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This paper surveys disturbances experienced in the low-voltage control circuits of the power stations and
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1. Introduction

Disturbances and malfunctions in the low-voltage con-
trol circuits are on the increase compared to those in
the main circuits in power systems. This corresponds to
an increase in the low-voltage digital circuits and a de-
mand for power-saving. Furthermore, the development

of telecommunication tools and their wide usage results

in problems in telecommunication equipment in facto-
ries, buildings, and homes. The disturbances are caused
by lightning surges, coming both directly from the power
and telecommunication circuits, and indirectly from a
grounding circuit. The surge incoming route has not
been made clear. This is because the power, telecom-
munication and grounding circuits are very complicated,
and the configuration of the equipment is different in
each case. Thus, guessing is the only way to estimate
the cause of the problems and the incoming route.
‘Several case studies on a grounding resistance and an
induced surge from a main circuit to a low-voltage con-
trol circuit are available ®¥~® ., However, the incoming
route to the low-voltage circuit has yet to be made clear.
In-depth investigation is needed. It is known that there
are two routes from the main power circuit to the low-
voltage control circuit - one, from a counterpoise and a
grounding mesh, and the other, from a potential divider
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(PD) and a current transformer (CT). The number of
surges coming in through the counterpoise has been es-
timated as roughly half the total number of lightning
surges.

The authors studied the grounding resistance char-
acteristics of a counterpoise in a substation )~®%  and
proposed a circuit model for a lighting surge analy-
sis 2 @3 This paper surveys disturbances experienced
in the low-voltage control circuits of the power stations
and the substations of Kansai Electric Power. Induced
voltages to an overhead control cable from a ground-
ing mesh were measured when an impulse current was
applied to the grounding mesh. A non-metallic sheath
cable (CVV cable-multicore) and a cable with a metallic
sheath (CVV-S cable-multicore) were tested to investi-
gate the effect of the metallic sheath on the induced
voltage to the cable core, and also the effect of the core
of the CVV cable grounded to the counterpoise. Next, a.
simulation model of the transient induced voltage to the
overhead conductor from a couterpoise was proposed.
This was based on the distributed-parameter circuit the-
ory 9. And finally, the simulation results were com-
pared with the measured results to confirm the accuracy
of the proposed method.

2. Investigated Results of Disturbances

The rate of disturbances in the low-voltage control
circuits and in the telecommunication circuits caused
by a lightning surge amounts to approximately 75% of
the total output of Kansai Electric Power between 1982
and 1986. The circuits on which the disturbances have
been estimated to occur are shown in Fig. 1. The circuit
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classification is, according to JEC-210, “Dielectric test
voltages for low-voltage control circuits in power stations
and substations” *®. A number of disturbances were
observed in “Circuit category 8” and “Others” (more
than 56%). “Category 8” was the circuit in which the
voltage was less than DC/AC 60 V. It involved electron-
ics, telecommunication equipment, and signal circuits.
“Others were those that were not classified in the stan-
dard with JEC-210. It included auxiliary circuits, water
level meters in a hydro power station, invader detecting
circuits, and ITV circuits in a substation.

Investigations done on the incoming route of a light-
ning surge in the disturbances revealed two routes - one,
from a main power circuit via the PD, and the other,
from a grounding mesh due to a discharge of a lightning
arrestor, and from a ground wire. The number of dis-
turbances from the routes (Fig. 2) via the PD and from
the grounding system were nearly the same; about 20%
each. ‘

The cause of overvoltage in the low-voltage control
circuits, due to a lightning surge from transmission lines
to substations and power stations, could be described as
follows:

(a) Transfer voltage of the PD (include CT) (Vec)-

(b) Induced voltage from the grounding mesh to the
control cable, due to a discharge of a lighting arrestor
and from a ground wire (Vinq4).

(c) The electrical potential oscillation of the PD
due to a surge current to the grounding mesh (Vypp).

(d) The electrical potential oscillation of the con-
trol panel due to a surge current to the grounding mesh
(Vaon).

