14. Design of Grounding System

14.1 Design Criteria. As stated in 2.1, there are two main design goals to be
achieved by any substation ground system under normal as well as fault condi-
tions {These are (1) to providé means to dissipate electric currents into the earth
without exceeding any operating and equipment limits, and (2) to assure that g

erson in the viciniry of grounded facilities is not exposed to the danger of critica

lectric shock. |
The design procedures described in the following sections are én:}d at a@v-
ing safety from dangeroué\ step and_touch voltages) within a substation, It is
pointed out in 6.1 that it is possible for transferred potengials to exceed the GPR
of the substation during fault conditions. Section 15 discusses some of the
methods used to protect personnel and equipment from these transferred poten-
tials. Thus, the design procedure described here is based on assuring safety from
dangerous step and touch voltages within, and immediately outside, the substa-
tion fe@d area. Since the mesh voltage is the worst possible touch voltage inside

the substation (excluding transferred potentials), the mesh voltage will be used as P . ‘\r
. the basis of this design procedure. Since the mesh voltage is the worst possible ) qw' T—v r"ev‘ ~ 2
touch voltage (excluding transferred potentials), the mesh voltage will be used as Yo ﬁm '
the basis of this design procedure. } P T
Step voltages are inherently less dangerous than mesh voltages. If, however, .
safety within the grounded area is achieved with the assistance of a high resistiv- ¢ nush ke =
. . . . 5= douch wlhy 7
ity surface layer (crushed rock), which does not extend outside the fence, then
step voltages may be dangerous. In any event, the computed step voltages should
be compared with the permissible step voltage after a grid has been designed
that satisfies the touch voltage criterion. .
For equally spaced ground grids, the mesh voltage will increase along meshes
from the center to the corner of the grid. The rate of this increase will depend on
the size of the grid, number and location of ground rods, spacing of paraliel con-
ductors, diameter and depth of the conductors, and the resistivity profile of the
soil In a computer study of three typical grounding grids in uniform soil resistiv-
ity, the data shown in Table 7 were obtained. These grids were all symmetrically
shaped square grids with no ground rods and equal parallel conductar spacing.
The corner £, was computed at the center of the corner mesh. The actual worst
case £, occurs slightly off-center (toward the corner of the grid), but is only
slightly higher than the £, at the center of the mesh, -
As indicated in Table 7, the corner mesh voltage is generally much higher than
that in the center mesh. This will be true unless the grid is unsymmetrical (that is,
has projections, or is L-shaped, etc), has ground rods located on or near the
perimeter, or has exiremely nonuniform conductor spacings. Thus, in the simpli-




Table 7 </
Typical Ratio of Corner-to-Center Mesh Voltage /

Grid Number Grid Size (Meshes - Meshes) E,, Corner/Center

1 10-10 251
2 20-20 5.55
3 30-30 8.85

fied eguationg for the mesh voltage E,, given in 14.5, only the mesh voltage at the 7 Em- 2% megh W“—ubn_
center of the corner mesh is used as the basis of the design procedure.*¥Ana ’r
o $ao. Conrin 94(

based on computer programs, described on 14.9, may use this approximate
corner mesh voitage, the actual corner mesh voltage, or the actual worst-case
touch voltage found anywhere within the grounded area as the basis of the design
procedure. in either ¢ase; imitial criterion for a safe design is to limit the

computed mesh or touch voltage to I 2
or 26a d baks s Loy ec. 26 g 26a¥
14.2 Critical Parameters. The following site-dependent parameters have been
found to have substantial impact on the grid design: maximum grid current (I;;),
fault duration (2,), shock duration (¢), soil resistivity (p), high resistivity surface
» aterial (p.), and grid geometry. [Several parameters define the geometry of the
. srid, but the area of the grounding system, the conductor spacing, and the depth
of the ground grid have the most impact on the mesh voltage, while parameters
such as the conductor diameter and the thickness of the surfacing material have
less impact [Bl], [B33], [B36], [B97].[A brief discussion or review of the critical
parameters is given below. -

Qne Cerner Wath .

14.2.1 Maximum Grid Current ({;). The evaluation of the maximum design Te . madiomion ﬁmt

value of ground fault current that flows through the substation grounding grid
into the earth, J;, has been described in Section 13. In determining the maximum
current I, by means of Eq 54, consideration should be given to the resistance of
the ground grid, division of the ground fault current between the alternate return
paths and the grid, the decrement factor, and the future expansion of the power
system,

' 14.2.2 Fault Duration (¢,) and Shock Duration (t,). The fault duration and
shock duration are normally assumed equal, unless the fault duration is the sum
of successive shocks, such as from reclosures (Section 13). The selection of ¢

should reflect fast clearing time for transmission substations and slow clearj
times for distribution and industrial substations} The choices t, and t; should\
result in the most pessimistic combination of fault current decrement factor and

) @wable body current./Typical values for t, and ¢, range from 0.25-1.0 s. Sections
. 0.2-4.3 and 134 give more detailed information on the selection of t; and ¢,.

