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ABSTRACT

This paper analyzes the performance of a ground-
ing system made of copper conductors and signifi-
cantly influenced by soil resistivity. The grounding
performance is evaluated in terms of ground poten-
tial rise (GPR), touch voltage and step voltage caused
by a short circuit that generates a flow of large cur-
rents in the aboveground structures and grounding
system and dissipates in the soil. These currents
may cause damage to substation equipment and may
be dangerous to personnel working nearby. Safety
design planning for step and touch voltages for the
existing fault level and future fault levels are exten-
sively investigated for utility applications where per-
sonnel hazards may exist. Modelling and simulation
is carried out on the Current Distribution Electro-
magnetic interference Grounding and Soil structure
(CDEGS) program. The safety design planning is il-
lustrated by a practical case of ground grid design
for the 69/12-24 kV, outdoor-type Bangkrachao sub-
station of Metropolitan Electricity Authority (MEA)
with economic analysis. An effective solution to im-
prove the performance of the substation grounding is
also suggested.
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1. INTRODUCTION

There are two major types of power transmission
and distribution substations in Metropolitan Electric-
ity Authority (MEA): air-insulated outdoor substa-
tions (AIS) and gas-insulated substations (GIS) in
MEA. Most of the power transmission and distribu-
tion substations are of GIS type due to the restric-
tion of space and very high cost of land in urban ar-
eas. The design of grounding system for GIS indoor
substations and AIS is quite different. The main dif-
ference is that the ground grid of GIS is attached to
the steel-made structure of each floor of the building,
in which the GIS substation is installed, but that ar-
rangement is not the case for AIS. The attachment
is served as equipotential in floors and walls of rein-
forced concrete to protect the operators and mainte-
nance personnel from substation potential rise (touch
and step voltages) due to ground faults.

Based on MEA’s statistical data, one of the main
causes of sustain interruptions is short circuits on
electrical substations. A short circuit generates large
currents that flow in the aboveground structures and
grounding system and dissipate in the soil. The high
currents may cause damage to equipment and may be
dangerous to personnel working nearby. It is there-
fore important to consider and incorporate safe step
and touch voltage limitations into electrical designs
in order to achieve a safe electrical system without
potential electrical hazards after installation.

As some of the power transmission and dis-
tribution substations in MEA are of air-insulated
switchgear type, ground grid design for AIS substa-
tions is essential to personal safety in the substations
and areas nearby for normal operation and abnormal
conditions. Safety design in substations is normally
concerned with step voltage and touch voltage. Step
voltage is defined as the difference in surface potential
experienced by a person bridging a distance of 1 m
with the feet without contacting any other grounded
object. Touch voltage is defined as the potential dif-
ference between the ground potential rise (GPR) and
the surface potential at the point where a person is
standing while at the same time having a hand in con-
tact with a grounded structure [1]. Although the po-
tential loss or injury resulting from exposure to volt-
age hazard, particularly for those who are actively
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involved with hot line maintenance, may cause seri-
ous consequences, very little has been paid attention
to issues of safety criteria in substations of electric
power utilities in Thailand.

This paper presents a safety design of ground grid
for a practical 1×10+1×20 MVA (2×20 MVA in the
future), 69/12-24 kV substation grounding grid sys-
tem in MEA. Modeling and simulation are carried out
on the Current Distribution Electromagnetic interfer-
ence Grounding and Soil structure (CDEGS) software
package. Safe step and touch voltage criteria based
on body weight defined in IEEE Std. 80-2000 are an-
alyzed. These criteria are considered both in indus-
trial applications and in general applications where
personnel hazards may exist whenever short circuits
occur.

2. DESCRIPTION OF BANGKRACHAO
SUBSTATION

Fig. 1 and 2 show a picture of an outdoor-
type 69/12-24 kV primary substation. The 69 kV
power source is supplied through 2×400 mm2 all-
aluminium conductor (AAC) and 2×800 mm2 XLPE
underground cable per phase from the South Bangkok
Terminal substation (SKT) and the other from the
Samrong Switching substation (SRS). The power
equipment at the Bangkrachao (BC) substation con-
sists of two power transformers with a capacity of
1×10+1∓20 MVA and an air-insulated switchgear.
The ability of subtransmission lines and power trans-
formers to be electrically connected is determined by
bus connections, disconnect switches, circuit break-
ers. These components determine the bus configura-
tion of distribution substations. Bus configurations
are an important aspect of substation reliability, op-
erational flexibility and cost. The BC substation has
a single bus single breaker configuration. They are
low in cost, but must be completely de-energized for
bus maintenance of bus fault. To improve reliability,
the bus is often split and connected by a switch or
circuit breaker [2].

