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Abstract: Finding cost efficient earthing system design with acceptable level of safety might be quite
tedious work. Thus, many earthing system engineers try to find the most suitable design either
by employing only their best experience or taking advantage of some more complex optimisation
programs. Although both approaches might work well under certain circumstances, they might fail
either due to counter-intuitiveness of the specific situation or by misunderstanding of the applied
optimisation method, its limitations etc. Thus, in this paper, the earthing system design optimisation
problem was addressed by analysing optimisation simulation results together with conducted
sensitivity analysis. In the paper, a simple double ring earthing system was optimised while using five
different optimisation methods. The earthing system was placed in different horizontally stratified soil
models and the earthing system was optimised by minimising touch voltages instead of commonly
minimised earth potential rise. The earthing system was modelled by Ansys Maxwell software.
Apart from using Ansys Maxwell built-in optimisers, the possible solution space has also been mapped
by performing sensitivity analysis with changing the earthing system design dimensions and the
results of optimisation were compared and validated. It was found out that the Sequential Non-Linear
Programming Optimisation technique was quite superior to the other techniques. Additionally,
in most cases, the Ansys Maxwell optimiser was able to found optimal solution; however, in some
cases, based on the initial conditions, it might get stuck in local minima or the results might be
influenced by the solution noise. Additionally, some quite non intuitive dependencies of earthing
system electrodes positions had been found when different spatial dimensions constraints are used.

Keywords: earthing; earthing system; optimisation; Ansys Maxwell; sensitivity analysis; touch
Voltage; non-linear programming

1. Introduction

The earthing system (ES) is one of the necessary parts of distribution and transmission power
networks. The basic requirements on ES are stated in standards EN 50522:2010 [1] or e.g., in its
American counterpart IEEE 80 [2]. Apart from other requirements, the designing engineer must ensure
that step voltages (SV) and touch voltages (TV) in the vicinity of the ES shall not exceed the safety
limits defined by [1], or [2] respectively. Thus, the proposed design by the engineer is always compliant
with safety requirements, e.g., permissible touch voltage curve of EN 50522, however it might not be
the best possible design for this desired specific site and its constraints. It might be quite common that
the initial approach by the engineer is to apply some universal ES design recommendations (e.g., for
distribution transformation station use double ring earthing system). The spatial layout of this initial
design is usually the same for every such proposed design. Once this initial design is not compliant
with the safety requirements, the designing engineer makes some adjustments to this initial design
to find a solution that is compliant with the safety limits. However, the final proposed design by
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the engineer is not optimised within the specific site constraints and there might be still room for
finding better design layout by employing a more complex optimisation approach, i.e., decrease the
TV, decrease used material, etc. This designing approach might be especially true in case of the great
number of built distribution transformer stations supplying the low voltage distribution networks. In
the case of these ESs, the designing engineer very often uses the simplified formulas of an Annex J [1]
to get the ES resistance to earth (e.g., ES ring Equation (1))

p12nD

R, = —— ,
’ nan d

)
where p is soil resistivity, D is diameter of earthing ring, and d is the diameter of ring electrode
cross section.

Once the resistance to earth is obtained, the safety assessment is quite straight forward, as the
failure current might be obtained from simplified equivalent electrical circuit with the equivalent
voltage source method [3]. The ES is then assessed based on the prospective permissible touch voltage
that is taken as one half of entire earth potential rise (EPR) [1].

Basically, the abovementioned approach is kind of optimization technique with an
objective function

minimise EPR(x) 2)

Subject to design spatial dimension constraints

where d; ... d, are appropriate ES dimensions and g1 ... g, 11 ... h; are the spatial dimension
constraints. This is because the designing engineer should mainly focus on decreasing the overall EPR
to lower the corresponding touch voltages as much as possible. Decreasing the EPR is most effectively
done through decreasing the resistance to earth of the ES design. The described procedure of (2) and
(3) in all situations would mean lengthening the ES horizontal dimensions up to the outer boundary of
the horizontal constraints and burying the ES near the burial depth lower constraint. This procedure
might be also expected, regardless of most often used horizontally stratified soil model if the simplified
formula of (1) is used.