14.2.3 Soil Resistivity (p). The grid resistance and the voltage gradients

within a substation are directly dependent on the soil resistivity. Since in reality

27 Unless otherwise specified, the remainder of the guide will use the term mesh voltage (E,) to
mean the touch voltage at the center of the corner mesh.
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soil resistivity will vary horizontally as well as vertically, sufficient data must be
gathered for a substation yard. Section 11.3 describes the widely used Wenner
technique to measure the soil resistiviry [B110}. [BT1).

Since the simplified equations fod £, and E_given in 1@ assume uniform resis-
tivity soil, the equations can employ only a single value for the resistivity. There is
no simple method to determine a value from the field test data that can vield an
accurate ground grid analysis using these simplified equations. However, the fol-
lowing points may provide the user with general guidelines.

(1) The soil can be considered uniform if the difference between two extreme
resistivity values of the field test data is 30% or less. In this case a simple average
of all the resistivity values can be used ith Eqgs 70 and 73} fcecionos Pero. T

(2) When an equivalent two-layer soil model is determined (see 11.5.2) and the
ground system is in the upper layer, the value of p, (upper-layer soil resisriviry)
can be used in the simpiified equations. As stated in 11.5.2, for negative values of
reflection factor K, the grids designed using uniform soil analysis will have higher
step and touch voltages than the grids designed with the equivalent two-layer
model, if p, is used as the soil resistivity in Egs 70 and 73.

14.2.4 Resistivity of Surface Layer (p,). A thin surface layer of erushed rock
helps in limiting the body current by adding resistance to the equivalent body
resistance, Values from 1000-5000 ()-m have been used for p,. Refer to 54 and
0.5 for more details on the application of this parameter.

14.2.5 Grid Geometry. In general, the limitation on the physical parameters of
a ground grid are based on economics and the physical limitations of the installa-
tion of the grid. The economic limitation is obvious: it is impractical to install a
copper piate grounding system. Section 16 describes some of the limitations
encountered in the instaliation of a grid. For example, the digging of the tren3hes
into which the conductor material is laid limits the conductor spacing to approx-
imately 2 m or more. Typical conductor spacings range from 3- 15 m, while typical
grid depths range from 0.5- 1.5 m. For the typical conductors ranging from AWG
2/0 to 500 kemils, the conductor diameter has negligible effect on the mesh vol-
tage. The area of the grounding system is the single most important geometrica)
factor in ‘determining the resistances of the grici['l‘he_l_arger the area grounded, t

Cf-ﬁe lower the grid resistance ang thus, the |

14.3 Index of Design Parameters. Table 8 contains a summary of the design
parameters used in the design procedure.

14.4 Design Procedure. The block diagram of Fig 25 illustrates the sequences of
Steps to design the ground grid. The parameters shown in the block diagram are
‘dentified in the index presented in Table 8 of 14.3.

(1) The property map and general location plan of the substation should pro-

vide good estimates of the area to be grounded! A soil resistivity test, described in‘j
Section 1T, eterm Ol resistivity profile and the soil model needed /
that is, uniform or two-layer model). [/

misiy

(2) The conductor size i5 determined by equations given in(93 and 94 YThe
fault current 31, should be the maximum expected future fault cit wii]

y 65,

Tr gpreral P tinnitodion
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Table 8
Index of Design Parameters

Reference

Symbol Description Sections
35y Symmetrical fault current in subszation for conductor sizing in A 93,094,132, 134
Ie Maximum grid current that flows between ground grid and

surrgunding earth {incuding dc offset} in A 134
F) Soll resistivity in )-m 11
- Surface layer resistivity in 02-m 54,105
h, Surface layer thickness 54
o Current projection factor for future system growth 13.1, 13.1¢
C, Surfzce laver resistivity derating factor 54
L, Duratinn of fault current for sizing ground conductor in s 8.3.94, 948
t Duration of fault current for determining decrement factor in s 139
i Duration of shock for determining allowable body currentin s 3.2-43
k Depth of ground grid conductors in m 122,123
d Diameter of grid conductor in m 93,84.96
A Total area enclosed by ground grid in m? 122,123
D Spacing between parallel conductors in m 144, 14.5
Dy Decrement factor for determining J 13,1389, 14.2
n Number of parallel conductors in one direction 144, 14.5
K, Spacing factor for mesh voltage, simplified method 144,145
K, Spacing factor for step voltage, simplified method 144, 14.5
K; Corrected factor for grid geometry, simplified method . ‘e 144, 14.5
K Corrective weighting factor that adjusts the effects of mneru'q—

