Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2020 d0i:10.20944/preprints202009.0627.v1

1 Article
2 Optimization of spatial configuration of multi-strand

3 cable lines

Artur Cywinski !, Krzysztof Chwastek >*, Dariusz Kusiak >and Pawet Jablonski 2

4
5 ! Omega Projekt s;j., ul. Topolowa 1, 43-100 Tychy, Poland; artur.cywinski@omega-projekt.pl
6 2 Faculty of Electrical Engineering, Czestochowa University of Technology, Al. Armii Krajowej 17,
7 Czestochowa, Poland
8 * Correspondence: krzysztof.chwastek@gmail.com; krzysztof.chwastek@pcz.pl
9

10 Abstract: Skin and proximity effects have a considerable impact on current distribution in
11 multi-strand cable lines. Under unfavorable heat exchange conditions some strands may be subject
12 to excessive overheating, what may lead to serious malfunctions or even fires of the installation.
13 The paper proposes a new criterion for a quick choice of spatial configurations, for which the effect
14 might be minimized. A comprehensive analysis of literature cases is provided, including the
15 recommendations of the U.S. National Code and the Canadian standard.

16 Keywords: multi-strand cable lines; ampacity; skin and proximity effects; symmetry

17

18 1. Introduction

19 Delivery of electrical energy often requires cables with high current-carrying capacity i.e.
20  ampacity. In some situations it is necessary to use multi-strand cables connected in parallel. Since
21 1957, the publication year of the seminal paper by Neher and McGrath [1], much attention was paid
22 by the engineering community to the problems related to computations of current distribution in
23 such systems [2-19]. Current distribution in multi-strand cable systems is uneven due to several
24 factors, to mention skin and proximity effects related to strand geometry [3,5], the conditions of heat
25  exchange with neighborhood [8,18,19], soil inhomogeneity, moisture, installation depth (if the cables
26  are buried) harmonic spectrum of currents flowing through the cables [11], the presence of buried
27  metal objects etc.,, to mention but a few. Analytical treatment of all these factors is hardly possible
28 [20], therefore numerical methods, in particular the Finite Element and the Finite Volume methods,
29  have found wide use for engineering purposes.

30 At the same time, it should be stated that the problem is not merely a theoretical one; as pointed
31  outby Ciegis et al. [14] many of existing power lines are over-dimensioned by up to 60% in terms of
32  transmitted power, what means additional costs and waste of deficit core material e.g. copper.
33  Desmet et al. [10] estimate that cable losses reach 5% of the total power consumption. On the other
34 hand the infrastructure grid has to be re-designed constantly in order to adapt to new conditions
35  resulting from installation of new distributed generating capacities like wind farms etc. The wide
36  use of power electronics devices both in industry and at households results in the presence of highly
37  distorted current spectra. All these challenges have to be faced by the designers of cable supply
38  systems. Their negligence may lead to serious malfunctions [13, 17] or even fires of cable
39 installations [18]. Such a situation has occurred during professional activities of the first author of
40  the paper [16]. Despite considerable efforts aimed at a correct choice of cables supplying the main
41  low voltage switchboard in a car hood factory, after putting the installation into operation a fire
42 resulting from overloaded one phase of the supply system has destroyed completely the cable
43  installation, cf. Figure 1. The considered system was designed in accordance to the guidelines
44 included in the Polish standard PN-IEC 60364-5-523:2001 (derived from translation from IEC 60364-5
45  part 52 International Standard) and was supposed to withstand a 10% safety margin, however, as
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46  pointed out previously, the system experienced a serious fault soon after putting into operation. This
47  fact has inspired the first author to carry out additional studies on current distribution of
48  multi-bundle cable systems. It was found during a “post-mortem” analysis [16] that in the
49  considered system considerable differences between phase current values were present due to the
50  proximity and skin effects.

o1

52

53 /

54 Figure 1. A destroyed cable supply system [16]

55 The aim of the present paper is to propose a simple approach to identify most promising

56  configurations of low-voltage multi-bundle cable systems, for which the skin and proximity effects
57  are minimized. The original concept of the paper is to avail of some routines available in Matlab
58  Graph and Network Toolbox [21] in order to facilitate the description of interactions between the
59  cables.

