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Abstract

This paper presents the use of simulated annealing, particle swarm, and genetic
algorithm in the mesh voltage minimization which leads to the optimal design of
substation earthing grid. These optimization processes where used as a check on one
another in order to know if we are on the right course of getting the best result. The
design variable values obtained from the three optimization processes are closely related
with the particle swarm optimization (PSO) having a lower mesh voltage, grid resistance
and use lesser length of grid materials. In all, the optimization process was faster than
the analytical process asused in ANSI/IEEE std 80-1986.
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Nomenclature

A = grid are; K,,, = mesh factorp,,;; = solil resistivity;h = depth of burialL; = length of grid;K, = thickness of primary

winding; I = grid fault current K; = corrective factor L =length of earth rod,, = total length of grid, earth rod inclusive

; S¢ = current division factord = diameter of grid conductol; =symmetrical grid current/; = maximum grid currentZ,

= dc offset time constanB = grid spacingN = grid configuration

1.0  Introduction

The design and proper installation of substatiath@gy grid system is now becoming a science obws. The proper
understanding of the science behind the designadhieg system leads to a safer substation enviembmSo many
mathematical expressions have being put forwardeweral authors with regard to earthing and hoseitld be used in the
design of substation earthing that would providetgution to personnel and substation equipments[he evolving
mathematical formulation ranges from the analytifa4] to numerical [8-9]. The analytical expressoare simpler
mathematical expressions that lead to the apprdiamaf results while the numerical are very complaathematical
expressions that lead to accuracy of results.

With the advent of high speed computers, the nwakformulations are now being preferred. Numeraglorithms
such as particle swarm optimization (PSO) [6], lamg element method (BEM)[7] and finite element moek (FEM)[8]
have all been used in optimization of substatanthéng grid designs.

Optimization of a complex system such as substat#othing leads to the reduction of cost of maktdiahour and safety
to personnel. In this paper the measured saférier— mesh voltage will be used as an objedtivetion with the number
of grid configuration, conductor spacing, lengthgofd conductor, number of earth rods, length atteaod and depth of
burial taken as variables.

The choice of the mesh voltage as an objectivetimmdor this work arises from the fact that, measumesh voltage
must be compared with the calculated tolerable Houmitage criterion before an earthing system igarded as being
properly design. A lower mesh voltage means thatetirthing design can provide safety to persommleguipment during
earth faults.

The simulated annealing, particle swarm optimizatod the genetic algorithm were all used in theimization of the
mesh voltage and their results are tabulated alidbat@d with the analytical result taken from IEB&2000[4]
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2.0 Earthing grid safety criterion

In substation earthing grid design there are tWietgariterions that guide the designer, theselaestep and touch voltage
criterion. The maximum tolerable voltages for st touch can be calculated empirically for bodygves of 50kg and
70kg as [4],

0.116
EtO‘u.Ch,,SO = (1000 + 15C5p5)f (1)
0.157
Evouen.70 = (1000 + 15Csp;) 7 @
0.116
EStep,SO = (1000 + 6C5p5)f (3)
0.157
Estep,70 = (1000 + 6C5ps)ﬁ @)
0.09(1-£s01l)
=1—-——=_Ps’
Cs=1 2hs5+0.09 (5)

where E;qych .y iS the touch voltage limit (V)Eg.p . iS the step voltage limit (V)¢ is the surface layer derating factor,
ps is the resistivity of the surface materi@l in), ¢, is the maximum fault clearing time (s).

The choice of body weight (50kg or 70kg) dependstenexpected weight of the personnel at the Sipically, where
women are expected to be on site, the conservapitren is to choose 50kg.

Equation (1)-(4) are computed when all other patarsesuch as the soil resistivity, the surface nalteesistivity are
known.

In the field, the step and touch voltages are nrealsusing the following expressions,

_ PsoilKmKilg
Em - Ly (6)
_ PsoilKsKilg
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Ko=2|0+——+-(1-05 )] (11)
I = 1,D; (12)
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—th
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ro=il (15)

The basis of a safe earthing design is By, < E;oycn, andEg < Eg.p. A lOOK at (6) reveals that all the parametersiiregl
for the installation of the earthing grid, suchtlas number of mesh, the length of grid conductities,spacing of conductors
and the depth of burial are contained in them. Atingization process that minimizes (6) and (7) gare us the optimal
length of grid conductors and the values of otleameters
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3.1.0Optimization problem
1) Obijective Function: The objective is to minimize tiouch voltage and hence optimally design a s#detation
earthing grid system. The objective function is
E = PsoitkmKilg
m Ly
2) Grid conductor length/earth rod constraint: Theimimm length requirement for attaining the minimum
allowable resistance is given by [4].