Usually, the ES horizontal dimensions are constrained by utility owner limited land. Additionally,
burying the ES to greater depth might get costly due to more excavation work needed. Thus, many
researchers have been dealing with the ES design optimization problem. Some of the papers were
dealing with finding/proposing a method to optimize the design by appropriate ES conductor allocation
in the soil with reducing earthing system total EPR only [4]. Other works are aimed on the optimization
by minimising the total length of used ES horizontal and vertical conductors [5,6]. Some other
researchers also included into the optimization the costs that are connected with the installation
process, i.e., the excavation costs as well as the ES conductor material costs [5,7,8]. Another, quite a
different approach to ES design optimisation can be found in [9,10]. It is proposed by these papers to
optimize the ES by using low resistivity materials. This optimization method is based on the fact that
by applying different chemicals near or next to ES rods and strips, the fault current is more effectively
driven into the ground due to increased effective surface area of the ES rods. By this method, the ES
resistance might be influenced either temporarily or permanently. Lastly, but not used very often
might be the optimisation by finding optimal distance to some other external grounding grid [11].

Generally, two things are necessary for the optimization procedure. The first thing is some
objective function that is used to quantify if the so-called optimum has been reached. The second
necessary thing is some kind of step direction function that determines the direction towards the
so-called optimum. The usage of some different objective functions has been described in the previous
paragraph. However, in the case of the step direction function, the aforementioned papers [4-11] mainly
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use two different approaches or their combination. The first approach is by performing parametric
analysis (i.e., sensitivity analysis). This approach is based on the fact that, if there are only expected
smooth changes in the solution, by choosing appropriate parametric step, the whole solution space can
be mapped and this solution space is later searched for the so-called optimal solution according to
the objective function. The results of this parametric analysis can be also used as a recommendation
for the designing engineer if properly depicted [12]. The second approach that was identified in the
reference is the use of some more complex optimization approach e.g., using non-linear programming
optimization methods, like genetic algorithm optimization, particle swarm optimization, and hybrid
particle swarm genetic algorithm optimization. In general, ES design optimization is a spatial problem
where the use of the mentioned methods can decrease the overall time that is needed for the parametric
analysis. In some cases, performing parametric analysis with fine steps might get quite tedious and
time consuming.

Quite a novel approach to earthing system optimization problem might be the optimization
through Quantified Risk Analysis [13-15]. The objective function of this approach is the quantified
real risk (i.e., the resulting risk of death consisting of the probability of hazardous TVs level and the
coincidence probability [13]). This approach is mostly assumed as an alternative to the conventional
‘worst case’ earthing system approach [1], which might be more strict or more loose, depending on the
situation. However, the authors are yet unaware of publication using this approach together with some
kind of step direction function and, also, the so-called ‘optimum’ for this method might be questionable
due to diverse risk perception and acceptable risk level laws.

Not many papers have been dealing with the earthing system optimisation through the
minimisation of TVs in case of horizontally stratified soil model. For example, in paper [4] the
total EPR together with the TV was analysed. The ‘compression ratio” function was proposed as a step
direction function. The proposed approach is best suited for horizontal earthing mats with parallel
and perpendicular conductors and it can be easily used for conducting parametric analysis. In the
case of searching for optimal compression ratio, a more sophisticated step direction function different
from simple first or second order gradient based approach might be necessary. Additionally, only the
horizontal separation of parallel earthing conductors is optimised without any mean of incorporating
earthing mat or separate electrodes burying depth.

Thus, in this paper, an optimisation analysis is introduced for the allocation of separate earthing
system electrodes in earth through using Ansys Maxwell Optimetrics Component [16]. The Optimetrics
Component allows for the user to search for ES design optimal dimensions. The prospective TV was
assumed as the source of real associated risk with the earthing system design and it was chosen as
the objective function of the optimisation. A comprehensive parametric/sensitivity analysis was also
carried out with changing some of the model parameters to assess the correctness of obtained results
by the built-in optimisers in Ansys Maxwell [16]. By this approach, the solution space was searched
first and the results that were obtained from sensitivity analysis were compared with results from the
built-in Maxwell optimisers.

2. Ansys Maxwell Optimisers

Ansys Maxwell [16] is a software module incorporated in the whole simulation software ANSYS.
Ansys Maxwell is software for the simulation of low frequency quasi stationary electromagnetic fields
(EMF). The EMF can be determined for general spatial electromagnetic problems as well as for only
two-dimensional problems. The solution of Maxwell equations is managed through the finite element
method. Basically, the user has to define/import the required design model, define sources, boundary
and meshing condition, and the solution is determined by approximating the EMF distribution through
the mesh of finite elements [17]. Additionally, with the use of the built-in field calculator a user defined
quantities might be obtained from postprocessing of solved EMF data.

Ansys Maxwell presents an Optimetrics component that enables the user to perform
parametric/sensitivity/sweep analysis. Furthermore, a component for optimisation is available.