60 The paper is structured as follows. Section 2 describes the developed laboratory stand. The
61  results of measurements carried out using a single phase excitation for several cable configurations
62  are presented. A simplified method to determine current distribution using the distance criterion is
63  proposed. Section 3 includes a brief literature review concerning methods of computation of current
64  distribution in multi-bundle cable systems. Subsequently a generalization of the results is presented,
65 indicating that in the cases considered as optimal ones, some spatial symmetry patterns may be
66  found. A practical conclusion resulting from the paper is the formulation of a criterion, which allows
67  one to choose preliminary configurations to be examined in subsequent steps during an in-depth
68  FEM-based analysis. Section 4 provides a verification of the proposed criterion using the freeware
69  FEMM software for some simple cases.

70 2. Materials and Methods

71 A laboratory stand was developed for the experimental examination of several spatial
72 configurations of single-phase cable systems. The photograph of the stand is shown in Fig. 2,
73 whereas in Fig. 3 the considered configurations are depicted. Five of them included the strands
74 made of YAKXS 1x70 cables, whereas the remaining two were made using YAKXS 1x240 cables. All
75  considered configurations were excited from a single phase. For each setup, three values of
76  excitation current were preset, i.e. 200 A, 300 A and the maximal value, possible to be obtained for
77  the transformer used.
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Figure 2. A photograph of the laboratory setup for examination
of current distribution in the flat setup

CABEL —YAKXS 1x70 (with aluminium conductor, XPLE insulated, PVC Sheath)
d=14,7mm; strand length—10m
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CABEL —YAKXS 1x240 (with aluminium conductor, XPLE insulated, PVC sheath)
d=24,8mm; strand length-10m
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Figure 3. The considered cable configurations

MODEL nr 7
NUMBER OF STRANDS n=5

Ahead of the current measurements, the measurements of resistances of individual strands

were carried out. The difference between extreme values was smaller than 1%. The measurements
were made using the MMR-620 device from Sonel. The temperature of each strand before the

d0i:10.20944/preprints202009.0627.v1
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measurements was the same and remained practically constant during the measurements (taking
into account relatively small current magnitudes and short measurement time). Temperature
recording for each strand was made individually for each phase. A control measurement of the
ambient temperature was also carried out. Considering very small values of cable resistances
(4.42mQ) for YAKXS 1x70 cables, 1.21mQ2 for YAKXS 1x240 cables), it was crucial to prepare the cable
endings properly and to minimize the values of contact resistances. The screw connections were
applied and the cable endings were pressed from both sides using aluminum bars. Additionally,
between the cable ending and the bar, the silver-based contact paste MG Chemicals 8463 was
applied. After the connections were made the measurements of contact resistance were carried out
using the MMR-620 device. The average value of resistance for the 70mm? cable ending was 27.6u0),
for the 240mm? cable ending — 15.4uQ). The deviation between the measured extreme values did not
exceed 5%.

In order to compare the obtained measurement results for each spatial configuration the ratio of
currents in the extremely loaded strands (the asymmetry coefficient) was determined, as in Eq. 1:

Cas = 7=, M

where 1.« is RMS current value in the most loaded strand and I,,;, is RMS current value in the
least loaded strand.

Table 1 presents the measurement results for the maximal attainable excitation current value,
whereas Table 2 includes the values of asymmetry coefficient for different models, both for the
maximal excitation current value and for the pre-set value 200 A. Notation: S1 — strand 1, etc., M1 —
model 1, etc.

Table 1. Current of individual strands — summary for the maximal attainable excitation current.

YAKY 1x70 YAKY 1x240
M1 M2 M3 M4 M5 M6 M7
S1 116A | 138A | 94A | 104A | 66A | 128A 148A
52 104A | 128A | 84A 94A 66A | 106A 126A
S3 98A | 126A | 76A 86A 66A 76A 86A
54 92A | 128A | 70A 92A 66A 67A 122A
S5 98A | 140A | 72A | 104A | 66A 76A 146A
56 102A 84A 68A | 108A
S7 116A 106A 66A | 128A
EXCITATION 726A | 660A | 586A | 480A | 465A | 689A 628A

Table 2. The values of asymmetry coefficient for two values of excitation current.

