E, e"; E, (1)=2 E,,sin(01+¢,);
Hz,. =H,.e"; HZ[(t)zx/EHz,.sin (0t+vy,);

i=Xx,Y,z.
Ends of vectors of electric and magnetic field intensities
calculated at some point trace out ellipses lying in the plane
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determined by components of these vectors [21]. Whether
the vector belongs to a specific plane can be shown by the
product of two vectors of the field at different time instants.
Vector of this product is perpendicular to the direction of
the plane in which the terms lie. In particular, one can
analyze two vectors at time ¢ = 0 and at current time ¢. The
components of vector product E, x E, are determined as
follows:

(Eo XEr)X =2 E; E;,sin (¢, —9,)sin (01);
(E,xE), =2 E, ,E,,sin (¢, —¢,)sin (07);
(E’O XEt)Z =2F; E;,sin (¢, —¢,)sin(mw?).

Squared absolute value of the vector product equals
- - 12 - - - - - -
(B, <E)| =(E,xE,),* +(E,xE,),” +(E,xE)),’

These data show that ratios of the vector product
components to the vector absolute value (vector direction
cosines) do not depend on time, which indicates that
intensity vector is located at any time instant in the same
plane. Normal line to this plane is determined by a single
vector with components equal to
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Fig. 12. Location of traction network (a) and OPL (b) wires:
1- contact wire; 2 — catenary messenger.

(E,xE), (E,xE),
(B < ED| [ xE)

(EO ><EZ/)Z .
B xE)

Extreme values of the intensity vector can be calculated
by differentiating the squared vector length:

3
_ 2 _ 2 s 2 _
Eg =[E;,(1)] _2§E2i sin” (0t +¢,) =

3
E;_ —;E; cos (2ot +2,).
Extreme values are determined by zero value of the
derivative:
d Eg
dt

from which

3
= 20325; sin Qo £ +2¢,) =0,
-
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Fig. 13. The amplitudes of electric (a) and magnetic (b) field
intensities versus the x coordinate: 1 — traction network; 2 — OPL.

3
D Essin(29,)
-— Arctg-H—«—

20 S B cos(20)
i=1

where the maximum is determined by negative value of the
second derivative:

3
sin 20 1,,) Y E” sin(29,) >

i=1

3
cos (20 1,,) D E’ cos(2¢,),
i=1
while the minimum is determined by positive value:
3

sin 20 1,,) D E” sin(29,) <
i=1

max, min

3
cos (20 £,,,) D E? cos(29,).

i=l1
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Fig. 16. The graph of the surface of electric field total intensity in x, xT coordinates.
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Fig. 17. Typical levels of electric locomotive current harmonics
as a percentage of the fundamental frequency current.
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Different field points are characterized by different
polarizations and field component relationships. Locus of
the intensity vector located in the plane of polarization can
be determined using the procedure from [4]. The simulation
results of EMF of the wire systems according to Fig. 12 for
the height of the observation point of 1.8 m are shown in
Figs. 13-16.

Coordinate z was measured from the point of
intersection of the overhead power line (AC-300 wires)
with the traction network. The overhead line was assumed
to transit the power of 5 + j40 MV-A by each phase with
a linear voltage of 230 kV and current of 648 A, which
are close to maximum permissible values for the AC-300
wires. Voltages at OPL starting end were equal to 132.8
kV with angles 0°, —120°, 120°, currents flowing into these
nodes were 648¢72%6" A, 647¢71486" A and 647e 1 A.
The power of 8 + j8 MB- A was transmitted by catenaries of
each railway track. The calculated voltage of the overhead
system was 25.6e7°% kV, and overhead catenaries currents
were equal to 450e711" A,
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Fig. 18. Coordinate system exemplified by a traction network.
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Fig. 20. Train current profiles: a — odd direction; b — even
direction.
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Fig. 21. Coordinates of conductive parts: a — traction network;
b- OPL.

(3]

The findings suggest the following.

. The total intensities of magnetic fields of traction
network and OPL differ from the intensity of magnetic
field generated by traction network by —2...+13%.
At the point with coordinates x = 2 m; y = 1.8 m, the
magnetic field intensity amplitude in the calculated
option was equal to 82 A/m.

