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Abstract— This paper presents the effects of constructions of a new permanent substation while the existing substation
has not yet been removed. the Isolation of ground grids of the two substations creates ground potential rise (GPR) to be
steep between the ground grids of two neighboring substations. Modeling and simulation are performed on the Current
Distribution Electromagnetic interference Grounding and Soil structure (CDEGS) program. It is found that the
percentage of GPR ratio between the auxiliary grounding system and the main ground grid in uniform or homogenous
soil is constant while the percentages of GPR ratio are different in the two layer soils. If the top layer soil resistivity is
higher than the fixed bottom layer soil resistivity, the percentage of GPR ratio will decrease. However if the bottom
layer soil resistivity is higher than the fixed top layer soil resistivity, the percentage of GPR ratio will increase. This
implies that only a risky case can be considered in substation design, although the condition of soil is varied by season.
Moreover, the case studies are analyzed by varying the thickness of top layer and distance between the main ground
grid system and auxiliary grounding system, which affect the percentage of GPR ratio. The more distance between main
ground grid system and auxiliary grounding system is, the less the percentage of GPR ratio is, as GPR return of the
auxiliary grounding system is lower. This will make the touch voltage higher due to the steepness of GPR, which
increases the risk of hazard.

Keywords— Ground potential rise, Safety criteria, Step volage, Touch voltage.

values are analyzed to ensure that they comply thigh
1. INTRODUCTION safety criteria defined in the IEEE Std. 80- 2000.
Modeling and simulation are carried out on the €uirr
Distribution Electromagnetic interference Groundamyl
Soil structure (CDEGS) program. The results arenfou
that ground grid isolation should not be allowedimiy
. ; ) ; the time of construction because the auxiliary gaing
auxiliary grounding system of the de-energizedteleal gy 1o of the de-energized substation can creas st
power site will exist. This creates ground pot_drmse ground potential rise and therefore the large wgealta
(GPR) to be steep between the ground grids of WOgitterence can harm personnel working nearby ansea
neighboring substations. It is a concern for safesyes damage to equipment in the vicinity of faults,

because a short circuit can generate a large (tthnan particularly when the ground grid of the two neigtihg
flows through the aboveground structures and grimgnd ¢ ,stations are not connected.

system and dissipates in the soil, which the higfiemqtial
may cause a hazard to personnel working nearbyi or i,  p-rNITION OF TOLERABLE VOLTAGE
the area of distribution substations.

The ground grid design for distribution substatiafis In the process of designing the ground grid system,
the Provincial Electricity Authority of Thailand BA) is safety criteria is firstly calculated to specifytaerable
examined with the main objective to assess grogndin level, then the maximum touch and step voltage are
grid system conditions in terms of ground potentise, calculated to compare with the safety criteria &dirdce
maximum touch voltage and step voltage. These thregvhether it is safe to work on the area of substafithis
part will show a calculation of safety criteriauth and
step voltages.

This paper presents a construction procedure foeva
permanent substation while the existing substatiaa
not yet been removed. While the ground grids ofttie
distribution substations are isolated, the effetttle
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tolerable touch voltage for human (V) For grids with or without ground rods, the effeetiv
buried conductor length,, can be determined by (5)

where Etouch
RB
Ps

resistance of the human bod®)

surface layer resistivityQ [im) L, = 07500, + 085[Ly (5)

The current through the body is determined by (2)

where L effective length of. . + L for step
voltage (m)

total length of grid conductor (m)

S

lg === ) Le

total length of ground rods (m)

here |, = currentthrough the body (A . .
W B ! ug y ) Then, the step voltage is determined from (6)
k = 0.116 for 50 kg body weight
0.157 for 70 kg body weight P, (K, [K; Og
t, = duration of current expose (s) Es = L 6)
S
The safety of a person depends on preventing thewWhere Eg = step voltage (V)
critical amount_of shock energy from be_:ing a_bsorbed K, = mesh factor defined for n parallel
before the fault is cleared and the system is deeired. conductors