Energies 2019, 12, 3838 4 0f 15

For the Optimetrics analysis it is necessary to define user defined variables, i.e., model length and
any other dimensions, and user defined EMF quantities, like electric potentials at certain points, etc.
The user defined variables are later used in the optimisation analysis as the parameters that are
changed in iterative manner to find optimum design. The user defined EMF quantities are used for
definition of objective function of the optimisation. The software features six different options for
model optimisation [16]:

2.1. Quasi Newton (QN)

The Quasi Newton optimizer is a gradient based optimizer numerically determining the derivatives
of quadratically approximated higher order functions of actual local objective function dependency.
This optimizer suffers from the possibility of stucking in local minima, and due to finite element
method nature of the results also stucking due to high level of solution noise. As the Hessian matrix
increase rapidly with the number of optimised design variables the computational time might increase
rapidly and thus this optimizer is recommended for optimisation of 1-2 design variables only.

2.2. Pattern Search (PS)

The Pattern Search optimizer uses the grid based simplex search with simplices in the form of
tetrahedrons. It is non-gradient based optimisation search, thus it is less dependent on the solution
noise. However, it might take longer to find the optimum. The use of only three optimised design
variables is recommended.

2.3. Sequential Non-Linear Programming (SNLP)

The SNLP optimizer is more complex one. Basically, the optimizer creates a response surface by
using Taylor series approximation of finite element analysis. By this approximation, the optimizer
can find locations of improving points and determine next step direction. The SNLP optimizer is
supposed to be more accurate and reliable because it is not constrained by the problem of stucking in
local minima like QN. That is also caused by the possibility to overcome the local minima by taking
larger steps within the optimisation variable constraints limits.

2.4. Sequential Mixed Integer Non-Linear Programming (SMINLP)

SMINLP optimizer is basically same as SNLP. However, this optimizer allows for mixing discrete
and continuous optimised design variables.

2.5. Genetic Algorithm (GA)

The GA optimizer is stochastic optimizer. It runs many iterations with random selection of next
searched points. It uses an iterative process with initial generation/parents/children and mutated
population. The better performing individuals are chosen for the generation of the next generation
in each iteration. Through this random search process, the solution space is searched in a structured
manner and the optimum is found. However, the disadvantage is also that the non-improving designs
are searched in the random selection process and thus this approach takes many more iterations and is
thus slow.

2.6. Matlab Optimiser (MO)

Ansys Maxwell also facilitates the possibility to pass parameters to Matlab software (Matlab
2016b, MathWorks, Natick, USA) and invokes Matlab built-in optimisation functions and uses them to
optimize the Ansys Maxwell design.
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3. Earthing System Optimised Model

The feasibility of using Ansys Maxwell software for earthing system design optimisation was
assessed on simple double ring earthing system, as in Figure 1. The first inner ring with a diameter
D1 was buried at depth /1 and the outer ring with diameter D, was buried at depth /,. The earthing
system was made of FeZn strip with cross section 30 x 4 mm?. The earthing system was modelled
in Ansoft Maxwell [16,17] with horizontally stratified soil model with two layers—the surface one
with resistivity p; and thickness H and the bottom layer with resistivity p,. The soil was modelled by
semi-sphere with radius of 200 m and the analysis percent error was set to 1%. For the illustrative
purpose, the earthing system model in Figure 1a,c is depicted with an improper soil scale. The earthing
system was excited by a DC current [17] of 30 A (red arrow in bottom right picture of Figure 1c) injected
at the centre of the ES, where the ES conductor is brought up above the ground and it is considered as
accessible for touch.

| potential profile
along x direction

(a) (c)
Figure 1. Earthing system model, spatial view (a), top view (b), and side view (c).
4. Earthing System Sensitivity Analysis Results

A comprehensive sensitivity analysis was carried out before the optimisation of ES design by
Ansys Maxwell. In this analysis, the ES was placed in seven different soil models, including ‘High on
Low’ (HoL), Uniform, and ‘Low on High’ (LoH) soil models, as in Table 1.

Table 1. Sensitivity analysis soil models.

Soil 1 2 3 4 5 6 7
Model No. HoL HoL HoL Uniform LoH LoH LoH
p1 (Om) 500 1000 500 100 100 100 100
p2 (Qm) 100 100 100 100 500 1000 500