The equation for overvoltage V.. in the low-voltage
control circuits is as follows:
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Vee = Veee + Vinag + Vgpp + Vion

Of these, the magnitude of Vi, and Vjy,q were large.
The transfer voltage V.. mainly occurred in the circuit
of the PD and the CT. The induced voltage V;,q from
the grounding mesh is discussed as majority and com-
mon induced voltage that occurs in a low-voltage control
circuit.

3. Inducing Characteristics from a Coun-
terpoise to a Low-voltage Contorol Ca-
ble

Investigation revealed that in a low-voltage control
circuit the disturbance occurred in the PD secondary
circuit or from the grounding mesh, in the form of over-
voltage. The usage of CVV-S cables was effective in
reducing overvoltage to be the countermeasure. They
were mainly used in the extra-high-voltage substations
grounding at both ends, CVV cables were used in the
distribution substation. The sheaths of the CVV-S ca-
bles were grounded at one side in a hydro power sta-
tion. Since potential differences would occur between
the equipment side (outdoors) and the control panel side
(indoors) due to the grounding mesh, the two of ground-
ing mesh were separated in a hydro power station. Thus,
two types of cables, both of different grounding ways,
were used in the substations and the power stations.

Next, the measurement of the induced voltage from a
counterpoise to a low-voltage control cable was carried
out for the purpose of investigating the inducing charac-
teristic and ensuring the grounding effect of CVV-S ca-
bles (Fig.3). The configuration of the counterpoise was
24.8m x 34.1m. It composed of HDCC 60 mm?, buried
1m in depth. Two types of counterpoise were used for
the test - one was the grounding mesh, and the other, a
34.1 m straight conductor (counterpoise) separated from
the grounding mesh. The voltage between the cable core
and the grounding mesh was divided by a voltage di-
vider, converted to an optical signal and restored by an
E/O and O/E converter. The voltage waveforms were
measured using a digital oscilloscope. The specifications
of the measuring instruments used are shown in Table 1.

The grounding resistance of the grounding mesh was
found to be 4.2 and that of the straight conductor,
29Q. The resistivity (at site 1) calculated from the
grounding resistance was 250 ~ 300 Qm. 2-cores where
the control cables CVV-S and CVV were laid on the
ground at the point X = 0. The sheath of the CVV-5

Table 1. Specifications of measuring instruments

Measuring Instrument Maker Type Specification
Pulse Generator COSMOTEC 5kV, 3A
Digital Oscilloscope Sony Tektronix TDS-540 500MHz
E/OQ, O/E Convetor Sony ;['ektronix P6904A 100MHz
Current Transformer PEARSON MODEL-2877 [Rising Time: 2ns
Passive Probe Sony Tektronix P6139A 500MHz
Attenuator Sony Tektronix DC~2GHz
Impulse Generator Nichicon 1G-3000 3MV, 450kJ
Voltage Divider Tama Electric Electrohm PWP |800kV, Rising Time: 80ns
High Voltage Probe Sony Tektronix P6009 120MHz
Current Transformer PEARSON MODEL~1330 |Rising Time: 0.25 4 s
High Voltage Attenuator |Otowa Electronics [OAT-50 .1.5kV, Response: 0.1 4 s




Table 2. Test cases
Power Injected [Counter— [ Control [switch Gondition
Source Current |poise Cable (S-R)
Straight |{CVV-S OFF-OFF
PG 1 [A] (29Q) cVvVv OFF-ON
0.05/13 it s [Mesh CVV-S ON -OFF
(4.29) Cvv ON —-ON
Straight |CVV-S OFF-OFF
G 6.3[kA] |(29Q) CvV OFF-ON
2.8/8ts |Mesh CVV-8 ON -OFF
(4.2Q) cvv ON -ON
Outer cnveri;ng heath
VD : Voltage Divider CVV-S Cablo Sheat
e s Cnrg
‘ _Sv;l ______________ . J/‘
Vs X
ON .
- m0 |- vD D H wo
(e a a—,
I Optical
24 8m / / / / =0 Fiber
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(a) CVV-S cable
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(b) CVV cable

Fig.3. Measurement circuit for induced voltage to
a control cable

cable was connected to the grounding mesh by switches
at the sending and the receiving ends. The voltage be-
tween the core and the counterpoise were measured on
' switch conditions at both ends. The spare core of the
CVV cable was connected to the switches instead of the
sheath of the CVV-S cable. The test cases are shown in
Table 2.