To ensure safety, the magnitude and duration of the

current conducted through a human body should &= le
than the value that can cause ventricular fibidlatof 4. NEARBY DISTRIBUTION SUBSTATION

the heart. Fibrillation current is assumed to baretion For, a new distribution substation grounding gtimse to

of individual body weight. The tolerable body cutte the existing substation whose ground grid is depliets a
limits for body weights of 50kg and 70kg can berfdin ~ mesh of rebar conductor, safety considerationsimequ
[1].[2]. that the new and existing distribution substatiddgare
Step Voltage Criteria intercon_nected and th_us the de—energ_ized e_IectricaI

power site of ground grid acts as an auxiliary gaing

The difference in surface potential experienced éby system of the substation. However, if the effectttaf
person bridging a distance of 1 m with the feehwitt  existing is taken into account for a grounding gesso

contacting any other grounded object. as to reduce the performance requirements of the
The tolerable step voltage in volts is defined3n|[(] substation grounding system, the copper conduators
be connected in a reliable manner to the substafiimh
Esep =15 % (RB + 6/03) (3) [3]:

where Egq, = tolerable step voltage for human (V) 5. CASE STUDY

In this paper, case studies ube cross section of the

3 MAXIMUM OF MESH AND STEP VOLTAGE ground grid conductor with size of 95 mmand the
ground rod is 3.0 m long with 15.875 mm in diameter

The maximum touch voltage within a mesh of a groundAll the grid conductors are buried 0.5 m deep ia tbp

grid [1] is calculated by (4) layer soil. The figure of an installation of grourat! will
be spread out. The dimension of ground grid which

oK, [jKi HG presents the status of return will be categoripéal 45 m

E, = - 4) x 45 m. The main one is of medium size 45#4% m.

L, Furthermore, the value of soil resistivity is chode be

1, 50, 100 and 1,00@[m for both top and bottom
layers of soil. In case studies, the top and boteyars

where B, = mesh voltage (V) has difference resistivity due to a number of fexcwuch
0 = apparent resistivity of soif-m) as moisture content of the soil, chemical compmsiti
a . . . .
concentration of salts dissolved in the containatew and
K,, = mesh factor defined for n parallel grain size [4]. Thus, the short circuit current28 kA is
conductors specified. This study is separated into 3 casésllasvs:
K, = corrective factor for current Case 1 The distance between main ground grid and
. larit auxiliary grounding system is 5 m as shown in Eiglhe
|rreg_u anty _ thickness of the top layer soil is 1 m.
lg = maximum rms current flowing Case 2 Configuration is shown inFig. 1. The

between ground grid and earth (A)  thickness of the top layer soil is 4 Bistance between 2
L = effective length ofL. + L for mesh ground grids is the same as case 1.
voltage (m) Case 3 The distance between main ground grid and
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auxiliary grounding system is52m as shown in Fig. 2. contour areasBetween 2 substationthe touch voltage

The thickness of the top layer soil is 1 m. in Fig. 4 around the junction or the edge is very high
The step voltage ifrig. 5is also high at the edge but
lower than theouch voltage.

Table 1. GPR, Touch Voltage and Step Voltage for Casl
Voltage level (V
Type Py 9 V)
of |(Qim) P,(Qlm)
voltage 1 50 100 | 1,000
1 229.07 4,262.9 6,049.6 12,628
M 50 326.93 11,454 20,185 123,330
100 332.64 12,919 22,907, 152,950
Main 45mx45m Auxiliary 45mx45m GPR 1,000 338.37 15645| 29,6640 229,090
1 92.567 3,281.2 4,981.6 11,494
Fig. 1. Ground Grid Configuration for Cases 1 and?. AU 50 91.913 4,628.4 8,887 83,524
100 92.015 4,851.3 9,256.1 91,264
1,000 92.134 4,583.8 9,164.4 92,56)
1 85.55 552.4 588.3 2,395
Touch 50 168.12 4,277.5 6,899.4 22,261
100 172.93| 5,059.6 8,555 34,830
1,000 177.72| 7,820.4 14,180 85,550
1 28.19 178.5 264.9 3,379
Step 50 56.60 1,409.4 2,230.5 7,529
100 58.34 1,628.3 2,818.7 11,47
1,000 60.02 2,619.8 4,710.5 28,190
P resistivity of top layer soil
Main 45mx45m Auxiliary 45mx45m P> resistivity of bottom layer soil
Fig. 2. Ground Grid Configuration for Case 3. M main ground grid system

) Au auxiliary grounding system
The cases are of interest as follows

Case 1: GPR, touch voltage and step voltage fra@n th
study of grounding system installation in variousl s . N .
resistivity, the results are shown in Tabl@4GPR ratio ~ Table 2. GPR Ratio between Auxiliary and Main Grourd

between auxiliary grounding system and main ground Grid Configuration for Case 1
grid is determined as percentage displayed in Table 0 GPR (%)
For detailed consideration, it can be divided dtoases. Type 1 ol
. - of voltage (2 [m) Po(QIm)

5.1.1 Top layer resistivity () is higher than the bottom 1 50 100 1,000
layer resistivity () 1 40.41 76.97 82.35 91.02

. : . GPR 50 28.11 40.41 44.03 67.73
GPRof main ground grid, maximum touch voltage ang 100 27.66 | 37.55 2041 59.67
step voltagewill be increased whem, or p, increases. 1,000 | 27.23 29.30 30.89 40.41

% GPR ratio between auxiliary grounding system and
main ground grids found lower than the uniform soil
case. Therefore, the safety is also worse thanoriferm
soil.