conductors on the corner mesh, simplified method 145, A
K, Corrective welghting factor that ékz{?%'ﬁ'a‘s"iz&es the effects of grid depth,

simplified method 145 A
L Total length of grounding system conductor, including grid and

ground rods in m 145
R, Resistance of ground system in {1 121-124
E. Mesh voltage at the center of the corner mesh for simplified

method in V - 14.4-14.5
E, Step voltage between a point above the outer corner of the grid and

a point I m diagonaliy outside the grid for simplified method in V 144-145
Erouchsy  Tolerable touch voltage for human with 50 kg body weight in V 62,63
Eiouchyy, Tolerable touch voltage for human with 70 kg body weight in V 6.2, 6.3
Estepgy  Tolerable step voltage for human with 50 kg body weight in V 62
Estepyg  Tolerable step voltage for human with 70 kg body weight in V 6.2

oe conducted by any conductor in the grounding system, and the time ¢, should

reflect the maximum possible clearing time (including back-up).
tolerable touch and step voltages are determined by equations given in
ime ¢, is based on the judgement of the design engineer,

€sign should inclyde a conductor loop surrounding the
entire grounded area, plus adequate gros§ conductors to provide convenient
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access for_equipment grounds, etc. The initial estimates of conductor spacing and
ground (d@ locations should be based on the current /. and the area being
grounded:

{5) Estimates of the preliminary resis ance kthe grounding syvstem can be
determined by the equations given inn

For the final design, more accurate €stimates-efthe resistance may be desired,
especially when groungrods are used to reach more conductive subsoils. For this
application, Egs *@ ay be utilized to include the effects of two different soil
resistivities in computing the grid resistance and the rodbed resistance. Computer
analysis based on modeling the components of the grounding svsiem in detail can
compute the resistance with a high degree of accuracy. assuming the svil model is
chosen correctly.

(6) The current I; is determined by the equations given in Sectifn 13/1n o
to prevent gross over-design of the grounding svstem,|only that portion of the
total fault current 3/, that flows through the grid to remote earth (and contrib-
utes to the mesh and step voltages and the GPR) should be used in designing the
grid. {The current [, should, however, reflect the worst fault type and location,
ecrement factor, and any future system expansion,
(7) If the GPR of the preliminary design is below the tolerable touch voltage, no
irther analysis is necessary. Only additional conductor required to provide
access to equipment grounds is necessary.

{8) The calculation of the mesh and step voltages for the grid as designed can
be done by the approximate analysis techniques described in 14.5, or by the more
accurate computer analysis techniques, as demonstrated in 14.9. Further
discussion of the calculations are reserved for those sections.

(83 If the computed mesh voltage is below the tolerable touch voltage, , the)
design may be complete [see Step (10)]JIf the computed mesh voltage is greater

“than the tolerable touch voltage, the preliminary design shall be revised [see
Step (11}]. 1

103/1f both the computed touch and step voltages are below the tolerable vol-

tages, the design needs only the refinements required to provide access to equip-
ment grounds, If not, the preliminary design must be revised [see Step (11)]. ,

(11) Ifeither the step or touch tolerable limits are exceeded, revision of the
grid design is required. These revisions may include smaller conductor spacings,
additional ground rods, etc. More discussion on the revision of the grid design to
satisfy the step and touch voltage limits is given in 14.7.

(12) After satisfying the step and touch voltage requirements, additional grid
conductors and ground rods may be required. The additional grid conductors
may be required if the grid design does not include conductors near equipment to
be grounded. Additional ground rods may be required at the base of surge arres-
ters, transformer neutrals, ete,

14.5 Calculation of Maximum Step and Mesh Voltages. Computer algorithms
for determining the grid resistance and the mesh and step voltages have been
developed in numerous recent references {B2], [B33), [B52], [B57], [B61]. These
algorithms required considerable storage capability and may be relatively expen-



approximate equations for determining the design parameters and establishing
the corresponding values of E_ and E_without the necessity of using g computer,
In addition, Appéﬁ n provides curves for g quick estimate or ré check of
the calculated values g g .
grids without ground rods.