Fig. 3 shows a typical installation for the ground-
ing system of the BC grounding substation system
and its grid dimension. The cross section of the
ground grid conductor is 240 mm2 and the ground
rod is 2.4 m long with a diameter of 15.875 mm. All
the ground rods in this substation are directly con-
nected to the main ground grid by the exothermic
welding method. The ground grid is buried at 0.5 m
below the ground surface level.

3. SAFETY CRITERIA IN GROUNDING
SYSTEM

Potential gradients are produced within and
around a substation due to the flow of current into the
earth during ground fault conditions. A grounding
system has to be designed in such a way as to ensure

Fig.1: Bangkrachao Primary Outdoor Type 69/12-
24kV Substation

Fig.2: Single Line Diagram of Bangkrachao 69/12-
24kV Outdoor-Type Substation

that no electrical hazards exist outside or within the
substation during normal and fault conditions. Touch
voltage and step voltages can be used to evaluate the
safety and adequacy of the design [3, 4].

In the process of designing the ground grid sys-
tem, safety criteria is firstly calculated to specify a
safety level, then the maximum touch and step volt-
age are calculated to compare with the safety criteria
to define whether it is safe to work on the area of sub-
station. This section details the calculation of safety
criteria, touch voltage and step voltage.

3.1 Touch Voltage Criteria

The potential difference between the GPR and the
surface potential at the point where a person is stand-
ing while at the same time having a hand in contact
with a grounded structure.
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Fig.3: Typical Installation for Grounding System

The tolerable touch voltage in volts is defined as
[4]:

Etouch = IB · (RB + 1.5ρs) (1)

where Etouch = tolerable touch voltage for human(V)
RB = resistance of the human body(Ω)
ρs = surface layer resistivity(Ω·m)

IB =
k√
ts

(2)

where IB = current through the body (A)
k = 0.116 for 50 kg body weight

0.157 for 70 kg body weight
ts = duration of current expose (s)

A safe grounding design has two main objectives:
1) to provide a path for electric currents into the
earth under normal and fault conditions and 2) to
ensure the safety of a person in the locality. The
safety of a person depends on preventing the critical
amount of shock energy from being absorbed before
the fault is cleared and the system de-energised. To
ensure safety, the magnitude and duration of the cur-
rent conducted through a human body should be less
than the value that can cause ventricular fibrillation
of the heart. Fibrillation current is assumed to be
a function of individual body weight. The tolerable
body current limits for body weights 50 kg and 70 kg
[3, 4].

3.2 Step Voltage Criteria

The difference in surface potential experienced by
a person bridging a distance of 1 m with the feet
without contacting any other grounded object.

The tolerable step voltage in volts is defined as [4]:

Estep = IB · (RB + 6ρs) (3)

where Estep = tolerable step voltage for human (A)

4. MAXIMUM OF MESH AND STEP
VOLTAGE

The maximum touch voltage within a mesh of a
ground grid [4] is calculated by

Em =
ρa ·KmKi · IG

Lm
(4)

where Em = mesh voltage (V)
ρa = apparent resistivity of soil(Ω·m)

Km = mesh factor defined for n parallel
conductors

Ki = corrective factor for current
irregularity

LG = maximum r.m.s. current flowing
between ground grid and earth (A)

Lm = effective length of for mesh
voltage (m)

Ls = 0.75 · LC + 0.85 · LR (5)

where Ls = effective length of LC + LR for step
voltage (m)

LC = total length of grid conductor(m)
LR = total length of ground rods (m)

Es =
ρa ·Ks ·Ki · IG

Ls
(6)

where Es = step voltage (V)
Ks = mesh factor defined for n parallel

conductors

5. SOIL CHARACTERISTIC

5.1 Resistivity Measurements

The four point method shown in Fig. 4 is one of
the most accurate methods in practice for measuring
the average resistivity large volumes of undisturbed
earth. In the figure, four electrodes are buried in
equally-spaced small holes at points C1, C2, P1 and
P2. The soil resistance R in ohm is calculated from
the ration of V/I, where I is an injected current be-
tween the two outer electrodes and V is the measured
voltage between the two inner electrodes [4-6].

With this arrangement, the resistivity ρa expressed
in the terms of the length units is

ρa
4πaR

1 +
2a√

a2 + 4b2
− a√

a2 + b2

(7)
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Fig.4: Wenner Arrangement

where ρa= apparent resistivity of the soil in(Ω·m)
R = measured resistance(Ω)
a = distance between adjacent electrodes(m)
b = depth of the electrodes(m)

When b is small compared to a, (7) becomes

ρa = 2πaR (8)

5.2 Two-Layer Soil Apparent Resistivity

A resistivity of soil characterized with two layers
shown in Fig. 5 can be determined from the Wenner
method. In this method, the apparent resistivity is
calculated from (9) [4-7].