Two power sources were used in this test - the pulse
generator (PG), to inject steep-front current of 1A
(0.05/13 us), and the 3MV impulse generator (IG), to
inject high impulse current of 6.3kA (2.8/8 us). The
measured Voltage and current waveforms, in case of the
switches at both ends being opened, are shown in Fig. 4.
Note that the current waveform injected by the PG is
steep upfront. The voltage waveform has a high peak
value and suddenly decreases like a spike. On the other
hand, the current waveform injected by the IG is slacker.
The voltage waveform is steep-front compared with cur-
rent one. ‘

The measured results of an induced voltage injected
by the PG and the IG are shown in Fig.5. The ones of
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the CVV-S cable compared with that of the CVV cable
in the case of the grounding mesh are shown in Fig. 6.
These graphs indicate the peak value of the induced volt-
age.

From Fig. 5(a), note that the induced voltage between
the core and the straight conductor was higher than that
of the grounding mesh. This is because the grounding
resistance of the straight conductor was high. This trend
was also evident in the case of the CVV cable and the
CVV-S cable (Figs.5(a) and (b)). From Fig.5(b), it is
also evident that the peak value of the induced voltage
injected by the IG was lower than that injected by the
PG. This was because the wavefront of the injected cur-
rent by IG (2.8 us) was slacker than that injected by the
PG (0.05 us).

From Fig. 6, it is evident that the CVV-S cable had
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Cabls Tjeoted by PGUTAD ‘ Table 3. Comparison with reference [16]
Sending End (Vs) Receiving End (V)
50 50 _ This Paper Reference [16]
S0 — =N —#—Straight —k—Mesh| Grounding Mesh 24.8 x 34.1m(HDCC60sq) |28 X 200m(HDCC55sq)
g, \ g Depth im 0.7m
£30 \ £30 Resistivity 250~300[ Q m] 400~ 600[ Q m]
ow-s %20 Ezo \ Grounding Resistancg4.2[Q] 24~3.6(Q]
S0 \ i 210 = ; A Control Cable CVV-S 2C x 3.55q X 30m_|CVV-S 4C X 8sg X 130m
EolA/=\ L F L Z \ CVV 2C X 3550 X 30m __|CVV 4C X 8sq X 130m
OFF-OFF (QEF-ON_Oll:0FF  ON-ON OFF-OFF _ OFF- -OFF  ON-ON Injected Current/6300[A](2.8 X 8 1 S) 1237[AJ(0.5 X 60 ¢ S)
SRR eoriihe switch condiions Voltage [V] SEV] RE [V] SE [V] RE [V]
50 [—+—Straight —&—Mesh | 50|-—0-—Stra|ght +Mesh| IG [CVV=S 210 180 (%1)264 (*1)290
CVV-S(1[A]) 0.033 0.029 0.042 0.046
g N m‘“’ / \ oW 16000 5000 _(x1)17640] (x1)8064
ow | 3% N g% 7\ CVV(I[AD 254 0.79 2.80 1.28
320 X %20 7 ‘ \ Injected Current|1[AI(0.05X 13 4 S)
S0 S10 |~ AN pg|Vettage [V] SE [V] RE [V]
Bl At [|E | Ly’ N | cVW-5 007 0.10
OO Gwitoh conditians OFF O S witch conditions v =S ;:‘n)gE y £ o 60AT
L oenal n . nverted Into b,
(a) Injected by PG (1 [A]) RE : Receiving End
A
Cable Injected by 1G{Converted into 1[A])
Sending End (Vs) Receiving End (Vr) j and SW2 was opened. The CVV cable had the effect
220 o Straight —a—Mesn] 5 [+ Straight —&—Moeh] to reduce the voltage difference between cable core and
§15 gl5 ; grounding mesh when the spare core was grounded at
£ s I
owv-s | =10 — S0 | both ends. . |
g 5 \ ?és . A ‘ Some measured results of induced voltage in a low-
E k——t& 2 N\ N voltage control circuit at a substation and power sta-
. T 0 .
OFF-OFF_GFF-ON ON-OFF ON-ON OFF-OFF OFF-ON ON-OFF ON-ON tion were reported *®. But these were dependent on
Switch conditions " Switch conditions
the measurement conditions, the waveform of the in-
= % —+Straight —&—Mesh | 520 —+— Straight —&Mesh jected current, the injected point, the configuration of
g1 g1s the grounding mesh, the ground resistivity, and so on.
ow | Eio e— S0 A similar measured result obtained at the Akagi testing
E 5 E 5 L\ . center of CRIEPI was compared with this result and is
E o T SN 2 . \3/ \' shown in Table3. It could be understood that the in-
OFF-OFF _OFF-ON ON-OFF ON-ON OFF-OFF OFF-ON ON-OFF ON-ON duced voltages in the control cable were of almost the
Switch conditions Switch conditions
same value.
_ (b) Injected by 1G (converted into 1 [A)) The grounding condition of the cable sheath affected
Fig.5. Measurement results of induced voltage to