PHYSICAL MODEL
Ml | M2 | M3 | M4 | M5 | M6 | M7
Cas 126 | 1.11 | 1.51 | 1.20 | 1.00 | 1.91 | 1.69

Casfor | 128 | 1.13 | 150 | 1.13 | 1.00 | 1.50 | 1.50

200 A

The analysis of the obtained measurement results indicates that the current distribution in
parallel lines is highly dependent on spatial configuration. More uneven distributions are obtained
for bigger cable cross-sections. Strand separation, as well as the increase of their amount in the flat
configuration lead to the increase of asymmetry coefficient. For the considered physical models the
most uniform current distribution was obtained for model No. 5.

Lee considered a cable configuration technique for the balance of current distribution in parallel
three phase cables in Ref. [22]. The method requires the computation of self- and mutual impedances

d0i:10.20944/preprints202009.0627.v1
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117  of the cables, which are geometry-dependent. Figure 4 depicts schematically the couplings between
118  individual strands.

119
120 Figure 4. The couplings between individual strands (taken from Ref. [23])
121 The problem with the method is that the resulting impedance matrix is a full matrix containing

122  imaginary numbers (the elements on the main diagonal are complex numbers, since they include the
123  strand resistances). Moreover the computed values are relatively small in most practical cases, what
124 causes some numerical problems with the precise determination of the inverse matrix needed in
125  subsequent computation step. This has led us to formulation of a simplified method to determine
126  current distribution, relying only on mutual distances between the strands. We have assumed that
127  the current in the individual strand may be proportional to the sum of distances of the strand to its
128  neighbors. We have used the Graph and Network Matlab toolbox [21] in order to introduce an
129  abstract, geometry-independent layer, what facilitates the computations. An exemplary graph
130  corresponding to model 2 or 4 is depicted in Figure 5. The strand centers are represented as graph
131  nodes and the distances between them may be written as appropriate weights for the edges, cf.
132  Figure 6.
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134 Figure 5. An exemplary graph corresponding to model 2 or 4
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Figure 6. An exemplary list of edge connections and distances (in mm) between graph nodes

The number of all graph edges is in the considered case is (g) =10 (the appropriate Matlab

command is nchoosek (5, 2) ). Some Matlab code snapshots are given below:

points = [points x points_yl; % node coordinates

distances = squareform(pdist (points));

G = graph(distances); G.Nodes.x=points(:,1); G.Nodes.y=points(:,2);
A = full(adjacency (G, G.Edges.Dist));

Currents = zeros(length(points x),1);

for i=1l:length(Currents) Currents(i)=sum(A(i,:)); end

Currents = Currents./sum(sum(d));

A comparison of the values of computed and experimentally determined currents for the pre-set
excitation current 200 A is given in Table 3. The discrepancies between the corresponding values do
not exceed 21%.

Table 3. The percentage error values for the maximal attainable current values.

d0i:10.20944/preprints202009.0627.v1

PERCENTAGE ERROR FOR CURRENT
CONFIGURATION S1 52 53 54 S5 56 57

M1 17.2 2.0 -10.7 -14.3 -10.7 2.0 17.2
M2 19.0 -7.9 -21.0 -10.3 16.3

M3 -16.9 -0.3 -10.5 -10.3 -5.5 -0.3 3.7
M4 19.0 -7.9 -21.0 -10.3 16.3

M5 0 0 0 0 0 -3.0 0
M6 0.9 -7.2 52 10.2 52 -8.9 0.9
M7 6.0 -12.8 9.5 -9.9 7.5

An interesting case is when the cables are placed on a circle radius (model 5), when the

uniform current distribution was obtained. The simplified computational model also indicates that
such spatial configuration is close to optimum. The results are the premise for further examination of
cases, where the cables are placed in the nodes of equilateral polygons.
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158 3. Literature Study

159 In the paper [3] Dawson and Jain have analyzed chosen methods to balance current distribution
160  in DC circuits (hot wire + earth). The authors have suggested the following methods to obtain more
161  uniform current distributions:

162 ° adding series resistance (not recommended, due to increased losses);

163 o adding series reactance (enhances the self inductance/ mutual inductance ratio. In this way the
164 effect of asymmetries in mutual inductance values is diminished. The method is not
165 recommended for circuits operating at higher frequencies).