E., and E  or both, based on plotted data, for Square

Generally,
£ = pK, K. I./L (Eq 66)
and
E. = PR K I /L (Eq 67)

increase in current density in the grid extremities, the soj) resistivity (p), and the
average current density per unit of bfirigd conductor (Ip/L).
While the above general Eqs 66 and 67 do not differ from the equations used in

. 1 D? (D+2n)2  p ) Ky;
= e - — 4 —t
Eu= 57 [In(lﬁhd Y T 8hd ad) " F, r(2z-1y| (EQ68)
where
Ky = 1for grids with ground rods along the perimeter or for grids with
ground rods in the grid corners, as well as both along the perimeter
and throughout the grid area
K. = 1 for grids with no ground rods or grids with only a few ground

Yo (2nr)n rods, none located in the corners or on the perimeter

Xk =1 "'h/ho

by = 1Im (reference depth of grid)
and D, h, n, and d are defined in Tabje 8.



As explained in Appendix A. a corrective factor X ; is needed to compensate for
the fact that the subject mathematical model of N parallel conductors cannot
fully account for the effects of a grid geometry. that is, for two sets of parallel
conductors that are perpendicular to each other and interconnected at the cross-
connection ponts. (K; was originally derived as a function that, for a nonsimplified
definition of X, , shown as Eq A26 in Appendix A of this guide, matched the K. K,
product to the results of Koch’s experiment with scale grid models described in
Appendix A This factor is 28;

K, = 0656 + 0.172 n (Eq 69)

H

Now a general equation for the mesh voltage £, can be expressed in terms of 2,
I, L, K, and K:

pic Ky K
L

where K, is determined by Eq 68 and K; is determined by Eq 69.
If L, represents the total grid conductor length and L, represents the total
ground rod length, then for grids with ground rods
oK, K;
= Pig Ly Ky (Eq 71)
L.+115L,

(Eq 70)

The 1.15 multiplier for L, in Eq 71 reflects the fact that the current density is
higher in the ground rods near the perimeter than in the grid conductors.2®

For grids with no ground rods, or with only a few rods located within the grid
but away from the perimeter

plg Kp K;
= Tt 72

E, I.+L. (Eq72)

14.5.2 Step Voltage (E,). Section 1.7 g
on the geometry of a ground grid with ho ground rods}
this K is proportional to the step voltage E,.

pendix A derives a factor X based
As with the mesh voltage,

(Eq73)

28 Previous editions of this guide defined X; = 0.65 + 0,172 n. The correction of 0.65 to 0.656 reflects
the obvious fact that for n = 2, K; must be 1.0,

29 The value of 1.15 is probably too conservative. Indications are that a multiplier of 2.0 or more
may be valiad for peripheral rods. However, considering that there is a lack of field data and not much
information is available on practical experience with grounding systems designed using predominantly
peripheral ground rods, Jjudgement should be exercised in the use of Egs 71 and 72. If only a few,
relatively short, ground rods are placed near the center of the grid (that is, for surge arresters, control
buildings, etc), the grounding system behaves very much like a grid without ground rods (Eq 72). As
more ground rods are placed near the perimeter or the lengths of the ground rods are increased, or
both (that is, L, approaches L.). the results obtained using Eq 71 become more conservative,



where

L = L.+ L, for grids with no ground rods or only a few rods in the center
away from the perimeter
or
L = L_+1.15L, for grids with ground rods predominantly around the perimeter

For simplification, the maximum step voltage is assumed to occur at a distance
equal to the grid depth, &, just outside the perimeter conductor. For the usual
burial depth of 0.2 m <A< 25 m

1 1 1 1
K,.= —| — + + = (1-05"-2 Eq7
s= Zlax P ben T p (003 )] (Eq74)
and for depths smaller than 0.25 m.
K. = L ! + ! w Eq 75
s™ Zlax D+h D (Ea73)
where
W = --l- + —1— + i— eve 4 .1_
2 4 n-1
orforn=6
1
= + -1) - 04
D) in (n-1) 23

The use of a different equation for K, depending on the grid depth k&, reflects the
fact that the step voltage decreases rapidly with increased depth.

14.6 Estimate of Minimum Buried Conductor Length. A simple equation can be
developed to permit a preliminary determination of buried grid conductor neces-
sary to keep the maximum touch voltage within the grounded area below the safe
limits established by Egs 26 and 26a of 6.2. This is done by equating Eq 67 with
Eq 26 or 26a of 6.2 as shown below.

For E,, < Etoucngo. combining Egs 71 and 26 gives

KnKiplg i 0.116 - -
7 < (1000 + 15 C(h, K) p,) NS (Eq 76)

Rearranging Eq 76 for L gives

- K. Kiplgt
L> LGV (Eq 77)
(116 + 0.174 C (h, K) p,) )

Similarly, for E,, < Etouchrg. cOmbining and rearranging Eqs 70 and 26 gives

KnKiplgvit
L> PeNs (Eq 78)
(157 + 0235 C (h, K) p,)
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Cases may occur where the conducter length derived from Egs 77 and 78 is too
great to be economically feasible. In such situations, some of the suggestions men-
tioned in 14.7 m. be considered.