5.1.2 Top layer resistivity ((0l) islower than the bottom
layer resistivity (02)

14115
=K
12991
12429
11867
11305
10743
10181
9619
9058
8496
7934
7372
6810
6248

5686
5124
4562
4000
3439

Fig. 3. Ground Potential Rise on 1000/5@ [m for Case 1.

GPR of main ground grid, maximum touch voltage and
step voltagewill be increased whep, or p, increases.
% GPR ratio between auxiliary grounding system and
main ground grids found higher than uniform soil case.
Therefore the safety is also higher than uniforih so

For example, 3-dimensioBPR of ground grid design
in case 1 is shown in Fig. 3. Fig. 4 and 5 aregitaphs
of touch and step voltages, which illustrate the 2-
dimension view to help determine the safe amsafe
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o] 7 — Table 3. GPR, Touch Voltage and Step Voltage for Ca
40 é‘é‘éz o) Voltage level (V)
Type 1
R 762 of v)(;II)tage (Qlm) P, (Q1Im)
"] 2030 1 50 100 1,000
£ priv 1 229.07| 2,111.2] 2,6958 4,465.4
&7 ‘ 3208 v 50 2531 | 11,454| 17,814 71,074
1 2470 100 | 4837 | 150213] 22907 98,655
7] ( fggg GPR 1000 | 46,333| 57,292| 68,331 229,000
] 823 1 92.57 | 1,756.7 2,3349 4,120.9
T om % momow o owow 0 AU 50 111.79| 4,628.4  8,642|4 54,487
Distance from Origin of Profite (m) 100 132.62| 5,070.4 9,256|7 69,647
Fig. 4. Touch Voltage on 1000/5@ [m for Case 1. 1000 509.62| 4,988. 09,833|8 92,576
1 85.55 | 200.3 | 204.0] 948.§
7 Touch 50 1,921 | 4277| 5519 9,374
R PROROORPOR RN po 100 3771 | 6,683| 8555 17,200
o (NN 243 1000 | 37,055| 40,520 43,830 85,550
] HIOPIONEL 208 1 28.19 | 69.6 | 744 12799
. o Step 50 646 1,409 1,822 3,155
€ ! 1662 100 1271 | 2.199| 2,819 5,704
Es THUHOEO O 18 1000 | 12,526| 13,520 14,490 28,190

LA LR 1114
977
840
703
567
430
293

DU LT LT LS

Table 4. GPR Ratio between Auxiliary and Main Grourd
Grid Configuration for Case 2

0 11 156 3
U oo . e | O Gpg E/")
o m
Fig. 5. Step Voltage on 1000/5@ [m for Case 1. voltage (Qlm) 1 5'((3)2 ( 10)0 1000
] 1 40.41| 83.18 86.63 92.2P
Case 2: The results are shown in Table 3 and Tble 50 242 | 2041 2851 7666
For detailed consideration, it can be divided toases. GPR 100 2'74 33'33 40'4:] 70'60
5.2.1 Top layer resistivity (p,) is higher than the bottom 1,000 { 1.10f 8.71] 1439 40.48
layer resistivity ()
The GPRof the main ground grid, maximum touch
voltage andstep voltagénave the same trend mscasel, — aee

but these 3 voltages in case 2 are higher tharethos
case 1. This is because t@und rodof case 2 are still
in the top layer soil with highersoil resistivity.
Consideration of % GPR ratio between auxiliary
grounding system and main ground gaidthe same soil
resistivity found tha®e GPR ratio ircase 2 is lower than
in that in case .1This means that safety of case 2 is
worse than case 1 because the maximum touch vaftage
higher.

5.2.2 Top layer resistivity (ol) is lower than the bottom
layer resistivity (02)

The GPRof the main ground grid, maximum touch
voltage andstep voltagéhave the same trend Escase 1
but these 3 voltages in case 2 are lower thandrctse
1. This is because tlggound rodof case? are still in the
top layer soil with lowesoil resistivity. Consideration of
% GPR ratio between the auxiliary grounding system
and main ground gridt the same soil resistivity found
that% GPR ratioof case 2 is higher than that in case 1
This means that safety of case 2 is lower tharasecl
from the reason that the tolerable touch voltadevier.