H (m) 2 2 1 00 2 2 1

For each of used soil model in the sensitivity analysis, the diameters of the ES were changed as
inner ring Dy =1, 2, and 3 m, and outer ring always greater than inner ring D, = 4 and 5 m. In the case
of burial depths of both rings /; and h;, seven burial depths were used for each ring as 0.3-1.5 m with
step of 0.2 m. Le., for one set combination of ES rings diameters D; and D, all 49 combinations of ES
design burial depths were modelled by Ansys Maxwell and the results were used in the sensitivity
analysis. By this way, about 2000 ES design variations were analysed in this analysis. For each of these
ES design variations, the potential profile on the earth surface along x direction (Figure 1b) was read
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and the TV distribution have been determined in the vicinity of the ES. Although the potential profile
was read with step of 0.25 m, for the purpose of optimisation evaluation throughout this paper four
main performance values have been determined—TV 1y, TV, and TV3y, as TV 1, 2, and 3 m apart
from the centre of the earthing system, respectively (i.e., potential difference between EPR and point 1,
2 and 3 m apart). Additionally, the total EPR was read. For set diameter D, (used here to represent
the dimensional constraint), the optimum burial depth was manually searched whilst changing other
three dimensions D1, Iy, and k. Incorporating the optimisation of inner ring diameter D; whilst
manually searching for optimum design is quite challenging as the number of analysed variations
increase rapidly. The results of the sensitivity analysis are introduced in Figures 2-5 and Tables 2-5.
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05 1 15 0.5 1 15 0.5 1 15
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Figure 2. TV1m solution surfaces for ES with diameters Dy = 1-3 m, D, =4 m, p; =500 Om, p, =100 Om,
H=2m.

D1=2m D1=3m D1=2m D1=3m

TVim (V)

(a) (b)
Figure 3. Touch voltage (TV) surfaces, 500 Om/100 Om/1m, Dy =4 m, (a) TV, surface; (b) TV o, surface.
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Figure 4. EPR, 500 Om/ 100 Om/2m, D1 =2m, Dy =4 and 5 m.
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Figure 5. TV profiles along x direction for HoL model p; =500 Om, pp =100 Om, D; =2m, D; =4 m,

hy = 0.3 m; (a) surface layer thickness H = 2 m; and, (b) Surface layer thickness H = 1 m.

Table 2. Sensitivity analysis results for p; = 500 Om, pp =100 Om, H =2m, Dy =4m, D; =2 m.

Objective Min TV Option Max TV Option
hy hy vV EPR hy hy vV EPR
(m) (m) V) V) (m) (m) V) V)
0.3 Any 160 870 * 15 15 315 785
15 0.3 235 935 0.3 1.3 460 935
1.5 1.5 545 785 0.3 0.3 805 1220

* Design with 1 = 1.5 m EPR selected.

Table 3. Sensitivity analysis results for p; = 500 Om, pp =100 Om, H =2m, Dy =4m, D; =3 m.

Objective Min TV Option Max TV Option
hy hy vV EPR hy hy vV EPR
(m) (m) V) V) (m) (m) V) V)
0.3 15 170 820 15 15 290 750
15 0.3 185 815 15 15 390 750
15 0.5 490 805 0.3 0.3 780 1190
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Table 4. Sensitivity analysis results for p; =100 Om, p, =500 Om, H=2m, Dy =4m, Dy =2m.

Objective Min TV option Max TV option
h hy TV  EPR h hy TV  EPR
(m) (m) V) v) (m) (m) V) V)
TVim 0.3 Any 25 510 * 15 15 75 515
TVom 1.5 0.3 45 515 1.5 1.5 120 515
TV3m 0.9 0.5 155 515 0.3 0.3 185 550

* Design with & = 1.5 m EPR selected.

Table 5. Sensitivity analysis results for p; =500 Om, p, =100 Om, H=2m, Dy, =5m, Dy =2m.

Objective Min TV Option Max TV Option
h hy TV  EPR h hy TV  EPR
(m) (m) V) v) (m) (m) V) V)
TVim 0.3 15 135 720 15 15 255 655
TVom 1.5 0.3 245 795 0.3 1.5 345 720
TV3m 15 0.3 375 795 0.3 0.3 480 980

In Figure 2, the general overview of the results of sensitivity analysis is depicted. For set
dimensional constraint D, = 4 m, three TV, surfaces are depicted for different inner ring diameter D,
and each surface is consisting of results of all 49 burial depth variations. In this compact form, the
optimum burial depth of both rings can be immediately read. Within the dimensional constraints of
hy, hy (being in range of 0.3-1.5 m) and D, (being fixed as 4 m), the ‘global” minimum of the solution
surface can be expected for D1 =2 m, h; = 0.3 m, and h; = 1.5 m. In case of D1 = 3 m, a remarkable
saddle point (71 = 0.7 m, h; = 0.6 m) is formed by a significant change in slope direction, where two
areas with local (7 = 1.5, hp = 0.5 m) and global (h; = 0.3, i; = 1.5 m) minima are formed. Although
this saddle point might not be as much remarkable for all simulated inner ring diameters, it is still
present among all the surfaces.