Where soil resistivity and total ground current are very low, the length obtained
from Eqgs 77 or 78 may give a total length of conductor that is too small to prop-
erly connect all equipment to be grounded. In this case, more conductor may be
required, even though it is not nesessary for safety reasons.

14.7 Refinement of Preliminary Design. If calculations based on the prelimi-
nary design indicate that dangerous potential differences can exist within the
station, the following possible remedies should be studied and applied where 6?&
appropriate. = ‘5\“’“/{ ﬂv‘w&
l___,Ll_)fﬁecrease in total grid resistance will decrease the maximum ground grig 4ol AL,
potential rise and hence the maximum transferred potential.me maost effective ¢
“way to decrease ground grid resistance is Dy Increasing the area occupied by the
grid. Deep driven rods or wells may be used if the available area is limited.
Decrease in station resistance may or may not decrease appreciably the local gra-
dients, depending on the method used.
(2) Improvement of gradient control. By employing closer spacing of grid con-
suctors, the condition of the continuous plate can be approached more closely.
Dangerous potentials within the station can thus be eliminated at a cost. The
problem at the perimeter may be more difficult, especially at a small station
where earth resistivity is high. However, it is usually possible, by b g the grid
perimeter ground conductor outside the Iéﬁe line, to ensure that the stfeper
gradients immediately outside this grid periimeter do not contribute to the more
dangerous touch contacts. Another effective and economical way to control
perimeter gradients is to increase the density of ground rods at the perimeter.
This density may be decreased toward the center of the grid. Another approach to
controlling perimeter gradients and step potentials is to bury two or more parallel
conductors around the perimeter at successively greater depth as distance from
the station is increased {B1}, [B7], [B67].
(3) Diverting a greater part of the fault current to other paths, for example, by
connecting overhead ground wires of transmission lines or by decreasing the
tower footing resistances in the vicinity of the substation. In connection with the
latter, however, the effect on fault gradients near tower footings should be
weighed. 7
(4) Limiting of short-circuit currents flowing in the ground @ to lower values.
If feasible, this will, of course, decrease the total rise in ground mat voltage and all
gradients in proportion. Other factors, however, will usually make this impracti-
cal. Moreover, if accomplished at the expense of greater fault clearing time, the
danger may be increased rather than diminished.
(5) Barring of access to limited areas where it may be impractical to eliminate
possibility of excessive potential differences during 2 fault.

By using one or more of the above methods where necessary, designs can be
completed for construction purposes. These should be reasonably liberal, as



grounding facilities can usually be instalied more cheaply if all g0 in as part of the
general construction job, without the necessity of making additions later.

14.8 Limitations of Simplified Equations for E_ and E,. Several simplifying
assumptions are made in deriving the equations for E,, and E_, as shown in
Appendix A These assumptions may result in inaccurate results, for some cases,
in comparison with the results from more rigorous computer analysis or scale
model tests. The inclusion of correction factors into the equations of 14.5 practi-
cally eliminates the inaccuracy (within certain ranges for the various parameters)
for most practical grid designs. _

When using the equations of 14.5, the following limits are recommended for
square grids, or for rectangular grids having the same number of conductors in
both directions:

n <25
025m < h < 25m
d <025h
D>25m

Although the equations of 14.5 have been tested for n greater than 25 and
found to be sufficiently accurate, the tests were not extensive enough to form
solid conclusions. Thus, caution should be exercised before exceeding the limits
given above,

Furthermore, for equally spaced rectangular grids (that is, with square meshes),
the value of z for use on determining the mesh voliage factor K, and the irregu-
larity factor K, (using Eqs 68 and 69) should be the geometric mean of the
number of conductors in either direction. That is,

n=n,ng for calculating E,, (Eq79)

when n, and ny are the number of conductors in each direction. The value of 2
for use in determining the step voltage factor K, and the irregularity factor K,
(Egs 69, 74, and 75) should be the maximum of n, and ng,

n = max (n,, ng) for calculating E, (Eq 80)

14.9 Use of Computer Analysis in Grid Design. There are several reasons that
may justify the use of more accurate computer algorithms in designing the
grounding system. These reasons include:

(1) One or more of the geometric parameters exceed the limits described above

(2} A two-layer soil model is required due to significant variations in soil
resistivity

(3) An unsymmetrical grid (that is, L-shaped, with projections, etc) makes it imprac-_
tical to predetermine the location of the worst touch voltage