Fig.5: Two-layer Earth Model

ρa =ρ1


1+4

∞∑

i=1

Kn

√
1+

(
2nh

a

)2
− kn

√
4+

(
2nh

a

)2


 (9)

K =
ρ2 − ρ1

ρ2 + ρ1
(10)

Where h = first layer height(m)
K = reflection factor
ρ1 = first layer resistivity (Ω·m)
ρ2 = deep layer resistivity(Ω·m)

6. PROCESS OF SAFETY DESIGN

The process of safety design is described step by
step as follows.

Step 1: Measure the apparent resistivity of the soil in
the study area using the Wenner Arrangement
method.

Step 2: Analyze the data obtained from step 1 (soil
structure analysis) by the Rural Electric
Safety Accreditation Program Module
(RESAP)in CDEGS using the steepest
method to yield the soil characteristic.

Step 3: Analyze the data obtained from step 1 to
establish safety criteria by the MALT Module.

Step 4: Input an existing standard configuration
of ground grid of MEA and proposed
configurations(see Section 7).

Step 5: Simulate the maximum of mesh (or touch)
and step voltages and compare them with
the safety criteria.

Step 6: For a given configuration of step 4, if the saf-
ety criteria are met, calculate the investment
cost of ground grid. Otherwise, that configu-
ration, which fails to meet the safety criteria,
needs to be redesigned by the methods des-
cribed in step 7.

Step 7: The unsafe conditions can be classified into 3
cases as follows. Case 1) Only touch voltage
is not satisfied. In this case, the conductor
compression ratio of the ground grid should
be first adjusted to have optimal spacing of
ground grid conductors that can reduce GPR
slightly but may decrease the maximum touch
voltage to be in the criteria range. However
if the maximum touch voltage still exceeds
the criteria, consider the soil resistivity[8].

• If the top layer has a lower soil resistivity,
lengthen the ground rods so that they are able to
penetrate into the bottom layer. If the maximum
touch voltage still violates the criteria, increase the
number of ground rods with the updated length.
•If the top layer has a lower soil resistivity, increase

the number of ground rods while keeping the length
of ground rod the same to avoid GPR that is expected
to rise sharply. Ground rods available in the market
are in the sizes of 2.4, 3 and 6 m. with a diameter of
15.875 mm. The MEA standard configuration is 2.4
m. long with a diameter of 15.875 mm.
Case 2) Only step voltage is not satisfied. This case
can be fixed by increasing the number of ground grid
conductors around the boundary because short cir-
cuit currents are densely distributed at the bound-
ary. The cross- section areas of ground grid conduc-
tor available in the market are 95, 120, 185 and 240
mm2. The MEA standard cross-sectional area is 240
mm2, although this dimension may be safely substi-
tuted with the size of 95 mm2 according to [1].
Case 3) Both maximum touch and step voltages are
not satisfied: As this case is the combination of the
two previous cases, follow the viable solutions ex-
plained in case 1 and case 2. Alternatively, a possible
suggestion is given.
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• If the top layer has a higher soil resistivity than
the bottom layer, shift the level of the ground grid
system downward until the maximum touch and max-
imum step voltages meet the criteria. It is possible
that the ground grid and ground rods may penetrate
to the bottom layer.
• If the bottom layer has a higher soil resistiv-

ity than the top layer, shift the level of the ground
grid system downward until the maximum touch and
maximum step voltages meet the criteria. However,
the ground grid system should not be shifted to the
bottom layer as the GPR will be increased. In ad-
dition, although the level of the ground grid system
still stays in the top layer, the ground rods may ex-
trude the bottom layer. In that situation, the ground
rods should be removed and the ground grid system
should be gradually shifted downward to the top layer
[5],[9-12].
Step 8: Select the optimal configuration among all

possible configurations that gives the mini-
mum cost of installation.

The flowchart for the proposed ground grid design is
shown in Fig. 6.

7. CASE STUDY

The BC grounding substation system shown in
Fig. 3 is analyzed in this case study. Four param-
eters of interest in the simulation are 1) cross section
area of ground grid conductor, 2) length of ground
rod, 3) depth of ground grid and 4) short circuit cur-
rent and interrupting capacity of circuit breaker in
the future. The ground grid system for the BC sub-
station is modelled using the CDEGS program. The
soil layer characteristics of the BC substation are an-
alyzed by a built-in module in the CDEGS program,
logarithmically shown in Fig. 7.

