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Abstract—In this paper, we ground a method for calculating switching overvoltages including the discharge
of lightning currents into the contact network and into a high-voltage power wire (HVPW) to isolate the con-
tact network in the power supply system with the HVPW. It was established that the protection of outdoor
signaling, centralization, and blocking (SCB) devices from switching overvoltages in a power supply system
with a high-voltage power wire (PSS HVPW) can be solved by connecting the reinforcement of the support
foundations of the contact network to an extended artificial grounding conductor (GC) located under the
ground and not connected to the rail track. The use of a GC, along with limitation of pulse overvoltages on
the insulation of the contact network supports, solves the problem of ensuring reliable protection of the trac-
tion networks from short-circuit currents in the traction network. An algorithm for calculating the voltage of
the zero sequence of phase voltages of overhead power lines (OPLs) with an isolated neutral relative to the
ground when they are located in the zones of electromagnetic influence of the PSS with the HVPW was devel-
oped. Due to the electrical effect of the HVPW voltage, the induced voltage in an OPL is shown to reach val-
ues that significantly exceed the levels allowed by regulatory documents. An analysis of the obtained results
indicates the feasibility of placing OPL wires on free-standing supports outside the reserved strip. The need
for such a solution is also determined by keeping the HVPW voltage from entering the OPL wires, with their
possible breakage.
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A need to reinforce the traction power supply sys-
tem in alternating current sections appears when there
are restrictions on the power of traction substations,
the voltage level on the current collector of electric
rolling stock, and the heating of contact suspension
wires. The restrictions are due to a continuous
increase in freight traffic, an increase in the unit
weight of trains, and the introduction of multiple trac-
tion. The growth of traction loads is limited by the load
capacity of the main elements of the traction network.

In ac sections, various methods are used for pur-
poses of reinforcement: replacing traction transform-
ers with more powerful ones; construction of addi-
tional traction substations, sectioning posts, and par-
allel connection points; hanging reinforcing and
shielding wires; the use of volt-boost transformers,
installation of longitudinal and lateral compensation;
and transition to a traction power supply system of 2—
25 kV with autotransformers [1—3]. Strengthening the
traction power supply system of alternating current in
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cargo-intensive and high-speed sections can be done,
according to [4], by using a power supply system (PSS)
with a high-voltage power wire (HVPW) (PSS
HVPW). A schematic diagram of a traction power sup-
ply system with a high-voltage power wire is shown in
Fig. 1[4, 5].

The power supply system with the HVPW operates
as follows. Separation—balancing three-phase—two-
phase transformers / are connected to phases A, B,
and C of power line 2 with linear voltage Uyp; equal to
110 kV. In this case, transformers / separate power line
2 from the traction network and prevent the flow of
zero-sequence currents in line 2. The voltage transfor-
mation in the first part of the primary winding with a
transformation coefficient equal to #r; = 1 and in the
second part with a transformation coefficient equal to

V3

A1y provides voltages equal to the linear voltage of

the transmission line of 110 kV on the terminals of the
secondary windings of both parts. The secondary
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Fig. 1. Principal electrical equivalent circuit of the HVPW PSS.

windings of the first part are connected between con-
tact suspensions 3 and 4 and power (high voltage)
wires 5 and 6. The output terminals of the second part
of the secondary winding are connected to contact
suspension 7 and power wire §. Since three- and two-
phase transformers / are connected according to a
Scott scheme, the voltages of the first and second parts
of the primary windings are mutually perpendicular in
phase and will be also mutually perpendicular to the
voltage of the secondary windings. This significantly
reduces the asymmetry of the currents in overhead
power line (OPL) 2, while complete symmetrical
loading of OPL 2 is ensured at the same load on the
substation shoulders. When connecting autotrans-
formers /4 with the primary windings between longi-
tudinal supply wire & and rails /3 to a voltage of 85 kV
and with secondary windings between contact suspen-
sion 7 and rails /3, the permissible voltage in the trac-
tion network is provided at the power points of contact
suspension 7. Located on the stage, electric locomo-
tives 15 are powered by two neighboring autotrans-
formers /4, while electric locomotives 15 located
between the substation and the closest autotrans-
former /4 are powered by this autotransformer /4 and
by part of the secondary winding of three-phase—two-
phase transformer /, the special output of which is
connected to rails /3 using a section line /0. Since a
voltage of 110 kV is provided between contact suspen-
sion 7 and supply wire &, the current load of suspen-
sion wires 7 and wire & is reduced, as are the voltage
and power loss in the traction network. In this case, a
voltage of 25 kV is created between the contact suspen-
sion and the rails, while a voltage of 85 kV is generated
between the power wire and the rails.