Similar TV surfaces were also obtained for other objective functions in form of TV, and TV 3.
The results of these analysis are summarized in tabular form in Tables 2-5. In this compact tabular
form, only the remarkable points of the sensitivity analysis surfaces are listed for different soil models
and for different ES dimensions whilst preserving the clarity of the results. The burial depths of ES
designs were selected for two extreme cases and for all three analysed TV, objective functions:

e  Min TV where the burial depth of the design is selected for lowest TV .
e  Max TV where the burial depth of the design is selected for the highest TV yy,.

In this way, six different ES designs for set dimensional constraints of D1, D,, and selected soil
model are listed and they can be compared for different objective functions TV ym, EPR objectives etc.

In Tables 2 and 3, a slight difference in TVs for HoL soil model might be observed when changing
the inner ring diameter D; from 2 m to 3 m and with set constraint of outer ring D, = 4 m. Even
though the best possible design assessed based on EPR would be with both rings in the bottom layer
hy = hy = 1.5 m and Dy = 2 m, based on TV, the best design would be a different one with only
the outer ring in the bottom layer and the inner ring in the surface layer #; = 0.3 m, by = 1.5 m and
D1 =2 m. Additionally, if TV, and TV3y, objectives would be assessed a completely different designs
are optimal. These findings might not be as much intuitive. However, with the increasing number of
possible assessed option, the situation might get even more tricky.

For example, if additional constraints (i.e., different objective function or less favourable soil
model) would be solved, a kind of unexpectable design solution might have been found. This can be
apparent from Figure 3a,b, where the TV surface of HoL soil model with surface layer thickness of only
1 m is depicted for objectives TV, and TV, and for constraint of outer ring diameter D, =4 m. As it
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might be expected by some experienced engineers, the better designs are with an outer ring burial
depth greater than the thickness of the surface layer. The overall best design, as already stated in the
previous paragraph, is with D1 =2 m, h; = 0.3 m, and hp = 1.5 m. However, this might not be true if
other constraints are applied, e.g., dimensional constraint of both rings maximum burial depth of only
0.9 m and both TV, and TV, should be assessed. In the region of constraint burial depth of only
0.9 m, there is an evident change of pattern in optimal burial depths (between (a) and (b) of Figure 3)
where the optimum design depending on the objective function is either for inner ring close to the
surface with #; = 0.3 m and h; close to bottom layer, or the inner ring close to bottom layer and outer
ring close to the surface, respectively. Additionally, design with increased inner ring diameter of 3 m
gives better results than 2 m as in the case of TV, objective. From both figures it is evident that if both
TV1m and TV, objectives need to be evaluated, the contradiction of the solution will need some sort
of more complicated addressment, e.g., weighting of risk, etc.

Additionally, based on the results of depicted sensitivity surfaces, as in Figure 3a, the positive
effect of earthing electrode grading can be assessed. For example, for the analysed arrangement and
objective of TV, burying the inner ring only to a shallow depth of 0.3 m led to decreasing the risk.
The rest of the designs are either comparable, or even worse. Burying both rings to the bottom layer
is worse by slightly more than 40% than the optimal shallow inner ring placement (h; = 0.3 and
hy = 1.5 m). The TV surface for inner ring diameter of 1 m for HoL has yielded in almost all cases to
higher TVs and is thus excluded here.

The Uniform and LoH soil models are almost excluded from presented results, as the optimisation
of ES design through changing design dimensions had greater observable dependency in TVs and
EPRs for HoL soil model. Table 4 presents the results for LoH soil model. In case of LoH and Uniform
soil models the TV differences between the min and max TV options are of small values and thus no
big difference was found while searching for optimal solution. Additionally, the EPRs of different
designs are almost identical. The abovementioned findings are true if the outer ring diameter is kept
constant as a dimensional constraint. If that diameter would be even larger, the differences in TVs
would smoothen even more. It is worth pointing out that, in the case of Uniform soil model, the results
are even more convenient than in the case of the LoH model.

Increasing the outer ring diameter would of course lead to more suitable ES design, as might
be apparent from Table 5, in comparison to Tables 2 and 3, where design with increased outer ring
diameter of 5 m is presented (compared to 4 m in Tables 2 and 3). To complete the ES behaviour
overview, Figure 4 depicts the EPR surface for different burial depths and outer ring diameters.

Figure 5a,b depict a kind of complementary and expanding overview of ES behaviour. In these
figures the potential profiles along the x direction (Figure 1b) on the surface is depicted for ES designs
with changing only the outer ring burial depth while keeping the rest of the dimensions constant.
From the figures the TV 11, TV on, and TV 3y, can be obtained. From Figure 5a, it is obvious that the
optimum design in case of objective TV, is with deep outer ring i = 1.5 m and with shallow inner
ring hy = 0.3 m. However, this chosen design is by no means also optimal when also assessed to TV .