The increase in the maximum value of the electric
field intensity amplitude at the intersection point of the
OPL and traction network reaches 66%; at the point
indicated in the previous paragraph, the value of this
parameter is 5.4 kV/m.

The developed technique can be used to resolve practical
issues associated with the improvement in electromagnetic
safety for personnel engaged in the operation of high
voltage power grids and AC railroad power supply systems.

VII. CONSIDERATION OF HIGHER HARMONICS IN EMF
SIMULATION

AC traction networks are the sources of higher
harmonics, as their voltage often exceeds the standards.
Russian rectifier electric locomotives with a rated
voltage of 25 kV not only consume the current from
overhead catenary but also generate considerable higher
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Fig. 22. The total harmonic current and voltage distortion
factors versus simulation time: a, b — OPL; ¢, d — overhead
system; kU, kI — total harmonic current and voltage distortion
factors; in a, b: 1 — phase A; 2 — phase B; 3 — phase C; in ¢, d:
1 — overhead catenary of the odd track; 2 — overhead catenary
of the even track
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Fig. 23. Maximum intensities of EMF generated by OPL versus
simulation time: a — electric field; 6 — magnetic field; 1 — for
Jfundamental frequency; 2 — for higher harmonics.

harmonics (Fig. 17), which entails significant distortions
of current and voltage waveforms. Harmonics of traction
networks penetrate into 110-220 kV supply networks and
increase harmonics of network voltage. For this reason,
electromagnetic fields generated by a 25 kV overhead
system and 110-220 kV power lines supplying traction
substations contain a significant proportion of higher
harmonics [18]. This factor should be kept in mind when
assessing the interference immunity of various types of
equipment and when determining the electromagnetic
safety conditions. Higher harmonics complicate the
polarization picture [22-27], and the best way to simulate
is to analyze the fields separately for different harmonics,
with their subsequent superposition.

Calculation of EMF intensities requires a preliminary
computation of operating conditions of single-phase
traction network and external three-phase power supply
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Fig. 24. Amplitudes of intensities of EMF generated by the
traction network versus simulation time: a — electric field; b —
magnetic field; 1 — for fundamental frequency; 2 — for higher
harmonics.

system. Nonstationarity and changes in the location of
traction loads create additional difficulties in calculating
the operating conditions, which are almost overcome for
fundamental frequency in [18].

The changes in magnitudes and spatial location of
traction loads are factored in by computations of a series of
operating conditions satisfying the given time instants. The
diagrams for such computations are usually built with the
discreteness of 1 minute. The electromagnetic field of the
traction network is determined by the voltage and current
of the catenary wires and rails. Rail currents are calculated
as induced currents of grounded conductors located on the
ground surface. The electric and magnetic fields of parallel
rectilinear wires are linearly polarized, the position of the
intensity vectors changes during the period.

Electromagnetic fields of traction network and OPL
are plane-parallel and identical in any plane perpendicular
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Fig. 25. Loci of the OPL EMF intensity vectors at the 206th

simulation minute: a — electric field; b — magnetic field; 1 — for

Jfundamental frequency; 2 — for higher harmonics.

to the wires. As noted before, it is convenient to use the
Cartesian coordinate system to describe such fields because
the origin of the system lies on the ground surface under
the center of the wire system, the X-axis is perpendicular
to the wires along the ground surface, the Y-axis is directed
vertically upward, and the Z-axis is directed against the
positive direction of currents (Fig. 18).

Electric field intensities at a point with coordinates x,
y for each & harmonic of the line, including N wires, are
calculated using the formulas similar to those provided
above:

. 2 . - X, ;
E. = Zrki (x=x)yy, .
ey i=i E.!i
- 1 & - yi[(x_xi)z_y2+y52]
Eky == Zrki ’
ey izl E.:i

where 1, isthechargeof wireiperunitoflengthforharmonic
k, determined from the first group of Maxwell’s formulas
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Fig. 26. Loci of the traction network EMF intensity vectors at
the 206th simulation minute: 1 — for fundamental frequency;
2 — for higher harmonics; a — electric field; b — magnetic field.

T,=A"-U,; U, :[Ukl UkN]T is the vector of
i, ] s

the vector of linear charges of wires, A is the frequency-

wire potentials at harmonic k; T, =[tkl

independent matrix of potential coefficients.