To power electric locomotives located between the
traction substation and the first point with an auto-
transformer, the secondary windings of the transform-
ers of the traction substations have special leads con-
nected to the rails. The power wire can be suspended
on special consoles on the supports of the contact net-
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work from the field side. In some cases, specially
arranged supports may be provided for positioning the
power supply wires.

Note that single-phase transformers with the pri-
mary winding connected between the contact network
and the HVPW and the secondary winding connected
between the contact network and rails /3 can be used
instead of autotransformers /4.

A number of problems that need to be addressed
arise when introducing an HVPW PSS. These primar-
ily include grounding of contact network supports,
protection of electrical installations and nontraction
power supply networks (for example, self-locking
devices and SCB devices) from pulse overvoltages
(lightning and internal switching) arising in an HVPW
PSS, and reduction to permissible values of the elec-
trical effect of the HVPW SE on nontraction power
supply OPLs.

The most promising way to solving the problem of
protection from pulse overvoltages (lightning and
switching) arising in an HVPW PSS in electrical
installations and nontraction power supply systems, in
particular, self-blocking and SCB devices, is to do
without a rail track to the ground contact network sup-
ports on which the HVPW is suspended [3, 5].

Grounding of the contact network supports and
protection of floor SCB devices from switching over-
voltages in an HVPW PSS can be provided by con-
necting the contact network supports to an extended
ground conductor (GC) (electrode) located on the
ground and not connected to the rail track. For pur-
poses of safer maintenance of the poles of a contact
network and the operation of rail circuits, the length of
one section of an artificial ground conductor must be
at least 400 m, with the ground conductor being
located under the ground at a depth of no less than
0.5 m. The experience of using GCs for lightning pro-
tection of high-voltage OPLs in in regions with rocky
and permafrost soils is known [6].
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The use of the GC along with the restriction of
pulse overvoltages on the insulation of the contact net-
work supports provides reliable protection of traction
networks from short circuit currents [5]. Indeed, the
input resistance of the GC is significantly less than the
analogous parameter when grounding supports with a
group grounding cable in the absence of its connection
to the rail.

In the general case, the electrical circuit for replac-
ing a GC is represented by a circuit with distributed
parameters, the primary characteristics of which
depend on the frequency due to the surface effect in
the ground and the metal strip. High frequencies pre-
vail in the spectral composition of the lightning cur-
rent. When lightning currents flow through a metal
grounding conductor, its active resistance and the
internal and external inductances of the “grounding
conductor—ground” circuit vary widely due to the sur-
face effect. To a greater extent, the surface effect at fre-
quencies ® = 10*—10° s~! or higher affects the active
resistance and internal inductance of the GC.

A method for calculating the parameters of the
equivalent circuit of a steel conductor (rails) was pro-
posed in [7]. We will use these results to construct the
equivalent circuit of the strip ground conductor.

The problem of the surface effect in steel conduc-
tors is solved of the basis on a joint solution of the
Maxwell equations written in a cylindrical coordinate
system:

oH  H _
or r

OF , 9B ()
or ot
where B and H are the instantaneous values of induc-
tion and strength of a magnetic field, £ is the instanta-
neous value of the electric field strength in a metal
conductor with a specific electrical conductivity of the
material (y), and ¢ is time.

YE,

Let us present the dependence of magnetic induc-
tion in steel on the magnetic field in the form of the
equation [8]

B =kH + aarctanBH at —eo < H < oo,

where coefficients k, o, and [ are determined by the
method of the selected points.