From Figure 5b the positive effect of burying the outer ring into the bottom layer in HoL soil
model with H = 1 m is observable, where the TV profile had dramatically flattened.

5. Ansys Maxwell Earthing System Optimisation Results

The optimisation of the ES design was also carried out by Ansys Maxwell Optimetrics component
for soil models number 1, 3, 4, and 5 (Table 1). The ES was always modelled with some ‘initial’
dimensions, denoted by the subscript ‘i’ (i.e., the Dy, k1, and hy as Dy, hy; and hy;) and through the
optimisation the ‘optimised” dimensions have been obtained and are denoted by the subscript ‘o’ (i.e.,
D16, Mo, h2o). The outer ring diameter D, was set as a dimensional constraint equal to 4 m in most of the
simulations. The burial depth constraint was set as in region 0.3-1.5 m for both rings and the maximum
inner ring diameter constraint was set as Dymax = 0.9xDy, thus so the inner ring is always smaller than
the outer ring. The minimization of TV, was set as the optimisation objective. The optimisation was
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carried out by five different optimisers—QN, SNLP, SMINLP, PS, GA. After the optimisation process
some other parameters have been also recorded for possible comparison and benchmarking of different
optimisers. Le., TVyp,, TV3n, the total EPR of optimised ES design, total time needed for finding the
optimal design ¢, the number of performed simulations in total ItN (optimisation iterations), and a
number of iterations (out from total of ItN iterations) where the optimal design was found ItO. As an
optimisation analysis stopping criterion was also set the maximum number of optimisation iteration
that was in most cases 300, or in some cases only 100. The optimisation results, together with the
performed stopping option, are listed in Table 6 (Parts 1 and 2). The stopping option is in the last
column ‘Status’ as either one of the following three options:

e S—for solved, stopped by finding minimum by Ansys Maxwell optimizer, the obtained result is
expected to be the global minimum.

e M—for stopped by maximum number of iterations, not necessary global minimum found, the
best suiting result was selected.

e F—for simulation failed. Again, the best suiting result was selected, however the optimisation
ended prematurely. The failure might had happened due to more different problems. Either
Ansys Maxwell adaptive mesher failed to build the mesh of finite elements, or the optimizer failed
in finding the dimensions of the next design or the optimizer generally failed without description.
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Table 6. Part 1. Ansys Maxwell optimisation analysis results. Part 2. Ansys Maxwell optimisation analysis results.
Part 1.
No. Solver P1 P2 H D, Dy hqi hy; D1o h1o hao TVim TVoym TViy EPR t ItO ItN Status
- - Om Om m m m m m m m m A% v \" A% m - - -
1 ON 500 100 2 4 2 0.5 0.7 2.45 0.33 0.65 167 376 703 1092 69 24 31 S
2 QN 500 100 2 4 34 0.9 0.3 3.57 115 0.3 179 157 435 753 120 42 47 S
3 QN 500 100 2 4 3.6 1.5 1.5 3.40 0.63 1.5 199 296 489 785 89 30 31 F
4 PS 500 100 2 4 2 0.5 0.7 2.38 0.37 0.7 170 386 694 1076 61 22 27 S
5 PS 500 100 2 4 3 115 0.3 3.53 115 0.36 180 178 436 753 60 14 21 S
6 PS 500 100 2 4 3.6 1 1.5 2.43 0.31 1.5 153 394 559 849 112 31 34 S
7 GA 500 100 2 4 2 0.5 0.7 2.34 0.52 0.96 207 418 658 1006 38 13 16 F
8 GA 500 100 2 4 2 0.3 0.6 2.34 0.52 0.96 207 418 658 1006 40 13 16 F
9 GA 500 100 2 4 22 0.3 0.6 2.34 0.52 0.96 207 418 658 1006 39 13 16 F
10 GA 500 100 2 4 2 0.5 0.7 2.36 0.35 1.46 164 422 613 748 3714 663 1134 F
11 SMINLP 500 100 2 4 2 0.5 0.7 24 0.3 0.8 164 408 693 1064 57 22 23 S
12 SMINLP 500 100 2 4 1 0.3 0.3 24 0.3 0.8 165 407 691 1063 64 27 27 S
13 SMINLP 500 100 2 4 1 1.5 1.5 24 0.3 0.8 165 407 691 1063 64 27 27 S
14 SMINLP 500 100 2 4 3.6 0.3 0.3 24 0.3 0.3 165 407 691 1063 64 27 27 S
15 SMINLP 500 100 2 4 3.6 1.5 15 24 0.3 0.8 165 407 691 1063 64 27 27 S