166 e transposition either of cables with the same polarity or of each pair of cables, cf. Fig. 7

—
— —

a)

b) * X X
: X X
167 : X X
168 Figure 7. Strand transposition. Own work, based on [3]
169 . separation of cables with complementary polarizations or of groups of cable pairs, cf. Fig. 8.
170 Red circle — “hot” (phase) wire, blue circle — return wire.
171
172
«/ @ X
00 L X
173 a) < >
174
S1 S3

@ s, O
175 b) ‘ ‘
176
177 Figure 8. Separation: a) of cables with complementary polarizations, b) of groups of cable pairs.
178 Own work, based on [3]
179
180 The authors have also pointed out some examples of optimal spatial configurations, providing

181  uniform current sharing. Some examples are listed below:

182
183
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184
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199 Figure 9. Spatial configurations considered by Dawson and Jain as optimal ones.
200 Own work, based on [3]
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201 Let us notice that all above-given configurations exhibit a common feature, namely the
202  barycenters (gravity centers) of supply and return wires approximately overlap. It is evident that
203  there exists a certain symmetry of cable placement in each considered case. At the same time highly
204  asymmetric layouts (referred to as asymmetry of the first (Fig. 10) and the second (Fig. 11) kind) are
205  not recommended

ORORO

207 Figure 10. Asymmetric configuration of the first kind. I; = I3 > I,. Own work, based on [3]

208 ‘ ‘ ‘ ‘

209 Figure 11. Asymmetric configuration of the second kind. I > I;. Own work, based on [3]

210 Lee has analyzed optimal configurations for three-phase three- and four-wire systems [12]. An

211  exemplary optimal configuration for the flat layout is listed below. Colors brown, black and red
212 denote successive phases.

213

214 A B C Cc B A A B C

215 Figure 12. Optimal flat configuration suggested in Ref. [12]

216 If we assume that the center of the leftmost wire has the coordinate x = 0, the distance between
217  the centers of successive wires is equal to unity, the phase currents have the same amplitudes, then

218  the gravity center for the phase L1 (A) is found at the point é(O + 5+ 6) = 3.67, for the phase L2 (B)
219  at the point ;(1 + 4 4+ 7) = 4, whereas for the phase L3 (C) at the point %(2 +3+8) =4.33. The

220  discrepancy between the barycenter coordinates does not exceed 17%.
221 For the “two shelves” layout the optimal spatial configuration is suggested as in Fig. 13:

222

223
224 Figure 13. Optimal configuration “two shelves with offset” suggested in Ref. [12]
225 If, similarly like in the previous case, we assume that the distance between the cable centers is

226  equal to unity and we set the coordinate of the center of the leftmost cable on the lower shelf as (0,0),
227  then it is trivial to compute, e.g. the coordinates of the center of the leftmost cable on the upper shelf
228  as(V3/2 ,1). The barycenter of the phase L1 is located approximately in the point (1.956, 0.333), for
229  the phase L2 in the point (2.244, 0.667), for the phase L3 in the point (2.577, 0.333). The whole area of
230  interest is the area of the rectangle with dimensions 5 x 2. The area of the triangle determined by the
231  barycenters of individual phases may be computed using the well known dependence

1 X oy, 1
232 S = Edet X, ¥y, 1
x3 Yy, 1
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233  In the considered case S = 0.0503, what may be referred to the area of the rectangle (5 -2 = 10),
234 it means the triangle area is only 0.5%. Let us notice the vertical symmetry axis passing through
235  the center of the black wire on the lower shelf. The horizontal symmetry could not be fulfilled
236  because of the odd number of considered wires.