Solving Egs. (1) together, we obtain

°H 10H _ 1

i — 2B
ot ror

= . 2
T9H o )

Derivative 9B = U, the differential magnetic per-

meability of the steel of which the metal strip (with a
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size of (4 x 5) x 10~* m?) is made, is calculated by the
following formula:

op
Mo =k + 1+ Bz o
It is established that, in relation to the steel from
which the metal strip is made, k = n;u, = 25|, where
n, =25, and o = n,, = 360 |, at n, = 360 A/m and
B = 0.75 m/A, where |, = 12.56 x 1077 G/m is the
absolute magnetic permeability of the vacuum.

We rewrite equation Egs. (1) and (2) in relative
units:

o0’H  0H1 H _ nP of
ot === (mt —= 5=
0T OTT T 1+ (0.5BE,r,yH)" ) ot
M H_g,
ofT T
at
A=fL s-r. 7L, gL g 28
H, % l E, )2
Ig ’YEenrez 1 2
He = =§’YEr5 te:WO”e,

where H, and E, are the magnetic and electric field
strengths on the surface of the cylinder with radius 7,
corresponding to the steady-state value of the current
when it is turned on at a constant voltage.

To determine the boundary conditions, we take
into account that the electric field strength is instantly
established on the cylinder surface. Then, the first
boundary condition in the relative format T = 1 is

H, F5-,
oT

The second boundary condition is
H= 0atT=0.

We numerically find the solution of differential
equations (2) using the finite difference method. Sub-
stituting in formulas (2) the difference expressions of
derivatives of the first and second orders, we obtain

_ _(H. .-2H.,. H.,.-H_,. H.
H,‘,j.;.] — S( i+, Tz i—1,j + i+1,j _ i—1,j ___lz,jj

1

ij
1+ (0.5BEr.YH, ;)

X

at

S=Sand T=1,
r

NN

where S and T are the integrating steps over the vari-
ables t and T expressed in relative units.
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Fig. 2. Calculated electrical equivalent circuit of a strip GC.

In determining the first boundary condition, we
take into account that
(altl) — Hi,j - Hi—l,/
JT i,j T
Then, the first boundary condition is written in the
following form:

Hi,j _Hi—l,j +H' 1,j =2

i
I L

at, = 1.
To switch from a steel cylinder to a metal strip with
cross-section perimeter P, instead of 0.5 7, it is neces-

sary to introduce parameter .S,/ P, where S is the cross-
sectional area of the strip. In this case,

¢ P’

T=1-

f, o 4yu,S?

1.

Let us represent the instantaneous current value in
a metallic strip that is calculated by a numerical
method when it is turned on at a constant voltage by an
expression of the following form:

Pt (Xzeﬁzf)’ (3)

i=1,(0-oue
where o, and P, are the coefficients obtained by
approximating the current in a metal strip when it is
turned on at a constant voltage that is calculated by the
numerical method.

Using expression (3) and performing the circuit
synthesis, we obtain the equivalent circuit of the metal
strip in the form of a passive two-terminal network
consisting of series-connected active resistance R, and
inductance L,, which are, in turn, connected to paral-
lel-connected resistance R, and inductance L,. Let R,
be the resistance of the metal strip to direct current.
The three other equivalent circuit parameters are cal-
culated from the following ratios:
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" R . R, =R 0,0, (B, _Bl)z;
oB; + oy, (o - 0‘2Bz)2
2
L, =R 040, (B, —B)) '
1 BB, (B — 0(2[32)2

The following parameters of the equivalent circuit
were obtained for a metal strip with sizes of (4 X 5) X
1074 m?:

R =0.1 Q/km, L, =0.25x10” H/km;

L, =4.2x107° H/km; R, =1.25 Q/km.
Finally, the electrical equivalent circuit of the steel

strip is obtained by adding in series with L2 the exter-
nal inductance of the “strip—ground” circuit calcu-
lated according to the Pollyachek formula [9] for an
equivalent frequency determined from the relation

n__3.14
T 50x10°°

where 7 is the duration of the lightning current.

®= =6x10* s,

Given the possibility of representing the elemen-
tary section of the strip ground conductor as a passive
two-terminal network, the calculated equivalent cir-
cuit of the ground conductor located in the ground has
the form of a line with distributed parameters (Fig. 2).