. a control cable (1)
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Fig.6. Measurement results of induced voltage to

a control cable (2)

the ability to reduce the voltage difference between cable
core and grounding mesh in the case of both ends being
grounded. Further, the CVV-3 cable had a more severe
effect than the CVV cable when the SW1 was closed

7
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the voltage difference between the core and the coun-
terpoise. The voltage at the sending end V; depended
on SW1, and at the receiving end V,. depended on SW2
(Figs. 5 and 6). In the case when SW1 was open, V had
a high value, due to the coupling between core, sheath,
and counterpoise was a small. On the contrary, in the
case when SW1 was closed, V; had a low value, as there
was a large coupling between the sheath and the coun-
terpoise. ‘

It is considered that the voltage potential of the ca-
ble sheath and cable core could be used to explain the
propagation phenomenon of induced voltage in a low-
voltage control circuit. The induced voltage and volt-
age difference between the cable core and grounding
mesh were caused by an increase in the ground poten-
tial, which in turn was due to the current that flowed
through the grounding mesh and cablé sheath, and static
and magnetic coupling between the cable sheath and
core. The voltage difference between the cable core and

grounding mesh was explained using the voltage trav-

eling through the cable sheath and the induced voltage
traveling through the cable core, as shown in Fig.7(a)
~ (d).
In the case when both ends of the cable sheath were
grounded as shown in Fig. 7(a), @O the surge current in-
jected into the grounding mesh and the ground potential



Cable/ |Volt: N i .
I\:e:h c‘::r:eg:t/ Sending end Reeeiving end

Cable

B Induced into cable @ Traveling through DInduced into cable
Voltage core cable core core
|

1

1 4 Induced into (@ Traveling thraugh Induced into
é : Induced Voltags o é @ Current cable core cable core cable core

Jis E A | A
— - ' : 1

: ' Voltage potential Traveling through
Voltage of cabla sheath rises cable sheath

[

Cable core

~— Cable sheath

Voltage potential
of cable sheath rises
A

A

' Valtage diff Oable
faltage difforonce
Ground Ground — Small sheeth
; on

| 1 H
@ Inflow into cable Traveling through| | Inflow into cable |-
Current ~| sheath cable sheath sheath \ "

Inflow into ground

Inflow into ground

.
~u
/A

Ground-

L line of cable sheath [~ line of cable sheath

[

ing mesh

/ Voltage l Graunding potential i Grounding potential _@ G‘rounding naterftial
rises rises at. ding groundig mesh H» rises at grounding
/ point paint
® A '

(D Surge current. Distributed across (@Distributed across

' f N . di h Traveling through " o
Grounding mesh  ° Current | | inflow into grounding (—p»f €rounding mest groundig mesh erounding mesf
mesh to grounding pint [ to pint
(a) Propagation of voltage and current (both ends grounded) (b) Process of induced voltage into cable core (both ends grounded)
Cable/ |Voltage/| Sending end Receiving end