237 Another recommended layout for the nine cable setup is shown below.

238

239
240 Figure 14. Optimal configuration “two shelves” suggested in Ref. [12]
241 The coordinates of the barycenter for the phase L1 (A) are x4 = ;(0 +2+4+3)=1.667,y, =

242 §(0 +1+0) = 0.333, for the phase L2 (B) xp = §(0 +2+43)=1.667, yg = §(1 +0+1)=0667,
243  whereas for the phase L3 (C) x¢ = §(1 +1+4+4)=2, yc= i(O +1+40)=0.333. The area
244 determined by the barycenters of individual phases is slightly higher than in the previous case,
245  S=0.0556, however is remains at an acceptable level. It should be remarked that this configuration is

246  slightly worse than the previous one, what can be confirmed with the results obtained by Lee
247  himself (cf. the values of indicators 81 and 8y listed in Tables 2 and 3 in the paper [12]).

248 In the case of three-phase systems with neutral wire the recommended layouts are depicted
249  below:

250 - Three strands per phase

251 a) the flat system

. 000000000000

253 Figure 15. Optimal flat configuration (with neutral wires) suggested in Ref. [12]

254 xa=3(0+7+8)=5 x5 =3(1+6+9) =5333, xc =2(2+5+10) = 5667

255 xy=:(B+4+11) =6

256

257  The maximal discrepancy between the gravity centers for individual phases is equal to 0.667, what,
258  referred to the shelf width (11), is only 6.06%. The gravity center for the neutral wire may be a little
259  distant from the other ones, because under in operation conditions (under standard assumptions
260  concerning symmetries of supply and load) the current flowing through the neutral strands takes
261  negligible values with respect to the phase currents.

262 b) the layout “two shelves with offset”
263

264
265 Figure 16. Optimal configuration ,two shelves with offset”
266 (with neutral wires) suggested in Ref. [12]

267
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268  x, = §(0 +4+3++3/2) = 2622, yy = 0.333, x5 = g(\/3/2 +3+4+3/2) = 2911,
269  y, =0,667, xc = %(1 +5++/3/2 +2) = 2955, yc = 0.333,
270 xy =>(V3/2+1+2+3/2+5) = 3.244, yy = 0.667.

271  The area determined by the barycenters for individual phases is equal to 0.0073, what, referred
272 to the area of the region with dimensions 5 + V3/2 x 1 is only 0.12%

273 c) the layout “two shelves without offset”

274 ‘
275 Figure 17. Optimal configuration ,two shelves without offset”
276 (with neutral wires) suggested in Ref. [12]

277  x, = 2333, yy = 0.333, xg = 2.333, yg = 0.667, xc = 2.667, y, = 0.333,
278  xy =2.667, yy = 0.667

279  The area determined by the gravity centers for individual phases is equal to 0.0558, what means
280  1.12% of the whole area for admissible solutions.

281 - Fours strands per phase

282  The layout symmetry is evident. For the odd number of strands it was impossible to achieve an
283  optimal placement for two shelves, but in this case it is feasible. The presented layouts provide
284  afull load symmetry for the strand wires.

285

286 Figure 18. Fully optimal configuration “two shelves without offset” suggested in Ref. [12]
287

288 Figure 19. Fully optimal configuration “two shelves without offset”

289 (with neutral wires) suggested in Ref. [12]

290
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- Recommendations concerning spatial layouts in the North-American and the Canadian
standards
Wu [24] has compiled a summary of configurations recommended by the U.S. and the

Canadian standards for 2...6 strands per phase. We have chosen for the analysis those cases, which
are most often used in the practice. Analyzing the cases depicted in Figs. 20-25, we can draw the
following conclusions:

¢ the U.S. standards include flat configurations, such solutions are not used in Canada;

e the lumped triangular layout is used both in the U.S. and in Canada;

¢ the layout with strands lumped within a group (three phases close to each other, either
in the flat or in the triangular configuration), may be perceived as three-phase
equivalents of the recommended DC layouts, discussed previously;