With the model in Fig. 7, the resistivity of the
BC substation is shown in Table 1. The resistivity of
the top and bottom layers is 89.22586 and 4.543867
Ω·m respectively. The thickness of the top layer is
0.6133479 m. The top layer has a more resistivity
than the bottom layer (deeper layer) due to a number
of factors such as moisture content of the soil, chem-
ical composition, concentration of salts dissolved in
the contained water, and grain size [13].

Table 1: Summary of Soil Resistivity

The safety criteria of the BC substation are shown
in Table 2. Taking a surface layer resistivity of 2,000
Ω·m as a safety criterion, the touch and step voltage

Fig.6: Flowchart of Ground Grid Design

Fig.7: Soil Resistivity Model
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Table 2: Safety Criteria for 50 kg Body Weight

are 1,144.3 V and 3,709.6 V for 50 kg body weights.

7.1 Planning Criteria

MEA has power distribution improvement and ex-
pansion plans to reinforce its power distribution sys-
tem to accommodate load growth in the future. The
plans consist of the construction of terminal stations,
distribution substations, subtransmission lines, and
distribution feeders as well as the installation of new
equipment (e.g., transformers, circuit breakers) in the
subtransmission and distribution systems. This ex-
pansion plan will increase the effective short-circuit
current at the BC substation. Therefore, such con-
struction and equipment installation need to take into
account equipment rating. At present, a three-phase
fault level of 7.8 kA is used in the planning process
of Expansion Plan No. 10 (years 2007-2011). It is
anticipated that this amount of short circuit current
will increase to 25 kA in Expansion Plan No.12 (years
2017-2021) and to the highest level at 40 kA, which
is estimated based on a worst case scenario analy-
sis. Note that the 40 kA short circuit level is the
interrupting capacity (IC) of 69 kV circuit breakers
in MEA. Six cases are of interest as follows:

For the existing case of ground grid design, its 3-
dimension GPR is shown in Fig. 8, two-dimension
spot touch voltage in Fig. 9, and two-dimension spot
step voltage in Fig. 10. For Case 5 at the 40 kA
fault level, its 3-dimension GPR is shown in Fig. 11,
two-dimension spot touch voltage in Fig. 12, and
two-dimension spot step voltage in Fig. 13. It can be
seen that ground potential differences (GPD) between
two points in the substations of Fig. 8 is much higher

than of Fig. 11, introducing many high peak spikes;
and therefore high touch voltage and step voltage. In
other words, although the peak GPR of Fig. 11 is
almost 2.60 times higher, only voltage difference di-
rectly counts for touch and step voltages. Such GPD
could damage sensitive intelligent electronic devices
if they are going to be installed in the substation in
the future. Note that the same colors in these figures
do not represent the same scale of voltage level.

The three indices, consisting of GPR, touch volt-
age and touch voltage, simulated from the CDEGS
program are listed in Table 3 under the assumption
that there is no surface layer resistivity. For the exist-
ing case, the maximum values for GPR, touch voltage
and step voltage are 991.37 V, 706.93 V and 156.79
V respectively. It is seen from Table 3 that the touch
voltage fails to meet the established touch voltage
level of 329.5 V given in Table 2, whereas the con-
straint on step voltage of 450.4 V is satisfied.
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Fig.8: Ground Potential Rise for Existing System
of 7.8 kA Fault Level

Fig.9: Touch Voltage Magnitude of Existing System
of 7.8 kA Fault Level

Fig.10: Step Voltage Magnitude of Existing System
of 7.8 kA Fault Level

Fig.11: Ground Potential Rise of Case 5 of 40 kA
Fault Level

Fig.12: Touch Voltage Magnitude of Case 5 for 40
kA Fault Level

Fig.13: Step Voltage Magnitude of Case 5 for 40
kA Fault Level
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Table 3: GPR, Touch and Step Voltages for Six
Cases

Table 4: Investment Cost for Different Configura-
tions of Grounding System

7.2 Short-Circuit Design

7.8 kA short-circuit current design
Based on the simulation results in Table 3, the substa-
tion is able to support the 7.8 kA short-circuit current
with the configuration of ground grid construction.
The existing values of touch and step voltage criteria
are satisfied.

25 kA short-circuit current design
For the 25 kA short-circuit current, the configura-
tion of ground grid in all the cases except for Case 1
can meet the criteria given in Table 2, but the cost
of ground grid construction is at minimum in Case
2. Compared with Case 1, Case 2 sees decreases
of 46.43% (3,177.50 V to 1,702.20 V) for maximum
GPR, 64.55% (2,265.80 V to 803.24 V) for maximum
touch voltage, and 70.79% (502.54 V to 146.77 V) for
maximum step voltage.