Mesh | Current

Voltage

Induced into cable (@ Traveling through @ Induced into cable
core cable core core
I

: Induced Voltage ® @ 4 h® (i;ie
—

~— | Cable sheath

Cable

1
% % _; % % NS Cable core Current l Lr::ced into cable ®c:|r,7:il:;i through Hin:r:ced into cable —]
® @lnduced into cable (® Traveling through @ Induced into cable
Ground Ground Voltage Pl_shmh |—-Eh|e sheath sheath
" — Large T

A sheath
‘ Current I cable sheath cable sheath cahle sheath |
? A [ A

Induced into ® Traveling through Induced into

Ground-

®'

n
4 [ Voltage:| | Grounding potential | ) rises at grounding
ryd

@Grounding potential
rises at grounding
paint

ing potentia!

Traveling through
+ groundig mesh

rises point

/ " | ing mesh

1 | I
(@ Surge current ..|@ Distributed acrass| _ [Traveling through [®Distributed across
Grounding mesh Current inflow into grounding grounding mesh groundig mesh grounding mesh -
Sending end mesh to grounding pint to grounding pint

A )
Il

(c) Propagation of voltage and current (both ends open) (d) Process of induced voltage into cable core (both ends open)

Fig.7. Conception of an induced voltage into a control cable

suddenly rose at the wavefront, @ the current was dis-
tributed and it traveled through the grounding mesh;
and the voltage also traveled, @ the current reached
the grounding point and flowed into the ground line of
the cable sheath, @ the current flowed into the cable
sheath and the voltage potential rose, ® the voltage
was induced into the cable core due to static and mag-
netic coupling between the cable sheath and core, ® the
voltage in the cable sheath and @ the induced voltage
in the cable core traveled to the other side of the cable.
It could be considered that the attenuation of the volt-
age that traveled through the cable sheath and core was
small in case of the cable was short.

On the other hand, ® the current distributed across
the grounding mesh and the voltage reached another
grounding point, @ the current flowed into the ground
line of the cable sheath, @ the current flowed into the ca-
ble sheath, and the voltage potential rose, @ the voltage
was induced in the cable core due to static and magnetic
coupling between the cable sheath and core. The wave-
front value of the voltage that was measured at the re-
ceiving end of the grounding mesh was lower than that
at the sending end, but the value at the wavetail was

1344

almost the same as that at the sending end.

Thus, at the receiving end, the voltage value was de-
termined by the voltage potential of the cable sheath
and the induced voltage in the cable core from the re-
ceiving end, both of which traveled from the sending end
to the receiving end. The voltage between the cable core
and the grounding mesh at the sending and the receiv-
ing ends could be decided by the condition of switches
(coupling coefficient between the grounding mesh, the
cable sheath, and the core). In the case when coupling
between the core and the grounding mesh was large,
there were slight differences in the voltage between the
core and the grounding mesh. This is a major advan-
tage in terms of the insulation. Because the protection
relays, meters and various device are connected between
the cable core and grounding mesh. It is said that the
CVV-S cable has the ability to reduce the voltage differ-
ence between cable core and grounding mesh when the
cable sheath is grounded at both ends. However, it is
also said that when the cable sheath is grounded at the
injected point, and not grounded at the other side, the
CVV-S cable has no effect on the surge. Thus, overvolt-
age was caused at the other side due to the reflection

IEEJ Trans. PE, Vol.123, No.11, 2003
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(Fig.5 and 6, receiving end, SW condition ON-OFF).

The overvoltage occurred in the case when SW1 was
closed and SW2 opened, especially when the steep-front
current was injected by the PG (Fig.6). When neither
the CVV cable nor the CVV-S cable was grounded, the
potential rise of the grounding mesh was found to af-
fect the insulation of the cable and the various devices
directly. But it was possible to reduce the voltage differ-
ence between cable core and grounding mesh by having
the cable sheath of the CVV-S cables and the spare core
of the CVV cables grounded at both ends. This effect re-
duced the voltage difference more than two times when
spare core of the CVV cable was grounded compared
with that was not grounded.