¢ interesting conclusions may be arrived at when one analyzes the results illustrating the
current non-uniformity for the lumped and dispersed triangular layouts, cf. Table X in
Ref. [23]. Setting the cables apart is used in practice in order to improve the heat
exchange conditions. From the point of geometry both layouts are equivalent, however
Wu has noticed that, paradoxically, the geometry with dispersed cables is worse, since
the indicator I/l takes a higher value (1.59 for the dispersed cables, 1.31 for the
lumped cables). It is remarkable that phase C features highest current asymmetry in
both cases, what is most probably due to an additional effect related to phase rotation
sequence;

e for six strands per phase there are some layouts recommended by the U.S. standards,
which are not in use in Canada (the cables dispersed in a non-uniform manner, placed
on three shelves for wire diameter from the range 500-1000 mm?, on two shelves for wire
diameter up to 250 mm2 The first aforementioned configuration features a very
balanced current distribution, cf. Tables XI and XII in Ref. [8]. The values of
non-uniformity indicator Ip,,y/I;in do not exceed 1.04.

For the first aforementioned configuration (depicted in the upper part of Fig. 22) we have
determined the barycenter location for each phase. If we assume that the origin of the coordinate
system (point (0,0)) is placed in the middle of the wire A1, and the distance between the shelves
i.e. 18” is approximately ten times wire diameter, then the coordinates of the other wires are:
B1(2,0), C1(4,0), A2(10, 0), B2(8,10), C2(6,0), A3(0,10), B3(2,10), C3(6,10), A4(10,10), B4(8,10),
C4(6,10), A5(0,20), B5(2,20), C5(4,20), A6(10,20), B6(8,20), C6(6,20).

It is straightforward to compute that the barycenter coordinates for each phase are then the
same and they are equal to (5, 10). It means that the proposed criterion for choosing the optimal
spatial configuration is fulfilled in this case.

It should be noticed that not all spatial configurations from those depicted in Figures 15-20
result in a fully balanced load of individual strands. A practical conclusion resulting from the
analysis of cases listed in Ref. [24] is that it is necessary to carry out detailed computations for
each scenario, and the entries in the standards should be treated as recommended under certain
circumstances.

d0i:10.20944/preprints202009.0627.v1
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Figure 21. Layouts recommended by the Canadian standard. Own work, based on Ref. [24]
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Figure 23. Layouts recommended by the Canadian standard. Own work, based on Ref. [24]
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341 Figure 24. Layouts recommended by the U.S. standard. Own work, based on Ref. [24]
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344 - Other cases of interest analyzed in the literature
345 e the case of supply of a textile factory in Greece [11]
346 Two cable groups consisting of eighteen, flat-laid, single-conductor cables laid on metallic
347 tray in free space, each with 300 mm? cross-section. We assume a unit distance between the cable
348 centers, similar distance assumed between the cables on the internal edges and the compartment
349 bar
350
NN N LT LT LT LY 1212212012128 LL5LS
351 a)
lws  [A] 19 87 125 87 1 592 523185 109 168 446 504 202 1
TEMP. [°C] 36 36 37 39 39 38 39 57 51 51 39 63 59 49 43 42 42
352 b)
353 Figure 26. Preliminary cable configuration] (a) and the initial current distribution (b) [11].
354  The “x” coordinate of the barycenters for the case depicted in Fig. 21 were as follows:
355  phase A §(3+4+5+6+9)=5.4
356  phaseB §(10+11+12+13+14) =12
357  phase C §(15 +16+17 + 18 + 19) = 17
358
NN N LTLS L2 L2 L3 LT LT L3 L2 L2 L3LT L1 L3 L2
lews (Al 25 19 29 227 202 217 215 213213212212 113 212214 215 212 214 241
359 TEMP. [°C] 37 38 39 42 44 44 47 42 42 43 44 45 44 43 44 44 47 46
360 Figure 27. Current and temperature after system layout optimization. Own work, based on [11].
361

362  For the optimized case, cf. Fig. 27, the corresponding values were, respectively,

363  phase A §(3+10+11+16+17) =114
364  phaseB §(5+6+13+14+ 19) = 11.4

365  phaseC §(4+9+12+15+ 18) =116

366  The dispersion between the extreme current values was minimized from 11.6 (which was about 61%
367  of total length considered) down to 0.2 (about 0.61%).