For each electric field harmonic, the time dependences
of spatial components are determined by the expression

E () =E,, sin(kot+y, )é +E, sin(kot+y,)é,,
where é_, éy are unitary vectors of the Cartesian
coordinate system; ® = 314 rad/s. As shown in [21],
the vectors of field extreme values Ekmax and Ekmin are
located in the polarization plane of a given harmonic and
the intensity vector rotates in this plane with an ellipse-
shaped locus. The time instants satisfying the intensity
extreme values are calculated for each harmonic based on
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Fig. 27. Shapes of intensity curves at the 206-th simulation
minute: a, b — OPL; ¢, d — traction network; a, ¢ — electrical
field; b, d — magnetic field.

the following relationship:

kot

kmin,max ~

1 .
Y arctg((EkW sin2y, +

+E® sin2y, )/ (E> cos2y, +E> cos2y,)).
kmy - kmx km y ¥

The first arctangent value is chosen within [-n/2, /2],
the second one differs by the value of 7. The maximum and
minimum absolute values of intensity are determined by
the signs of the second derivative:

sign(E;,, cos[2(kw 1, +W, )]+

km x
+E; cos[2(kwt, .. +W,)].
my v

The directions of the vector maxima and minima E(¢)
vary within the period according to the changes in the
direction cosines

— I Ekmi Sin (kmtmax +Wki)
cos(e E, ..)= 7 ;

Jemax

2
Ekmax = \/Z[Ekmi Sin (k(‘otmax + \\Uk[)]z 5
i=1

- E,_ sin(kot_. +Wy,,
COS(éi,Ekmin) _ kmi (E' min \sz) ;

kmin

2
Ekmin = \/Z[Ekml Sin (kmtmin +\|Iki)]2 b
1

where i = x, y.

The horizontal and vertical components of the magnetic
field intensity of the multi-wire line at harmonics are
calculated using the formulas similar to those given above:

. 1 ~ . y=y

H, =—>1, ! ;
e 2112 M=)+ (- )

. 1 v . X=X,

H ,:—_Z[[ - s
Yom A (- ()

with the only difference, the effective value of current i, of

wire i is taken for harmonic .

These formulas are valid for all harmonics of practical
importance at distances of no more than 100 m from a
system of wires that create the field. Parameters of the
magnetic field intensity vector are determined in the same
way as for the electric field.

The presented technique is implemented in the Fazonord
software. The simulation assumes the following:

+ theelectric systemunder study may contain transmission
lines, transformers, loads, and AC traction network;

+ the earth surface is assumed to be flat and perfectly
conductive for the electric field; image charges are
used to factor in the earth influence; the magnetic field
of the near area is virtually not affected by the earth;
however, the Carson formulas [28] are implemented in
the software to calculate EMF at distances of more than
100 m from the field source;

* based on the network calculation, the wire potentials
and currents are determined; electric field intensities
are calculated via the linear charges of wires with the
help of potential coefficients;
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Table 1. Maximum and average values of EMF intensity amplitudes for OPL and Traction Network.

Network element Field Index

Higher harmonics

Higher harmonics are Difference, %

considered not considered

. Average 1.47 1.47 0.0

onL Electric, kV/im Maximum 1.58 1.48 6.8
Magnetic, A/m Avevrage 0.32 0.37 -13.5
Maximum 0.37 0.98 —-15.3

Electric, KV/m Avevrage 3.62 3.14 153

Traction network Maximum 3.14 3.52 8.2
Magnetic, A/m Avevrage 13.8 14.9 -7.4
Maximum 37.4 43.4 —13.8

EMF intensities are calculated for each harmonic.

An enlarged algorithm of EMF calculation in terms

of harmonics includes the following stages.

1. Generate a calculation diagram, which includes

models of multi-wire lines and transformers

connected to other elements.

Set the coordinates of space points for each line under

study. These space points require the intensities to be

calculated.

Calculate EMF intensities for each instantaneous

diagram after determining the operating conditions

at the frequency of the current harmonic, including

the fundamental one, with the above formulas:

Calculate potential coefficients;

Determine complexes of linear charge densities

of wires;

Determine components of electric field intensity

complexes at the control points of space;

Calculate currents of individual wires of multi-

wire systems and magnetic field intensities at the

same points.