4, EMTP Simulation

4,1 Basic Theory—Impedance and Admit-
tance The transient phenomenon could be calcu-
lated by using a multi-phase distributed-parameter cir-
cuit composed of insulated underground and overhead
lines. This requires the condition that (O the over-
head and underground lines were horizontal against the
ground, @ the lines were of equal length, and @ the
effect at the ends were negligible. The ground is not a
complete conductor. An assumption of complete con-
ductor was found to be unreal and meaningless in the
case of the grounding circuit. Under the conditions,
the voltage and current of the overhead “n” conductors
and the underground “m” conductors of the multi-phase
distributed-parameter circuit are given in the following
formulas @4,

d(V)/dz = [Z)[Y](V)

d*(I)/dz = [Y][Z](I)

where (V), (I): Vector of voltage and current of
“n 4+ m” conductor at location z

[Z][Y] = ([Y][Z])* is formed.

[Z] and [Y] are a series impedance matrix and a shunt
admittance matrix of multi-phase distributed parameter
lines, respectively. Each element is given in the following
equation *%:

Zig = Zeij + Zeij, Zei =011 # J
where [P]: Potential coefficient matrix

[V] = jw2ne[P]™}

Z. is the internal impedance of a conductor, which
is given by Schelkunoff ®7. Z, is earth return
impedance. Overhead, underground, and mixed
overhead-underground impedances are given by Pol-
laczek ®. Carson’s formula is only for the impedance
of the overhead line 9. However, since these equations
are represented in an infinite integration or an infinite
series, they could not be applied for analytic calculation.
Practical approximate formulas are given in the follow-
ing equation *¥ and the configurations of the conductors
are shown in Fig. 8:

(a) Internal impedance of conductor

Zcii = ‘Rdc\/i + jw/”'cS/Rdc ' lg
Zcij =0:14 7é _]

BHFHR B, 1234 11 8, 2003 F
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where Ry, = p./S: DC resistance of conductor,
S: Square measure, [.: Circumference
length, p.: Resistivity, u.: Permeability

(b) Earth return impedance
(i) Overhead line @

ety = Gelo/2) (513

where Si; = +/(h; + hj + 2he)? + yi;2
dij = +/(hi — hj)* + yi;°

he = Pe/jwMO

i=j:8u=2(hi +he),dis =15, hs

where h;: Height, r;: Radius of conductor,
yi;: Horizontal distance between conduc-
tors

(14)

(ii) Underground cable
Sij

(iii) Overhead—Underground mutual-impedance

The unit mutual-impedance of overhead conductors
and a counterpoise are given in the following equation.
The derivation is explained in Appendix.
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Zig = Z3;
p [ee]
——~/ <a—\/oz2+m22) cos ax
m 0 '
X exp <~ a? + m22yc> (exp (—ah;) — 1) da

where my? = jwpu,/p, i =1 and 2

It is impossible to integrate analytically the eq. (7).
Therefore, the above equation is calculated numerically.
The element P;; of potential coefficient matrix is given
in the following equations:

(c) Potential coefficient matrix
(i) Overhead line:

Pij = In(Dyj/di) o voeeemmnennanean (8)
where D;; = +/(h; - h; ) + 43

(ii) Underground cable:
Py =In(ras/rua), \
Py=0:i#j ©)

Where r1;: Radius of cable core,
ro;: Radius of insulation layer

Using the above impedance and admittance (a)~(c),
it is possible to calculate the transient phenomenon in
overhead and underground lines.