For example, 3-dimensioBPR of ground grid design
in case 2 is shown in Fig. 6. Fig. 7 and 8 aregifaphs
of the touch and step voltages, which illustrate
dimension view to help determine the safe and ensaf
contour areas.
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Fig. 7. Touch Voltage on 1000/5@ [m for Case 2.
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S Table 6. GPR Ratio between Auxiliary and Main Grourd
IRER i i: 13523 Grid Configuration for Case 3
40 12101

ézs, | gggé of voltage| (€2tM) Po(2[m)

% ] ', \ sats 1 50 100 1000
5+ O N press 1 25.29| 52.09] 59.70 77.16
10 (] 3571 L
i g 2080 GPR 50 18.16| 25.29 27.05 42.2%

\ L "7 100 | 17.86] 23.83 2529 35.88
01 17
! " Dziitanioe fr::ron Ori5;in oiOProféIOe (ms)0 ” 1000 17 * 58 18 . 93 19 . 9; 25 " 2 9

Fig. 8. Step Voltage on 1000/5Q2 [m for Case 2.

Case 3: The results are shown in Table 3 and 4. Fo

14339
13714

detailed consideration, it can be divided into 8sa

5.3.1 Top layer resistivity (py) is higher than the bottom

layer resistivity (o)

The GPRof main ground grid, maximum touch voltage
and step voltagehave the same trend &s caselbut
these 3 voltages in case 3 are higher than thosasia 1.
This is because the difference between GPR of thi@a m
ground grid and auxiliary grounding system
significantly higher than that in casel. % GPR orati
between the auxiliary grounding system and mainiguo
grid for the same soil resistivity in case 3 is founddo

than that in casellhis means that safety of case 3 is

is

lower than case 1 because the maximum touch voitage

higher than that in casel.

5.3.2 Top layer resistivity () is lower than the upper

ayer resistivity (o)

The GPRof the main ground grid, maximum touch
voltage, step voltageand % GPR ratio between the
auxiliary grounding system and main ground gatd
different soil resistivityhave the same trend ias3.1.

Table 5. GPR, Touch Voltage and Step Voltage for Cas3

0 Voltage level (V)
Type 1
ofvgﬁage (QIm) P, (QIm) 451
1 50 100 1,000 40
1 237.44 4.644.60 6,508.F 13,151 R
M 50 331.49 11,872 21,13 134,670 e~
100 337.12 13,299 23,744 165,860 8251
GPR 1,000 342.78 15,885 30,18 237,440 gzo-
1 237.44 4,644.6f 6,508.F 101,470 15
Au 50 331.49 11,872 21,13 134,670 104
100 337.12 13,299 23,744 165,860 5]
1,000 342.78 15,885 30,18 237,440 N
1 134.81 1,374.13 1,582 | 1,844.64
Touch 50 226.7 6,740.1 11,45 50,100
100 232.26 7,747.2 13,480 71,380
1,000 237.81 10,660 19,72p 134,810
1 24.59 175.02 237.14 1,105.97
Step 50 54.11 1,229.621,898.98( 6,398.23
100 56.12 1,430.792,459.24{ 9,602.98
1,000 58.10 2,475.3B4,380.68 24,592

13088
12463
11837
11212
10586
9961
9335
8710
8085
7459
6834
6208
5583
4957
4332
3706
3081
2455

10664
10103
9542
8980
8419
7858
7297
6735
6174
5613
5052
4490
3929
3368
2806
2245
1684

0

R R

K X X oK)

w
g

R R AR )

20 b= 4t 4=ty

Distance (m)

15 Jmt=t 4= 44 4

10 Jatatta b= =42t

1123

0 10 20 30 40 50 60 70 80 90 100 110

Distance from Origin of Profile (m)

Fig. 10. Touch Voltage on 1000/5@ [m for Case 3.

0 10 20 30 40 50 60 70 80 90 100 110

Distance from Origin of Profile (m)

Fig. 11. Step Voltage on 1000/5Q [m for Case 3.