In Fig. 2, g is the transverse conductivity of a strip
grounding conductor—earth circuit determined
according to [5], u(?) is the pulse voltage at the input of
the ground conductor, and x is the current coordinate.

When constructing the electrical equivalent circuit
of the strip ground conductor, it was taken into
account that the strip GC capacity relative to the plane
of the zero potential can be neglected [6].

The operator expressions of the wave resistance
and propagation coefficient of a strip GC system are

Z(m:JﬁAQ+MA&+Q&+LﬂQ+&&;
" (0L + R)g
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2
_ [P'LL +p(LiR + LR + L,R) + RR,
) \/ (pLy + Ry) &

Given that the line in question operates in the idle
mode, the operator expression of the transient con-
ductivity is

Y.(p) =

tanh y(p)/.
pZ,(p) anh Y(p)

Taking into account that, with an insignificant
error for the spectral composition of the lightning cur-
rent, we can write, according to [5, 10],

tanh y(p)/ _ 0
r(p)! 0+v ()
‘We denote that

F(p) = (pL, + R,)Bg/;
Fy(p) = p’LL,gl’
+ P(LR, + LR + L,R)gl* +OL,) + RR,gI” +OR,.

The original of the transient conductivity is calcu-
lated according to the Heaviside theorem:

0=4.1.

2
Y.(p) + Y, () = £0) + E('pk) Y
£O) = pif5(py)
where the poles of function ¥, (p) are determined by
the formula

b

_ (LR + LR + LR)gl’ + 61,
gl

. \/{(LJRz + LR + LR)gl + elﬂ2 _RRgl’ +6R,
2L Lygl’ LiLygl’

The final expression to determine transient con-

ductivity is
JE
2
1- g Pit

P2 =

2
yolt) = tanh R g/ Z‘ike
\/E tanh ngl2 k=1
g
at
g = F(py) )
P (py)

In further calculations, we will represent the pulse
voltage in the form of oblique angular pulses (Fig. 3,
dashed lines).

At0Lr<t,u=kt;att;<t, u= kit — (k; + k) (t — 19).
In the above expressions,
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Fig. 3. Results of calculating the transient conductivity and
current at the input of an extended GC.

where T¢and #, are the duration of the front and pulse

of the voltage.

To determine current i(f, x = 0), we use the
Duhamel integral. For a known transient conductivity
and a specified instantaneous voltage value at the
input of a strip GC in the form of u = k7 in the time
interval of 0 <7< ¢,

i(;,xzo)zklm Xnglt_

F
g
The instantaneous value of the current flowing into

an extended GC is determined at ;< 7 by the superpo-
sition method:

i=it,x=0—-(1+ kz/kl)i(t —t, x =0).

As an example of calculating the lightning current
flowing into an extended GC with a finite length, we
consider the case of voltage U, = 10* V occurring at its
input, ;=2 x 10=°s, and 1, = 50 x 10~%s. We assume
that g= 0.5 1/(Q km) and the GC length is 400 m. We
obtain

2
S Kl eni _y),
k=1 Pk

Yult) = 0.198 = 0.0024¢ " —0.1956¢ 271",

The results of calculating the lightning current
flowing into an extended GC during a lightning dis-
charge in the HVPW and supports grounding of the
contact network with the GC are shown in Fig. 3.

Since the circuit is of active-inductive nature, at a
length of an artificial GC of 400 m or more, the levels
of switching overvoltages are commensurate with the
overvoltages that occur when using a rail track as a nat-
ural ground conductor. In addition, the pulse resis-
tance of the artificial GC (approximately 6 Q) is sig-
nificantly less than the resistance to support ground
spreading (7.5 Q) when using a group—ground cable
and in the absence of its connection with the rail track.
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Fig. 4. Location of the HVPW PSS and OPL wires on the
contact network support: CW is the contact wire, NT is the
carrying cable, HVPW is the high-voltage power wire, and
A, B, and C are the linear OPL wires.

This, in turn, indicates the appropriateness of using
a partitioned strip artificial GC for lightning protec-
tion and grounding of the contact network supports
when a high-voltage power wire is located at the sup-
ports.