40 kA short-circuit current design
For the 40 kA short-circuit current, the configura-
tion of ground grid of only cases 5 and 6 can meet
the criteria but Case 5 would be more attractive due
to its slightly lower cost of ground grid construction.
It is seen from Cases 1 and 5 that as much as 50%
(5,083.90 V to 2,565.70 V) for maximum GPR, 69%
(3,625.28 V to 1,131.23 V) for maximum touch volt-
age and 71% (804.06 V to 236.31 V) for maximum
step voltage are decreased if the length of ground rod
is changed from 2.4 m to 6 m and the substation
has more ground rods scatteredly installed around
the area of the ground grid.

As already seen, the ground grid system design
of existing substation is not safe for a 25 kA short-
circuit current for Case 1 and for a 40 kA short-circuit
current for Cases 1 to 4. Therefore, an urgent solution
to this problem is to apply materials (e.g., crushed
rock) to the surface of the substation area in order
to increase the resistivity between operators and the
ground. Table 5 shows how material resistivity varies
by the three levels of short circuit current for the six
different configurations. For example, in Case 1, a
material with a resistivity of 5,000 Ω·m and 8,000 Ω·m
may be placed on top of the surface of the substation
so that it is able to accommodate 25 kA and 40 kA
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short circuit currents respectively.
A comparison displayed by two-dimension plots for

touch voltage without and with material of 2,000 Ω·m
(crushed rock), and 3,000 Ω·m (crushed rock), and
5,000 Ω·m (washed granite) is shown in Fig. 15, 16
and 17 respectively. Based on Case 1 in Table 3, the
maximum touch voltage is 2,265.80 V. After washed
granite with 5,000 Ω·m resistivity is applied on the
substation area, the operators can withstand a touch
voltage of 2,422.1 V.

Table 5: Requirement of Material Resistivity

Fig.14: Touch Voltage without Crushed Rock on
Top

Fig.15: Touch Voltage of Surface with Crushed Rock
of 2,000 Ω·m Resistivity

Fig.16: Touch Voltage of Surface with Crushed Rock
of 3,000 Ω·m Resistivity

Fig.17: Touch Voltage of Surface with Washed
Granite 5,000 Ω·m Resistivity

8. APPLICABILITY

The main achievement obtained from this research
is the ability to analyze whether a grounding design
for a substation is safe for those who are working
inside whenever there is a short circuit. Substations
with low grounding resistances do not always guaran-
tee personal safety because touch and step voltages
are also relevant factors. The new safety criteria can
replace the existing ones for new substations in MEA
without significant change in GPR, touch voltage and
step voltage; for example, reducing the cross section
area of ground grid from 240 mm2 to 95 mm2 or in-
creasing the length of ground rod from 2.4 m to 6 m
or adding the depth of ground grid from 0.5 m to 0.65
m or 0.8 m. Most importantly, the new criteria intro-
duce lower installation cost for substation grounding,
compared with the existing ones.

The work carried out in this paper takes into
consideration the safety criteria based on IEEE-Std
80-2000 for the construction of substations in the
MEA service areas covering three provinces; namely,
Bangkok, Nonthaburi and Samutprakarn. Because
soil characteristics in the MEA service areas obtained
from several field tests are not much physically differ-
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ent (i.e., the soil can be characterized by two layers
of which the top layer resistivity is greater than that
of the bottom one), the presented method can be, to
certain extent, used for substations only in the ar-
eas. However, if the method were to be applied in
any other areas in Thailand, measurement of soil re-
sistivity would be strongly recommended as it is one
of the most important factors in the calculation of
safety criteria.

9. CONCLUSION

The ground grid design for the Bangkrachao sub-
station is examined with the main objective to assess
its grounding system condition in terms of ground
potential rise, touch voltage and step voltage. These
three parameters are analyzed to ensure that they
satisfy the safety criteria defined in the IEEE Std 80-
2000 with three scenarios classified by fault levels:
7.8 kA for the existing configuration, 25 kA for Ex-
pansion Plan No.12 (years 2017-2021) and 40 kA for
the interrupting capacity of 69 kV circuit breakers in
MEA. As far as installation costs and other necessary
expenses in grounding system planning is concerned,
the length of ground rods, the size of conductor, the
short circuit current and IC of 69 kV circuit break-
ers are the main factors that need to be taken into
consideration and should financially reflect incremen-
tal total cost and worth for various alternatives while
respecting the established safety criteria.
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