4y u n grid conductor or ground rod spacings cannot be analyzed using
the approxXimate methods of 14.5

(5) More flexiblility in determining local danger points may be desired
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10 L2 1,18 1,129 W20 | 117 1008 Lose | 1,06 1039 ¢ 1,022 1,009 0991 16\ -ox.:.m\ Yud | Nuzde
MRL 1335 | 1,286 1266 | 1249 L246  | 1,227 1,209 1,19 1,168 1,151 ‘1,138 nteo | 17 ./9.&.3 3574 46462
0 Len 1,535 1359 1341 UL R L1 T R | L282 | 4,259 | 17243 1,229 L2z 18 =0,4322 | 3746 | 48698
29 L502 | 1,448 1,431, 142 1 a0 1,390 1,374 1353 | 1331 | 13 1,300 1,203 | 19 1-04404 | 3018 5,0934
_ 20 [-04400 | 409 5317 |

LOS vALORES D Km ESTAN CALGCULADOS PARA UNA MALLA coON LO5 CONDUCTORES ENTERRADOS A UNA PROFUNDIDAD h = 0,6 min,
LOS 0ATOS OF ENIRADA A LA TABLA "A" SON D= DISTANGIA ENTRE CONDUC ToRES DE LA MALLA y d= DIAMETRO DEL CONDUCTOR bE
LA MALLA. EL DpaTO DE ENTRADA A LA TABLA "B" €5 n = NUMERD DE CONDUCTORES v_;zb_.mn.cw EN EL SENTIDD DEL LADD MENCR,

Km SE oBriENg COMO ;' HKmat (D, d) s t(n) _”za;nua qu? ios volores de Mn) son :uﬂ.:é&
KLY KI' sg OBTIEMEN D_Imnqbzmzam.



TABLA Ne 17
OETENCION DE Ks ®

&Uﬂc‘g';.?_ Ks
AT DISTANCIA ENTRE _CONDUCTORES  pamaLelos  ~p=
-n- 0,5 1 1,5 2 2.5 3 3,5 4 4,5 5 | s
2 .35 | 0,464 | 0,417 | 0388 | 0,368 | qame 0343 ; 0334 | 0328 | 0327 | c.;3
319873 | 0,623 | 0,523 | 0467 9492 | 0407 | 0.388 | 0,374 | 0,383 035: | 0340
4 1085 | 9,725 | 0,594 | 6.520 | 0474 | o4tz 9418 | 0401 | 0387 | 0375 | p3ss
5 1244 | 0,758 | 9,647 | 0,560 | 0,508 | 0463 0441 | 0.421 | 0,405 | 0391 | 0,371
6 1372 | 0.793 | 0,689 | 6532 | g.531. 0,480 | 0.259 | 0437 | 0419 | 0404 0382
7 4478 | 0,846 | 0725 | D613 0.552 | 0,508 | 0,474 | 6,450 | D31 0.415 | 39
] 1.569 CB52 Q0,755 0,641 0,570 0,521 0,487 0,461 0441 0,424 Q395
5 1648 | 0331 | 0.781 | 0661 | 0583 | osac 9,498 | 0.471 | 0450 | 0432 | oz0s
10 L713 | 0957 | 0,805 | 0679 | 0.603 | o.54s 9,508 | 0.480 | 0458 | 0,439 | p412
1 9993 | 0,826 | 0595 | 0,616 | 0557 O.217 ; 0487 | 0465 | 0.445 | gars
12 L027 | 0845 | 0799 | 0.628 | 0.567 | 0.525 D484 | o5 0,451 | C.422 |
13 1034 | 0863 | 0722 | 0635 | 0,576 | 0533 0501 | 0,506 | 0,456 | 0,436
X 1078 | 0873 ; 0735 | 0545 | 0,584 | 0540 8507 | 0,517 | 0461 | 30
15 | 1,101 | 0895 | 0746 | 0658 | 0597 0.547 | 053 | 0,516 | 0468 | 0,434
16 1322 | 0,909 | 0757 | 0,667 | 03595 | o553 0518 | 0.521 | G470 | 0438
17 1142 1 0522 | 0987 | 0,675 | 0806 9,558 | 0523 | 0525 | 0474 | 0441
18 1161 105 | 0776 | 0,582 | o512 | 0564 ' 0526 | 0525 | 0478 | 0,442
I
! !
TABLA nNe18
OBTENCION DE Kj y K2%
Superticie de A/B __(RAZON ENTRE LARGO v ANCHO DE LA MALLA )
la matia s~ I 2 2 4 "5
m LY K2 K1 2 LSl K2 Lt 2 LS Kz
20 1168 ) 4,685 | 1,124 | 463 108 | 458 | 1,036 | 452 | o392 4,47
50 1208 | 4,808 | 1,164 | 4,74 L12 | 4,86 | 1,075 | 4.58 1032 | 4,52
80 L232 | 488 | 1168 | 420 | 1,144 | <77 1,10 | 483 1,056 | 4,55
100 1,248 | 403 1204 | 484 18 475 |16 | 486 | 1072 | os7
150 1273 | sm 1229 | 4,9 1185 | 481 | 1141 | 4.7 1,097 | 460
200 1,288 | 5,05 1244 | 4,95 1,2 4,84 1156 | 4,7 1,112 | 467
| 250 1239 | 508 | 1255 | 4,97 | 1,211 | 486 1167 | 475 1123 | 464
300 1306 | 5,11 1262 | 4.93 1218 | 488 1 1,174 | 278 1330 | 485
350 131z | 513 1,268 | 5,01 1224 | 489 | 1180 | 497 1136 | &85
| 400 1317 | 514 | 1273 | s.01 3228 1 480 | 1185 | 478 | 1141 | 4,56
450 1321 | 5,15 1277 | 503 | 1,233 | 40 1188 | 479 1145 | 468
500 L2324 5,15 1,28 5,04 1,236 4,92 1,192 4,75 1348 | 4,57
4 ESTAS TABLAS ESTAN CALCULADAS PARA MALLAS DN LOS CONDUCTORES
ENTERRADOS A UNA PROFUNDIDAD h = 0.6