368

369 e The case of Teatro Regio in Turin, Italy [13]

370

371 The configuration recommended by the authors for the system six strands per phase plus
372 three neutral wires is depicted in Fig. 28.

373

374
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A A A

BC CB CB

AN AN AN

BC CB BC
375 Figure 28. Configuration recommended by the authors of Ref. [13].
376 Let us assume that the coordinates of B wire in the leftmost downward edge are (0;0). Let us
377 assume that the distance between the strand centers in the vertical direction is equal to unity,
378 similarly for the horizontal direction, apart from the upmost row, where the distance is equal to
379 two units, i.e. the coordinates of phase A wires are (0;4), (2;4) and (4;4), respectively. The
380 barycenter coordinates are: for phase A - (2; 2.5), for B and C phases (2; 5.1), for neutral wires (3;1).
381 The state close to optimal one was achieved, the full symmetry was unreachable due to the
382 presence of neutral wires, which occupied some space. For neutral wires the barycenter does not
383 have to match the barycenter for phase wires, since under normal operating conditions and
384 supply symmetry the currents flowing through neutral wires are insignificant.
385
386 . Canova et al. have considered the optimal layout of cables using the Vector Immune
387 System algorithm [10]. The case considered was six strands per phase, lack of neutral
388 wire. The configuration indicated by the authors as optimal one, featuring both the most
389 uniform current partition and the lowest value of magnetic induction was:
390
391 BCAACBBCA
392 ACBBCAACB
393
394 If we assume that the coordinates of the center of the leftmost downward A wire were (0;0)
395 and the distance between successive wire centers is equal to three units both for the vertical and
396 the horizontal directions, it is straightforward to compute that the barycenter location for each
397 phase is (12; 1.5). It means that the configuration found by the optimization algorithm is indeed
398 optimal one and the symmetry state was achieved.
399
400 ¢ Lee has considered a similar case (six wires per phase, two shelves), but with neutral
401 wires [12]. Let us assume that the origin of the coordinate system is placed in the center
402 of leftmost downward wire (phase A) and that the distance is equal to unity.
403
404 ABCNNCBANABC
405 ABCNNCBANABC
406
407 The barycenter coordinates for phases A and B are equal to (5.67; 0.5), for phase C — (6; 0.5),
408 for the neutral wire (5; 0.5). The state close to optimal one was achieved, the full symmetry was
409 unreachable due to the presence of neutral wires, which occupied a part of available space. For
410 the neutral wires the barycenter location does not have to correspond to the barycenter locations
411 for phases since under normal operating conditions and for supply symmetry the current values
412 flowing though neutral wires are insignificant.
413
414
415

416
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417 4. Verification of the proposed criterion for optimal current distribution using FEM

418 Taking into account the computation results from the last section, we can draw a conclusion
419  that the criterion based on barycenter location might be useful for quick selection of potentially
420  optimal spatial configurations, what might be helpful for the designers of cable systems. Additional
421  verification for some simple scenarios is provided in this section, using the freeware FEMM software

422 [25].
423

2.978e+000 : >3.134€+000
2.821e+000 : 2.978e+000
2.664e+000 ; 2.821e+000
2.508e+000 : 2.664e+000
2.351e+000 : 2.508e+000
2.194e+000 : 2.351e+000
2.037e+000 : 2.194e+000
1.881+000 ; 2.037e+000

1.7242+000 : 1.881e+000
1.567€+000 : 1.724e+000
1.410e+000 : 1.567e+000
1.254+000 : 1.410e+000
1.097+000 ; 1.2549e+000
9.403e-001 : 1.0972+000

424
425 Figure 29. Current densities for the flat ABCCBA configuration.