4.2 Comparison with a Measured Result

(1) Measurement  Cable sheath and core volt-
ages can be calculated by a current flowing through a
counterpoise (straight conductor) and the cable sheath
using the self- and mutual-impedances, and admit-
tances. The simple measurement circuit (Fig. 9) was set
up to carry out a simulation. The pulse current (2 A,
0.05/70 ps) was injected to a counterpoise from a PG
(Specifications of the measuring instruments same as in
Table 1). A straight conductor (HDCC 60 mm?, length
20m, buried 1m depth) was used for the counterpoise.
The resistivity (at site 2) calculated from the grounding
resistance was about 300 Qm. An overhead loop circuit
composed of two parallel straight conductors (diameter
3mm, length 10m, height 0.1 and 0.2m) was used to
represent a control circuit. The both ends of the con-
ductors were short-circuited and were then connected to
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(c) Various switch conditions
Fig.10. Induced current in a loop circuit

the counterpoise by switches.

The induced current to the loop circuit was measured,
by changing the horizontal position of the loop circuit
from the point X = 0 in the case of the SW1 and SW2
being opened. Measured result is shown in Fig. 10(b).
The induced current is about 0.5% (X = 0) of the in-
jected current and decreases as X increases. The in-
duced current at the sending end when the switch con-
dition is changed (X = 0) is shown in Fig. 10(c). When
the both ends are grounded, about 12.5% of the injected
current flows into the loop circuit. When SW1 is open
and SW2 is closed, the induced current is the same as
that in Fig. 10(b) (X = 0). When SW1 closed and SW2
open, the oscillated current flows in the beginning, and
then convergs to the same value as that in Fig. 10(b)
(X =0). |

(2) Simulation result  For the simulation of the
induced current in a loop circuit on a counterpoise
(straight conductor), the distributed-parameter model
is used. For a series impedance, Z; and shunt admit-
tance, Y7 of the counterpoise as shown in sections @
and @ in Fig. 9. Figure 11 shows a 7 equivalent circuit
in terms of unit length as shown in section @ for the
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Fig.11. A m equivalent circuit (Section @)

counterpoise and overhead conductors.

Z, is given in egs. (4), (6), and (9). The conductance
and capacitance in terms of the shunt admittance, Y1 of
the counterpoise was given by Sunde  as follows:

Y; =G + jwC

(p—l> (In(21/v/2rd) — 1}

i

O TELEr]
{In(2{/v2rd) — 1}

where, d: Buried depth of conductor, I: Length

of conductor, r: Radius of conductor, &,:
Permittivity of the ground

. Note that eq. (10) is an approximation, as [ > d>r,
conductance G is the inverse of the steady state ground-
ing resistance in a power frequency. A theoretical equa~
tion for high frequency is required to study this. Here,
we used the next value.

Gs =G4 =G, 03:50420 .............. (11)

In [Z;] and [Yz] in section @), the overhead con-
ductors and counterpoise are represented for a three-
phase distributed-parameter line. In such a case, the
series impedance matrix and shunt admittance matrix
are given by: -

Zh1 Zig Zas
(Za] = | Zov Zoo Zia3
Zg1  Zzp 433

Yii Yo Yis
[Yo] = | Yo Yoy Yo3
Y31 Yz Va3

L

In the above equation, a 2 X 2 matrix is a two-phase
overhead conductor. It is derived from eqs. (3) to (5)
and (8) as 4,7 = 1,2, or EMTP Cable Constants / Pa-
rameters. Zss and Yss are the same as Z; and Y; in
sections D and @), respectively. Yi3 and Yas represent
the mutual-admittance between the overhead conduc-
tor and counterpoise. Their value is zero as given by
eq.(9). Zi3 and Zps represent the mutual-impedance
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Fig.12. Comparison of measured and simulation
results for induced current in a loop circuit