. Determine time dependences of total field intensities
of harmonics with the maximum values obtained for

a time interval equal to the period of the fundamental

frequency. Intensity curve shapes are calculated with

a 0.2 ms step. Based on these data and the scale

selected, the vector loci are plotted.

A typical diagram of traction and external AC power
supply system is chosen to illustrate the capabilities of
the technique described. It includes four sections of 220
kV OPL with AC-240 wires, three traction substations,
and two inter-substation zones (ISZ) with a length of
50 km. The EMF intensities, given harmonics, were
calculated in the middle of the left-hand ISZ and on the
OPL left-hand end adjacent to the intermediate traction
substation. The sources of current harmonics were
seven trains of odd direction with a weight of 6 300
tons and seven trains of even direction with a weight
of 6 000 tons (Fig. 19). The mountain pass section of
the railroad with the pass at the railway milepost 219
km entails considerable current consumption by trains
(Fig. 20). The EMF calculations require, as input data,
coordinates of the multi-wire system wires that are
equivalent in terms of sag. Fig. 21 shows their cross-
sectional position.
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Simulation modeling of train operation at the interval
of simulated time up to the 327th min provided the time
dependences of the following parameters:

+ total harmonic voltage and current distortion factors in
the middle of the left-hand ISZ, and on the left-hand
end of OPL of the second substation; Fig. 22 shows the
dependences at the interval from the 100th to the 200th
minute, when the railroad section is filled with trains;
maximum values of electric and magnetic field
intensities at the height of 1.8 m (Figs. 23, 24); the
intensities were calculated for the traction network at
the point with coordinates x =2.1 m; y = 1.8 m; for OPL
x=4m;y=18m.

The time dependences of k;, k, parameters, shown
in Fig. 22, indicate that the operating conditions under
consideration are characterized by significant levels of
harmonic current and voltage distortions. The maximum
values of k, k, for the traction network reach 60 and 75%,
respectively, and for the OPL — 14 and 55%, for the whole
simulation time. The overhead catenary of the odd track
is characterized by higher levels of harmonics, which is
associated with high traction loads of the odd track close to
the control point.

Figures 22, 23, and 24 demonstrate significant
variability of non-sinusoidality and EMF intensity
parameters associated with trains operation. The maximum
amplitudes of the OPL electric field intensities, calculated
for higher harmonics, are higher than similar indicators
for the field of fundamental frequency by 7% (Table 1).
However, a reverse situation is observed for the magnetic
field — the intensities maxima decrease by 15% (with
higher harmonics considered), which is associated with
the specific features of phase characteristics of current
harmonics.

The loci of EMF intensity vectors indicate the ellipse
distortions due to the higher harmonic current and voltage
effect. The same distortions are observed in the shapes of
curves of the field absolute values during the period of
fundamental frequency (Fig. 27). The presented results
confirm the importance of factoring in harmonic distortions
when simulating EMF generated by traction networks and
power lines adjacent to traction substations.

The presented technique of calculating the intensities
of EMF generated by power lines and traction networks
includes preliminary computations of operating conditions
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of the integrated system of traction and external power
supply at fundamental and harmonic frequencies as an
essential stage. The considered example of a three-phase —
single-phase electrical network has proved the importance
of considering harmonic distortions when determining
EME. This technique can also be employed to factor in
higher armonics to determine EMF generated by multi-
wire power lines of any design.

VIII. CONCLUSION

The technique developed to determine electromagnetic
fields generated by overhead power lines has the following
features:

1. systemsapproach, which manifests itselfin the possibility
of simulating electromagnetic fields considering the
properties and characteristics of a complex TPSS and a
supplying EPS;

universality ensuring simulation of power transmission
lines and traction networks of various designs;
appropriateness to the environment, which is achieved via
a precise analysis of the underlying surface, underground
communications, and artificial railroad structures, such
as galleries, bridges, and tunnels;

comprehensiveness provided by integrating the network
calculation and the EMF intensity determination at
the fundamental frequency and higher harmonics
frequencies.

In the context of power industry digitalization,
this technique, when put into practice, will provide
the scientifically grounded approach to the analysis of
electromagnetic safety conditions in electric power systems
and at railroad transport facilities and the development of
measures to improve electromagnetic safety.
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