426

2.7622+000 : >2.907+000
2.617e+000 : 2.762+000
2.471e+000 ; 2.617e+000
2.3262+000 : 2.471e+000
2.181e+000 : 2.326e+000
2.0352+000 : 2.181e+000

427
428 Figure 30. Current densities for the flat ABCABC configuration.
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4.076e+000 : >4.291e+000
4.0

3.218e+000 : 3.433+000
3.004e+000 : 3.218e+000
2.789€+000 : 3.004e+000
2.575e+000 : 2.7892+000
2.360+000 : 2.575+000

<0.000€+000 : 2.145e-001
Density Plot: |11, MA/m~2

@3 D00

429

430 Figure 31. Current densities for the flat AABBCC configuration.

431

432 Comparing three cases depicted in Figs. 29-31 it can be stated that the current uniformity is
433  obtained for the system ABCCBA, for which the phase barycenter locations overlap. For the other
434  two configurations the current distribution is non-uniform. Table 4 contains the results of
435  FEM-based computations for individual phases. The subscript “1” denotes the leftmost wire, the
436  subscript “2” - the rightmost one.

437
438 Table 4. The current percentage values in individual phases (flat configurations)
439
CONFIGURATION phase A phase B phase C
Al A> B1 B2 Ci C
ABCCBA 50% 50% 50% 50% 50% 50%
ABCABC 38% 62% 48% 53% 57% 46%
AABBCC 46% 61% 78% 37% 64% 36%

440
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Density Plot: |J], MA/M~2.

441

442 Figure 32. Current densities for the ABC/CBA configuration
443

1 >2.711e+000

Density Plot: [3], MA/m~2

444
445

446

Density Plot: 13|, MA/m~2

447

448 Figure 34. Current densities for the ABC/ABC configuration
449

450
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451 Comparing three cases depicted in Figs. 32-34 it can be stated that the current uniformity is
452  obtained for the system ABC/CBA, for which the phase barycenter locations overlap. For the other
453  two configurations the current distribution is non-uniform. Table 5 contains the results of
454  FEM-based load computations for individual phases. The subscript “1” denotes the upper wire, the
455  subscript “2” - the lower one.

456
457 Table 5. The current percentage values in individual phases (“two shelves” configurations)
CONFIGURATION phase A phase B phase C
Al Ax B1 B2 Ci C2
ABC/ABC 50% 50% 50% 50% 50% 50%
ABC/CBA 50% 50% 50% 50% 50% 50%
ABC/CAB 47% 54% 57% 43% 60% 46%
458
459 If the loss distribution shall be taken into account for individual phases, the best configuration

460  of the six ones considered in this section shall be the layout ABC/CBA. Fractions of total loss
461  dissipated in the wires are depicted graphically in Fig. 35. Wire numbering goes from left to right for
462  the flat layouts, for “two shelves” it is given as:

463 123
464  456.
35
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ABCCBA ABCABC AABBCC ABC/ABC ABC/CBA ABC/CAB
configuration

465
466 Figure 35. Loss distribution in individual wires for the configurations depicted in Figs. 29-35.
467 5. Conclusions
468 The paper covers the following issues related to current distribution in multi-strand cables:
469 o for the single phase excitation case a description of experimental stand is presented and

470 several cable configurations were considered;
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471 e we suggested to avail of Matlab routines related to non-oriented graphs in order to
472 simplify the analysis;
473 ¢ asimplified relationship for determination of current distribution based on the distance
474 of the cable to its neighbors was proposed;
475 e several practical solutions found in the literature, including recommendations of the
476 National U.S. Code and Canadian standard were analyzed;
477 e a common feature of all optimal configurations was found, namely the barycenter
478 locations for individual phases should overlap in order to provide uniform current
479 distribution in the strands;
480 o a FEM-based verification of the proposed criterion was carried out for simple cases
481 using the freeware FEMM software.
482 The proposed criterion might be useful for the designers of multi-strand cable systems in
483 order to reject some less optimal layouts quickly. A final in-depth analysis of the
484 performance of the multi-strand cable systems should rely on FEM computations taking into
485 account coupled electromagnetic-thermal phenomena. This issue shall be the subject of
486 forthcoming research.
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