between the overhead conductor and the counterpoise.
This depends on the switch condition, as given by eq. (7).
Based on the method explained above, an EMTP simu-
lation was carried out for the circuit illustrated in Fig. 9.
The calculated result is shown in Fig.12. This can be
compared to the measured result, shown in Fig. 10.
The reasons for the difference between the simulation
and measured results are explained as follows. As shown
in Fig.12(a), the voltage is induced in a loop circuit
when the switches are opened at the both ends. The
current flows due to the internal impedance of the con-
ductor and was reflected between the sending and re-
ceiving ends of the loop circuit. This reflection is ob-
served in the simulation and measured results, but the
amplitude of the oscillation in the simulation is smaller
than that in the actual measurement. This is due to the
approximation of the conductor’s internal impedance in
eq. (4). )
When the switch at the sending end is closed, the
current from the counterpoise to the overhead conduc-
tor is also reflected between the receiving ends of the
loop circuit and that of the counterpoise, via the send-
ing end of the loop circuit. This oscillation is observed in
Fig. 12(b). It is estimated that the difference in the oscil-
lating period between the simulation and the measured
result is due to a difference in the propagation velocity
in the conductor, because the approximate equations of
the impedance and the admittance are used. Also; the
ground resistivity can be an important cause for the



- difference, and the accuracy of the measured result is
also one of reasons for the difference.

The proposed distributed line model is said to be sat-
isfactorily accurate in comparison with the measurement
results. ,

5. Conclusions

The following conclusions have been drawn, based on
a field-test and a simulation — inducing characteristics
from a counterpoise to a low-voltage control cable and
an overhead loop circuit.

(1) A CVV-S cable is effective in reducing a voltage
difference between cable core and grounding mesh, but
that may not be reduced when a steep-front current is
injected, when the cable sheath is not grounded at the
other side of injected point.

(2) A CVV cable also has the effect of reducing
a voltage difference between cable core and grounding
mesh when a spare core is grounded at both ends.

(3) The proposed distributed line model of a coun-
terpoise and overhead conductors is confirmed to be sat-
isfactorily accurate in comparison with the measured re-
sults for a simulation of inducing characteristics.

(Manuscript received March 3, 2003,

revised June 26, 2003)
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Appendix

Induced Voltage in the Loop Circuit

To obtain the induced voltage in the loop circuit on
the ground due to the current that flows in the counter-
poise, the current that flows in the counterpoise and the
leak current from the counterpoise to the ground must
be considered accurately. Maxwell’s formulas are given

by:

VXxH=0E+e0E/ot, Vx E=—uoH /ot
................. (A1)

From eq. (A1),
V?E ~V(VE) = (jop/p— *ep)E -+ - (A2)

When true electric charge cannot exist, VE = 0.
Then, if displacement current is neglected, the follow-
ing equation,

VZE:(jwu/p)E-«-------u---f .......... (A3)

The electric field on the ground E; and that in the
ground FEs is supposed.

OE1/82* + 0*E1 /0y =0 (y > 0) -+ (A4)
0*E5 /022 + 0*E, ) 0y?
= my® By + pmyI5(2)5(y + ye) (y < 0)
................. (A5)

Where mao? = (jwu/p) ‘

z: Horizontal distance between grounding mesh
and overhead conductor [m]

Ye: Buried depth of counterpoise [m]

The tangential component of the field strength and
the normal component of the electric flux density are
the same, and from the boundary condition,

' 108 10FE;, 0B\ 0E, OE1 OFE,
w Oy  up Oy’ Bz Bz’ 8z Oz
(y = 0) ......................... (A6)
Eq. (A6) could be given. Eq.(A4) is solved using

egs. (A5) and (A6). The electric field on the ground
being B (z, y)
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gl y) = —jwld [ EREVaEma? ye — Ja]-y)
1Z,1/—527T*00 lal + Va2 T ma?
X exp(ja,g:)da ..................... (A7)

A square 1 [m] on one side of the loop circuit is defined,
magnetic flex that interlinks the loop circuit is the only
x-direction component ‘

hi1
O, =B, -S=pul Hyg(z,y)dy -+ oo (A8)
ho
Where B: Magnetic flex density [Wb/m?],
S: Square measure of loop circuit [m?]

hy = h+1/2[m], hy = h—1/2]m]

Then, induced voltage in the loop circuit, U (z) is given
in the following equation as the time change in the mag-
netic flex interlinks the loop circuit.

J (50w

Uz) = —jwd,

Il

l
.
S
E

[ e (VAT Ema? - y.)
21 J_oo  |al + Va? 4 mo?

x {exp(—ahi) — exp(—ah2)} exp(jaz)da
e (A9)
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