* Optimisation ended in local minimum— light red . * The only working GA optimisation— violet . * Global optimum reached— dark green .
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Part 2
No. Solver pq P2 H D Dy hyi hy; D10 h1o /7 TVim TVom TVizm EPR t Ito ItN Status
- - Om Om m m m m m m m m v A% \% v m - - -
16 SNLP 500 100 2 4 2 0.5 0.7 2.08 0.3 1.5 160 440 599 872 270 70 100 M
17 SNLP 500 100 2 4 2 0.5 0.7 2.29 0.31 1.5 147 412 580 858 845 240 300 M
18 SNLP 500 100 2 4 1 0.3 0.3 2.36 0.3 1.5 152 404 575 853 433 126 152 S
19 SNLP 500 100 2 4 1 0.3 0.3 2.36 0.3 1.5 152 404 575 853 434 126 152 F
20 SNLP 500 100 2 4 1 0.4 0.4 2.32 0.3 1.5 147 412 581 858 836 251 300 M
21 SNLP 500 100 2 4 1 1.5 1.5 2.26 0.31 1.49 147 415 584 861 616 118 207 S
22 SNLP 500 100 2 4 1 1.5 1.5 2.26 0.31 1.49 147 415 584 861 616 118 207 S
23 SNLP 500 100 2 4 3.6 0.3 0.3 2.38 0.3 1.48 148 403 577 857 930 66 299 S
24 SNLP 500 100 2 4 3.6 1.5 1.5 3.6 1.5 0.33 177 162 430 748 543 74 188 F
25 SNLP 500 100 2 4 3.6 0.4 0.4 241 0.31 1.49 150 397 571 581 858 87 300 M
26 SNLP 500 100 2 4 2 0.5 0.7 2 0.31 1.5 164 448 604 876 191 16 66 S
27 SNLP 500 100 2 4 2 1.4 1.4 2 0.30 1.40 172 457 625 907 89 12 28 F
28 SNLP 500 100 2 4 3.6 1.4 1.4 3.6 1.49 0.32 177 163 431 749 473 138 180 F
29 SNLP 500 100 2 5 2 0.5 0.7 2.37 0.34 1.46 125 310 435 718 331 19 99 F
30 SNLP 500 100 2 5 2 0.6 0.8 2.39 0.31 1.5 122 311 435 711 391 83 118 F
31 SNLP 500 100 1 4 2 0.5 0.7 2.15 0.3 1.43 37 118 179 349 734 153 300 M
32 SNLP 100 100 NA 4 2 0.5 0.7 3.59 1.29 0.3 29 31 105 265 141 74 89 S
33 SNLP 100 500 2 4 2 0.5 0.7 2.6 0.37 1.45 24 86 152 518 81 62 78 F

* In case of Uniform soil model the surface layer thickness is inappropriate so denoted in the table as NA—not available. * * Significant values defining optimisation, e.g., D1 not optimised, increased Dy =5

m, different soil model—red text. * Optimisation ended in local minimum— light red , * Global optimum reached— dark green |. * Only burial depths optimised— light green , * Iteration limit set to 100

only— light orange . * Uniform and LoH soil models— light blue .
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For HoL soil model 1, it was expected that the optimum burial depth for both rings with fixed
outer ring diameter D, = 4 m (Figure 2) should be 0.3 and 1.5 m for /; and hy, respectively, and inner
ring D1 = 2 m (as was found in sensitivity analysis Table 2, Table 3 minimum TV7,,). For simplicity and
comparability, first two optimisation analysis had been performed just with only burial depths 1 and
hy being optimised (lines 26, 27 of Table 6). This is also due to the fact that the simulated designs in
sensitivity analysis were simulated with quite great step of inner ring diameter of 1 m, as the possible
number of designs rapidly increase when a lower step would had been used. These two optimisation
analysis were performed with different initial conditions. In both cases, Ansys Maxwell found ES
design close to the expected optimal solution. In the second case, the outer ring depth was only 1.4 m
where the optimiser evaluated visiting the depth of 1.5 m as unnecessary. This might be caused by the
level of solution noise, i.e., with the set analysis percent error of 1% (Section 3) the changes in solution
data of 5-15 V might be expectable due to randomness of creation of finite element mesh and also
due to not sufficiently fine mesh elements. Better results might be expected for percent error of about
0.3% [17], however this will cause about three times or even greater increase in solution time.