Tabia No.1 Medidas de resistividad

[Medida Electrodo de |Electrodo de Resistividad
Corriente Potencial
[m] [m] (Q.m]
R 1 0.3 31112
2 1.3 0.3 18664
3 1.6 0.3 11862
4 2 0.3 12549
5 2.5 0.3 8030
6 3 0.3 6764
7 4 0.3 6997 |
8 5 0.3 6782
9 6.5 0.3 6622
L 10 8 0.3 8365
11 10 0.3 10284
12 13 0.3 17953 |
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METODO SIMPLIFICADO DE REDUCCION DE CAPAS DE BURGSDORFF - YAKOBS
DE UNA MODELACION MULTI CAPAS A UNA CAPA

PROYECTO:
Superficie de la malla $=96 [metros~2]
Profundidad de enterramiento b:=0.6 imetros]
Numero de capas n:=
i'=1.n
Capa Resistividad Profundidad
; = h; .= La profundidad de
o f la capaise
33880 10{._2(-)” 5 obtiene sumando
99999999 39999999 el espesor de las
capas anteriores.
99999999=Infinito
REDUCCION DE LA CAPA

SUPERIOR:

F= s rQ = r2—b2 a0 = A 2:r-(r + b)

2
v, = JO.S-[QSZ + ()2 + (10)2 - J[qaz + ()% + crmz] - 4-q82-(r0)2J

Y
\

F
L =5704.43 [Q* metro] Resistividad EQUIVALENTE.

Z[l'(':i‘ Fi- TJJ

i LA




CALCULO DE RESISTENCIA DE MALLA PLANA

e et e T T

Autor :
trabajo:
archivo:
A=12 Lado mayor de la malla en metros

B:=8 s := A-ELado menor de Ia malla en metros

s =96 Superficie cubierta por la malla en metros2
h:=0.6 Profundidad de enterramiento del reticulado en metros
K1:=1.43-23.0 _ 0044.A
B ) _s ) B K1, K2 factores que dependen de Ia configura-
cion de la malla, en el caso de mallas rectangu-
K2 :=55_g.h _ (0_15_h_)_§ lares se dispone de estas formulas
S S

p:=5704.43 Resistividad EQUIVALENTE

L:=116 Longitud total del conductor que conforma el reticulado en metros
%—56 Didmetro (mts.) del conductor del reticulado 2/0 AWG
= %(ln (2L + K1 L - K2 R1 =219.4236 Para el reticulado
Ad-h § '

Z
% \

SANBREE.