PsoitkmKilgy/ts
(1000+1.5C5p5)(0.157) < Lg + 115N, L, (16)

3) Grid area constraint; The grid configuration (Nflahe spacing distance (D) of the grid conductegiven by

DN =VA 17)
4) Grid configuration constraint: The grid configumatiis related to the length of the grid conducter b
(2N + 2)VA = L (18)

3.2. Optimization Algorithm Format

Five variables are chosen for this minimizationhpeon. These areD, N, L;, N,., L, andh. The objective of this work is to
minimize the touch voltage criteria which will rétsin a safe substation earthing grid design. Tiesh voltage objective
function f{,, is

1[, D? (D+2h)? h (Kii
__2n|™ehd' 8bd ad n
foo =

8
o 0[] (0-644+0.148N) 1D oo

Lg+1.15N Ly (19)
In this case we assumed the followings= D, x, = N, x5 = L, x4, = N,,, xs = h, andx, = L,,
Table 1 shows the design parameter limits. To al#aiacceptable earthing design, the design vasatded to be bound
between upper and lower limit values.
Tablel: Design Variable and their Limits

Design Variable Description Lower limit Upper limit
X1 Separation between parallel conduct@3 2.5 VA
X, Mesh configuratior{V) 1 25
X3 Length of grid conductofL) 4/A 5000
Xy Number of earth rod&\,.) 4 200
Xs Depth of burial(1) 0.25 0.5
(g Length of earth rod] ) 1.2 5

4.0 Performance evaluation and Discussion
The example used in this work is taken from ANSHEEStd 80-1986 (pp.181). The aim is to comparerdisalts from SA,
PSO and GA simulations with that computed by ANSHE std 80-1986. The example has the following:data
Fault duratiort; =0.5 s
Fault impedancé&, =4.0 4+ j10.0Q
Fault impedanceZ, = 4.0 + j10.0Q
Current division factos; = 0.6
Line-to-line voltage at worst-fault location25000 V
Soil resistivityp =400 Q —m
Crushed rock resistivity (wep, =2500 Q —m
Thickness of crushed rock surfacing= 0.1 m
Depth of grid burialh =0.5 m
Available grounding area 20 x 70 m?

The computed touch and step voltages using (2)4)nare given as,
Etouch,70 =746V

EStEp,70 = 2320V

In the mesh voltage minimization, the minimized mesltage must be less than the computed touclag®ltTable 2 show
the output results obtained from the optimizatioocess and the corresponding result taken from ABEEE std 80-1986.
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Table 2:Design Variable values obtained after ogtition

IEEEB6-1986
SA PSO GA
Mesh Voltage(V) 628.70 557.04 564.8 693
Step VoltaggV) 863.47 736.79 797.63
GPR Q) 2557.8 1829.10  2199.52 5170.10
Grid resistance(t) 1.341 0.95 1.15 2.71
Length of mesh conductdm) 3396.6 3491.00 3332.01 1540
Number of mesh 24 24 23 10
Number of earth rods 146 159 92 36
Length of earth rodémn) 1.9 3.3 4.34 15
Spacing distancém) 2.8 3.2 3.0 7
Total length of conducto(st) 3674.0 3556.71  3731.29 2080

The results from SA, PSO and GA gives closely eelatalues which differs from that obtained from ANEEE std 80-
1986. The total length of conductors and rod nexglin the optimization is higher than what wasaotetd in ANSI/IEEE std
80-1986. But a check on the grid resistance shbasthe optimization produces lower values thaANSI/IEEE std 80-
1986 and this account for the higher length of gadductors. The optimization process gives allvhgables required in
the design of an earthing system in one go andasgtar time frame, while in ANSI/IEEE std 80-19B& process was a trial
by error method which is time consuming. The airhafing an earthing system with a lower mesh veltagchieved.
5.0Conclusion

This paper has used simulated annealing (SA), gariwarm optimization (PSO) and genetic algoritf@?A) in the
optimization of substation earthing grid designe™esign variable values obtained from the threenigation processes are
closely related with the PSO having a lower medktage, grid resistance and use lesser length df mgsterials. In all the
optimization process was faster than the analytioatess as used in ANSI/IEEE std 80-1986.
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