In the rest of the simulation, the inner ring diameter was also optimised. As the sensitivity analysis
was only done with 1 m step of the inner ring diameter, the results of optimisation cannot be really
matched to sensitivity analysis results. However, from the comparison of TV, surfaces from Figure 2
it can be expected that the optimal design should has inner ring diameter in 2-3 m region, and the
burial depths as 1 = 0.3 m and h; = 1.5 m. This expectation had been met in most of the results for
SNLP optimiser. However, in case of the other optimisers, kind of invalid and different results had
been found. This might have happened in some cases due to stucking in actual local minima, stucking
in local minima caused by the solution noise, failing due to Ansys Maxwell Adaptive Mesher, etc.

In the case of GA optimiser, more extensive analysis of correct setting of the optimiser might lead
to better results. For example, out of four different settings of the optimiser, the optimal design was
found in only one (line 10). However, this optimisation had been stopped by user after more than two
days of continuous simulation. From the optimisation results it had been found that the optimiser
visited the location of global minimum (D7 ~ 2 m, k; ~ 0.3 m, h; ~ 1.5 m) only about three times out of
total 1134 optimisation iterations. The optimal design was already found after about the first half of all
iterations in the 664th iteration, however the optimiser did not evaluate it as the global optimum and
was further searching for better solution.

The QN and SMINLP optimisers only found a local minima or did not find the expected optimum
design at all in their all 8 performed simulation. Even though the suggested results by the optimisers
are quite close to the global optimum, the global optimum still was not reached. The PS optimiser
reached the global optimum in only one case out of three and the results seemed to be heavily reliable
on the design initial condition. In case of all these three QN, PS, and SMINLP optimisers, there are not
many options in Ansys Maxwell software that the user can change to improve the performance of
the optimiser. One possible way might be to decrease the analysis percent error, which might help to
overcome the optimiser problem of stucking in local minima also caused by solution noise. However,
a corresponding increase in solution time is expectable.

The SNLP optimiser tended to give more reliable results, so a more extensive analysis was
conducted for this optimiser only focusing mainly on the optimiser immunity to setting different
initial conditions of the simulation. An outer ring diameter constraint of 4 m was set in most of the
simulations. It was found out that the local minimum becomes significant once the inner ring diameter
is close to 3.5 m when a saddle point (Figure 2, comments in Section 4) separates it from the global
minimum. This assumption was also clarified by performing additional sensitivity analysis with inner
ring diameters of 1.5, 2.5 and 3.5 m (Figure 6 solution surface for D; = 3.5 m). However, in case of
this local minimum the TV, value is about 15-25 V higher that the expected global minimum in the
region of D; =2-2.5 m. Thus, from results of lines 24 and 28 in (and also 2 QN and 5 PS) Table 6, it can
be seen that, in the case of unfavourable initial conditions, the global minimum is not always found
and the optimiser might be unable to overcome this problem on its own.
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Figure 6. TV1m solution surfaces for ES: 500 (Om/100 Om/2m, D1 =3.5m, D, =4 m.

Lastly, in most cases, the maximum number of 300 optimisation iterations was enough to find the
optimal design. In the case of SNLP optimiser, usually slightly more than 100 iterations were necessary
to find the global minimum of the optimisation problem. However, if for example the maximum
number was set only to 100 iterations, only a solution close to global optimum was found and the
100 iterations limit might be too restricting, i.e., in case of line 16.

6. Conclusions

In this paper, the appropriateness of using the Ansys Maxwell optimizer to optimize ES design
was demonstrated on couple of examples. The use of the SNLP optimiser might be assessed as
satisfactory and superior to other Ansys Maxwell optimisers. In most cases, the SNLP method found
the optimum design, however in the case of unfavourable initial conditions it is still prone to stucking
in local minima. This problem can be overcome by conducting the optimisation analysis for different
initial conditions to see whether the found result is kind of reliable. In the case of other compared
optimisers, different settings might lead to more reliable results, however the increase in solution time
as well as more experienced engineer (user) might be necessary.

Another novel approach that is presented in this paper is the optimisation of the design by
minimising touch voltages instead of most often used EPR. Unlike simple EPR minimisation would
lead to burying of ES in greater depth it was pointed out that this approach might not necessarily lead
to optimal layout also assessed based on actual touch voltages. As the real risk that is associated with
the ES is driven by the touch voltages instead of EPR, using of touch voltages is more precise than
simple optimisation of EPR. However, when the design is optimised to minimise TVs, it was found out
that the optimum ES design might get quite counter intuitive considering the wide variety of options,
like different dimensional constraints, different soil models, or even different objective functions ~
transferred voltages, step voltages. Thus, as was presented in this paper, the use of software with more
complex optimisation methods (non-linear programming, like SNLP method) might be beneficial, if
not even necessary.
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