For example, 3-dimensioGPR of the ground

grid

design in case 3 is shown in Fig. 9. Fig. 10 andrklthe
graph of touch and step voltages, which illustthge 2-

dimension view to help determine the safe and
contour areas.

ensaf
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Table 7. Safety Criteria for 50 kg Body Weight, 10030

Qlm
Surface Fault Clearing Time 0.1 Foot
Layer sec Resistance:
Resistivity |Touch VoltageéStep Voltage 1 Foot
(Q [in) (V) (V) (Q)
None 741 2,096 3,125
1,500 936.2 2,877.3 4,475
3,000 1,508.3 5,165.8 8,431.9
4,000 1,863 6,588 10,891
8,000 3,335 12,472 21,066
1,2000 4,802 18,342 31,215
1,6000 6,268 24,208 41,356
20,000 7,734 30,072 51,495
24,000 9,200 35,935 61,633

Table 7 is the safety criteria of 1000/50[m soil
structure by material surface covering with 20 ¢rck.

In the procedure of renovation of the existing
distribution substation that requires a small dstion
substation in order to supply temporary electricity
large ground potential difference between two smear
ground grids of the distribution substations carmuoc
when the ground grids of two neighboring distribati
substations are not connected together. This hiBR G
can damage intelligent electronic devices (IED)jcivh
will be used in distribution substations in theufet or
electronic controllers which are currently used.isTh
incident can occur after a fault or lightning in a
distribution system. Moreover, this high GPR isoals
dangerous to personnel operating in the distrilbutio
substation or nearby. The connection between ground
grids of two neighboring distribution substatiors a
simple and economical method with effectiveness to
reduce the damage of devices and danger to pedsonne
that can lead to power supply outage in indushiales
or densely populated areas. Therefore, this mettasd
more advantages compared with other methods e.g.
installing more protection devices which needs more
investment cost but it cannot completely solve the

For the base case, it is found that at the samke soiproblem.

resistivity, the maximum touch voltage is equal to
7,802.4 V andstep voltage i2,619.8 V. To comply with
the safety criteria, it must be covered by 20,000m
resistivity material. The touch voltage also metts
safety criteria. The step voltage does not violtie
safety criteria and it can be easily solvedsenerally,
PEA will spread the ground with crushed rock No.2
(Resistivity of crushed rock No.2 is abdy000 Q[ m).
The step voltage can be solved. Froable 7, spreading
with 3,000 Q[m material, the step voltage criteria is
5,165.8Q[m which can be met.

The study found that the danger may occur at tige ed
of ground grid, so the study concentrates at grogndi
connections between the 2 substations. It is fotnad
GPR, maximum touch voltage and step voltage aralequ
to 10,112 V, 3,846.36 V antl, 408 V respectively. The
decrease is obtained by theduction of resistance of
electrode system

6. CONCLUSION

The ground grid design for the distribution subetat
is examined with the main objective to assess its
grounding system condition in terms of ground pté&én
rise, touch voltage, step voltage and % GPR ratio
between the auxiliary grounding system and main
ground grid. These values are analyzed to enswae th
they comply with the safety criteria defined in tiEE
Std. 80-2000 with three cases classified by 25 kA
Power’s Distribution in PEA. It is found that wheime
ground grid is separated or two neighboring sulmstat
are disconnected, the safety issue must be taken in
account.

In case of ground grids of two neighboring disttibo
substations, connecting ground grids between two
distribution substations can reduce the voltages¢et
the safety criteria.

50

As far as installation costs and other necessary
expenses in grounding system planning are concerned
the length of ground rods, the size of conductdhms,
short circuit current should financially reflect
incremental cost and worth for various alternatiwéde
respecting the established safety criteria [5].

ACKNOWLEDGMENT

The first author would like to express his deepest
gratitude to late Assoc. Prof. Dr. Jamnarn Hokierti
Kasertsart University, Thailand. The author wouke to
express his sincere thanks to Research Division,
Provincial Electricity Authority (PEA) for CDEGS
program and the technical data used in this rebearc
work.

REFERENCES

[1] IEEE STD 80-2000. Guide for Safety in AC
Substation Grounding.
[2] Jayawarna, N. and et al., 2006. Safety Analysia of
MicroGrid. International Journal of Distributed
Energy Resources, vol. 2, no. 4, pp. 261-278.
Safe Engineering Services & Technologies Ltd.,
“Grounding & Electromagnetic Field”, Technical
Seminar. Chapter 2 Fundamental Grounding
Concepts, 1996, pp2_2 -1 _ 15.
BS std 7430:1998. Code of Practice for Earthing.
Phayomhom, A. and et al., 2011. Efficient Solution
for MEA’s Substation Grounding System during
Substation Upgradingln Proc. HAPUA - JEPIC
Symposium, Malaysia. 18-20 October.

(3]

[4]
[5]