For power supply to nontraction consumers located
in close proximity to newly constructed or reconstructed
electrified lines of high-speed railways, it is appropriate
to use OPLs with a voltage of 20 or 35 kV.

These OPLs can be located both on the supports of
the contact network and on supports located at some
distance from the HVPW PSS. The layout of the OPL
wires to determine electrical effect of the contact net-
work and the HVPW is shown in Fig. 4.

The three-phase OPL is powered by an almost
symmetrical system of voltages (both linear and phase)
from the power source. The linear voltages of OLPs
are equal in magnitude, and the voltage of the OLP—
ground wire differ significantly in amplitude and
phase. In this case, when they are decomposed into
symmetrical components, the phase voltages of the
three-phase system relative to the ground will include
zero-sequence voltage U that is caused mainly by the
electrical effect of the voltages of the contact network
and the HVPW [3].

The complex values of the phase voltages of OLPs
relative to the ground are

UA =0 = =U, +U,,
UB =Gy — Py =Upy +U, = Uaoe_jlzoo +U,,
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Uc = e — Py =U,+U, = Uaoe—j120° +U,,
where U, is the zero-sequence voltage vector:
U, = %(UA +Uy +Up).

Let o, 0.5,, and 0135 be the intrinsic potential coef-
ficients of the OPL, HVPW, and contact network
wires and o.j,, O3, Oy, and o5 be mutual potential
coefficients between the OPL and HVPW wires, OPL
wire and contact network, between OPL wires, and
between the contact network and HVPW. The expres-
sions for finding the intrinsic and mutual potential
coefficients are given in [11].

To find the electrical effect of the HVPW PSS on
the 10-kV OPL, we apply a system of Maxwell equa-
tions written as follows [11]:

Ug = G,0u; + G504 + G004 + GcOlys + GpOls;

Up = 4,04 + G0, + .04 + GcOlys + GpOlys;

Ue = 4,004 + GOtis + G0, + Gllys + Gp0l»;
Uc = (4, + Gy + )03 + GcOis; + Gp0s;
Up = (4, + 4y + G.)00 + GcOlys + GpOlys,

where U and U, are the voltage of the contact net-

work and power wire relative to the ground and ¢, are
the charges of i-th wires.

When composing Egs. (4), we assume that the
intrinsic potential coefficients of the OPL wires are
equal to each other and the mutual potential coeffi-
cients of the OPL and HVPW wires are also equal [11].
After simple simplifications, the zero-sequence volt-
ages of phase voltages of the OPLs are determined
from the following relation:

. . o . o
01033 — Oly3 0l 0y — Oy
2 2
(04,0433 — 0413) (04,06 — O5)
2 N
043(04 0Ly — O45) + Ol (0L Oly3 — Oy3)

It is established that, with an insignificant error,
the voltage induced in the OPL can be determined
from the expression

UpC, +UcC,
UO = - .

where the capacitance between the OPL wire and the
high-voltage wire due to its proximity to the OPL is

X

)
2 b
OO0y — Oy

while the capacitance between the OPL wire and the
contact network is

C]:

(YK

C2 = —2.
Oy Olyy — O3
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When arranging the wires according to the diagram in
Fig. 4, the capacity of the OPL wires relative to the
ground [11] is
Cy = 2me, ,
2h,,
In
RN@i + Wi + D?
where € is the dielectric constant of air, 4 is the height
of the OPL suspension above the upper track struc-

ture, D is the distance between the nearest OPL wires,
and R is the radius of the OPL wire.

In power supply systems with an HVPW, when a
20-kV OPL is on the contact network supports, the
zero-sequence voltage significantly exceeds the per-
missible value of 1735 V [12] and reaches several kV. To
limit the zero-sequence voltage to the permissible val-
ues, zero-sequence voltage filters introduced on the
network of electrified railways may be used [10].

However, given the special requirements for ensur-
ing train traffic safety at heavy and high-speed sec-
tions, it is advisable to place OPL wires on separate
supports outside the reserved strip. The necessity of
making such a decision is also determined by prevent-
ing the HVPW voltage from getting on the OPL wire in
the case of its possible breakage.
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