CORRIENTE DE CORTOCIRCUITO MO

NOFASICO CONSIDERANDOQ
LA RESISTENCIA DE LA MALLA
=ARESSTENCIA DE LA MALLA
VB = 23-10° SB = 108-10% - "Datos de la Empresa
8= 1B _25102:10° iCCant - 635
A3-vB
2
_ VB _
ZB = 5§ ZB =529
ICCant
Rpt = 219.4236 loant = B loant =0.0843 (pu)
RE:= D pe 414789 (pu)
ZB
1
Zf ant = - _ Zf ant =1 1.859Corresponde a la
2Z1+Zo = Zfant - -
° an ant impedancia de falla del
sistema.
S 1 o
locarregido : m locorregido =0.0073

| falla_nuevo := 3. locorregido-IB

I_falla_nuevo =55.2522 (A} considera efecto de Ja malla



CALCULO DE LOS VOLTAJES MAXIMOS DE PASO Y DE CONTACTO

Proyecto:
Autor

Metodo desarroliado en IEEE Guide for Safety in AC substation grounding en pag. 112
“Calculation of maximun Step and Mesh Voltages™

—_————=

p = 5704.43 Resistividad EQUIVALENTE ... [Ohms-m]
ig .= 55.2522 Corriente que circula por la malla............. . [A]
h= 0.6 Profundidad de enterramiento de lamalla ... [m]
- LADO MAS LARGO DE LA MALLA
L1:=12 Longitud lado mas largode lamalla........_.... [m]
D1:=2 Espacio entre conductores paralelo
.............. [m]

LADO MAS CORTO DE LA MALLA

L2:=8 Longitud lado mas corto de a malla ............ {m]
D2 =2 Espacio entre conductores paralelo
.............. [mj]
L1 ./ L2 L1 L2
1:= | = —_ = — = -_
n cei ( ) nz2 Cell(D ) D1 — b2 3
D1 =2 Distancia corregida entre cond. ladoe mas largo
nt =6 Nimero de conductores lado mas largo
D2 =2 Distancia corregida entre cond. lado mas corto
n2 =4 Namero de conductores Jado mas corto

Le :==(n? +1)-L2 + (n2 + 1}L1
Lc =116 Longitud total conductores horizontales ............. {m]

Lr:=0 Longitud total de las barras ..o [m]

._ 105
d:= 1000 Diametro del conductor de la malla {metros), 2/0 AWG



Voltaje de contacto

1

Kii := 3 Si la malla tiene barras en el perimetro, o para
(ﬁ) mailas con barras en las esquinas, entonces
{2:n14 Kii=1
ho := 1 Profundidad de referencia de Ia malla (metros)

L:=Llc+ 1.15-Lr

Ki := 0.656 + 0.172-n1

K - 1‘"{ D> (D1y2h2 p J*ﬁ"" 8
' (2-7) {16-h-d) (8-D1.d) {4-d} | " Knh (2{2-nT - 1})

Em = prlg-Km-Ki
D

Voltaje de paso
Valido para profundidades de

1 [ 1 . 1 +i.[1 _oxin- 2)” enterramiento de ia malia
{2-h) " {(D1+h) " D1 ) comprendida en el rango:
0.25 < h < 2.5 metros

Ks :=

n

 plg-KsKi
Eg = F & o' R
s L

Resumen de valores calculados:
[solinen de valores calculados:

Kii =0.4368 Km =0.6292

Kh =1.2649 Ki ~1.688 Ks =0.5369--
Longitud total de conductor de cobre Le =116  [m]
Voitaje de contacto maximo esperado Em =2886 [Volts]

Voltaje de paso maximo esperado Es =2462 [Volts]



DETERMINACION DE VOLTAJES DE PASO, CONTACTO ADMISIBLES
Y LARGO TOTAL DE CONDUCTOR DE LA MALLA

Metodo desarrollado €n "lEEE Guide for safety in AC substation gounding
ANSI/IEEE Std. 80-1 986, pag 46

TITULO  : Proyecto
AUTOR -
ARCHIVO

Gravillado (piedra molida):

ps = 12000 [Q * metrosi Resistividad de Iz graviila

hs := 0.4 Imetros] Profundidad de Ia Capa de gravilla
Terreno - p:=5704.43 IQ* metrog] Resistividad EQUIVALENTE
Tiempo - t:= 0.6 I[segundos!  Duracion de ia corriente de choque.
ni=1..100 K= P=ps El valor de 100 iteraciones dauna buena presicion de
R  ptops fa serie infinita.

Cs = ( ) 14 2.2 K" s: Factor de reduccion que ajusta Ia resistividad
~ \0.96 2.n-hs\ 2 | fOMINal de la capa superficial.
‘n-ns
T ( 0.08 )

ey S 1a capa superficial tiene la misma resistividad de Ia
Cs = if{p=ps, 1,Cs) capa de la malla, entonces Cs=1

Peso 50 kilos (1000 + 1.5-Cs-ps)- 2116 _ o000
) t

PESO 70 Kilos (1000 + 1.5-Cs.ps)- 2157 _ 4.0
" t

VOLTAJE DE PASO-:

Peso 50 kilos {1000 + 6-Cs-ps)-0'1‘16 =1+10%
t

Peso 70 kilos (1000 + 6-Cs-ps)- 2157 _ 44004
t




